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A technician repairs a connection 
on a circuit board from a computer. 
In our lives today, we use various 
items containing electric circuits, 
including many with circuit boards 
much smaller than the board shown 
in the photograph. These include 
handheld game players, cell phones, 
and digital cameras. In this chapter, 
we study simple types of circuits 
and learn how to analyze them. 
(Trombax/Shutterstock.com)
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In this chapter, we analyze simple electric circuits that contain batteries, resistors, and 
capacitors in various combinations. Some circuits contain resistors that can be combined 
using simple rules. The analysis of more complicated circuits is simplified using Kirchhoff’s 
rules, which follow from the laws of conservation of energy and conservation of electric 
charge for isolated systems. Most of the circuits analyzed are assumed to be in steady state, 
which means that currents in the circuit are constant in magnitude and direction. A current 
that is constant in direction is called a direct current (DC). We will study alternating current 
(AC), in which the current changes direction periodically, in Chapter 33. Finally, we discuss 
electrical circuits in the home.

28.1	 Electromotive Force
In Section 27.6, we discussed a circuit in which a battery produces a current. We 
will generally use a battery as a source of energy for circuits in our discussion. 
Because the potential difference at the battery terminals is constant in a particular 
circuit, the current in the circuit is constant in magnitude and direction and is 
called direct current. A battery is called either a source of electromotive force or, more 
commonly, a source of emf. (The phrase electromotive force is an unfortunate historical 
term, describing not a force, but rather a potential difference in volts.) The emf e 
of a battery is the maximum possible voltage the battery can provide between its 
terminals. You can think of a source of emf as a “charge pump.” When an electric 
potential difference exists between two points, the source moves charges “uphill” 
from the lower potential to the higher.
	 We shall generally assume the connecting wires in a circuit have no resistance. 
The positive terminal of a battery is at a higher potential than the negative terminal.  

Direct-Current Circuits
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Because a real battery is made of matter, there is resistance to the flow of charge 
within the battery. This resistance is called internal resistance r. For an idealized 
battery with zero internal resistance, the potential difference across the battery 
(called its terminal voltage) equals its emf. For a real battery, however, the terminal 
voltage is not equal to the emf for a battery in a circuit in which there is a current. 
To understand why, consider the circuit diagram in Figure 28.1a. We model the bat-
tery as shown in the diagram; it is represented by the dashed rectangle containing 
an ideal, resistance-free emf e in series with an internal resistance r. A resistor of 
resistance R is connected across the terminals of the battery. Now imagine moving 
through the battery from a to d and measuring the electric potential at various 
locations. Passing from the negative terminal to the positive terminal, the potential 
increases by an amount e. As we move through the resistance r, however, the poten-
tial decreases by an amount Ir, where I is the current in the circuit. Therefore, the 
terminal voltage of the battery DV 5 Vd 2 Va is

	 DV 5 e 2 Ir 	 (28.1)

From this expression, notice that e is equivalent to the open-circuit voltage, that 
is, the terminal voltage when the current is zero. The emf is the voltage labeled on 
a battery; for example, the emf of a D cell is 1.5 V. The actual potential difference 
between a battery’s terminals depends on the current in the battery as described by 
Equation 28.1. Figure 28.1b is a graphical representation of the changes in electric 
potential as the circuit is traversed in the clockwise direction.
	 Figure 28.1a shows that the terminal voltage DV must equal the potential differ-
ence across the external resistance R, often called the load resistance. The load resis-
tor might be a simple resistive circuit element as in Figure 28.1a, or it could be the 
resistance of some electrical device (such as a toaster, electric heater, or lightbulb) 
connected to the battery (or, in the case of household devices, to the wall outlet). 
The resistor represents a load on the battery because the battery must supply energy 
to operate the device containing the resistance. The potential difference across the 
load resistance is DV 5 IR. Combining this expression with Equation 28.1, we see that

	 e 5 IR 1 Ir 	 (28.2)

Figure 28.1a shows a graphical representation of this equation. Solving for the cur-
rent gives

	 I 5
e

R 1 r
	 (28.3)

Equation 28.3 shows that the current in this simple circuit depends on both the 
load resistance R external to the battery and the internal resistance r. If R is much 
greater than r, as it is in many real-world circuits, we can neglect r.
	 Multiplying Equation 28.2 by the current I in the circuit gives

	 Ie = I 2R 1 I 2r	 (28.4)

Equation 28.4 indicates that because power P 5 I DV (see Eq. 27.21), the total power 
output Ie associated with the emf of the battery is delivered to the external load 
resistance in the amount I 2R and to the internal resistance in the amount I 2r.

Q	 uick Quiz 28.1 ​ To maximize the percentage of the power from the emf of a bat-
tery that is delivered to a device external to the battery, what should the internal 
resistance of the battery be? (a) It should be as low as possible. (b) It should be as 
high as possible. (c) The percentage does not depend on the internal resistance.
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Figure 28.1  (a) Circuit diagram 
of a source of emf e (in this case, 
a battery), of internal resistance 
r, connected to an external resis-
tor of resistance R. (b) Graphical 
representation showing how the 
electric potential changes as the 
circuit in (a) is traversed clockwise.

Pitfall Prevention 28.1
What Is Constant in a Battery?   
It is a common misconception that 
a battery is a source of constant 
current. Equation 28.3 shows that 
is not true. The current in the cir-
cuit depends on the resistance R 
connected to the battery. It is also 
not true that a battery is a source 
of constant terminal voltage as 
shown by Equation 28.1. A battery 
is a source of constant emf.

Example 28.1	     Terminal Voltage of a Battery

A battery has an emf of 12.0 V and an internal resistance of 0.050 0 V. Its terminals are connected to a load resistance 
of 3.00 V.
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(A)  ​Find the current in the circuit and the terminal voltage of the battery.

Conceptualize  ​Study Figure 28.1a, which shows a circuit consistent with the problem statement. The battery delivers 
energy to the load resistor.

Categorize  ​This example involves simple calculations from this section, so we categorize it as a substitution problem.

S o l u t i o n

Use Equation 28.3 to find the current in the circuit: I 5
e

R 1 r
5

12.0 V
3.00 V 1 0.050 0 V

5 3.93 A

Use Equation 28.1 to find the terminal voltage: DV 5 e 2 Ir 5 12.0 V 2 13.93 A 2 10.050 0 V 2 5 11.8 V

To check this result, calculate the voltage across the load 
resistance R :

DV 5 IR 5 13.93 A 2 13.00 V 2 5 11.8 V

(B)  ​Calculate the power delivered to the load resistor, the power delivered to the internal resistance of the battery, 
and the power delivered by the battery.

S o l u t i o n

Use Equation 27.22 to find the power delivered to the 
load resistor:

PR 5 I 2R 5 (3.93 A)2(3.00 V) 5 46.3 W

Find the power delivered to the internal resistance: Pr 5 I 2r 5 (3.93 A)2(0.050 0 V) 5 0.772 W

Find the power delivered by the battery by adding these 
quantities:

P 5 PR 1 Pr 5 46.3 W 1 0.772 W 5 47.1 W

As a battery ages, its internal resistance increases. Suppose the internal resistance of this battery rises to 
2.00 V toward the end of its useful life. How does that alter the battery’s ability to deliver energy?

Answer  ​Let’s connect the same 3.00-V load resistor to the battery.

What If ?

Find the new current in the battery: I 5
e

R 1 r
5

12.0 V
3.00 V 1 2.00 V

5 2.40 A	

Find the new terminal voltage: DV 5 e 2 Ir 5 12.0 V 2 (2.40 A)(2.00 V) 5 7.2 V

Find the new powers delivered to the load resistor and 
internal resistance:

PR 5 I 2R 5 (2.40 A)2(3.00 V) 5 17.3 W

Pr 5 I 2r 5 (2.40 A)2(2.00 V) 5 11.5 W

In this situation, the terminal voltage is only 60% of the emf. Notice that 40% of the power from the battery is deliv-
ered to the internal resistance when r is 2.00 V. When r is 0.050 0 V as in part (B), this percentage is only 1.6%. Conse-
quently, even though the emf remains fixed, the increasing internal resistance of the battery significantly reduces the 
battery’s ability to deliver energy to an external load.

Example 28.2	     Matching the Load

Find the load resistance R for which the maximum power is delivered to the load resistance in Figure 28.1a.

Conceptualize  ​Think about varying the load resistance in Figure 28.1a and the effect on the power delivered to the 
load resistance. When R is large, there is very little current, so the power I 2R delivered to the load resistor is small. 

S o l u t i o n

continued

▸ 28.1 c o n t i n u e d
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Solve for R : R 5 r

Differentiate the power with respect to the load resis-
tance R and set the derivative equal to zero to maximize 
the power:

dP
dR

5
d

dR
c e2R
1R 1 r 22 d 5

d
dR

3e2R 1R 1 r 222 4 5 0

[e2(R 1 r)22] 1 [e2R(22)(R 1 r)23] 5 0

e2 1R 1 r 2
1R 1 r 23 2

2e2R
1R 1 r 23 5

e2 1r 2 R 2
1R 1 r 23 5 0

Analyze  ​Find the power delivered to the load resistance 
using Equation 27.22, with I given by Equation 28.3:

(1)   P 5 I 2R 5
e2R

1R 1 r 22

Finalize  ​To check this result, let’s plot P versus R as in Figure 28.2. The graph shows that P reaches a maximum value 
at R 5 r. Equation (1) shows that this maximum value is Pmax 5 e2/4r.

28.2	 Resistors in Series and Parallel
When two or more resistors are connected together as are the incandescent light-
bulbs in Figure 28.3a, they are said to be in a series combination. Figure 28.3b is 
the circuit diagram for the lightbulbs, shown as resistors, and the battery. What if 
you wanted to replace the series combination with a single resistor that would draw 
the same current from the battery? What would be its value? In a series connection, 
if an amount of charge Q exits resistor R1, charge Q must also enter the second 
resistor R 2. Otherwise, charge would accumulate on the wire between the resistors. 
Therefore, the same amount of charge passes through both resistors in a given time 
interval and the currents are the same in both resistors:

I 5 I1 5 I2

where I is the current leaving the battery, I1 is the current in resistor R1, and I2 is the 
current in resistor R 2.
	 The potential difference applied across the series combination of resistors divides 
between the resistors. In Figure 28.3b, because the voltage drop1 from a to b equals 
I1R1 and the voltage drop from b to c equals I2R 2, the voltage drop from a to c is

DV 5 DV1 1 DV2 5 I1R1 1 I2R 2

The potential difference across the battery is also applied to the equivalent resis-
tance R eq in Figure 28.3c:

DV 5 IR eq

1The term voltage drop is synonymous with a decrease in electric potential across a resistor. It is often used by individu-
als working with electric circuits.

When R is small, let's say R ,, r, the current is large and 
the power delivered to the internal resistance is I 2r .. 
I 2R. Therefore, the power delivered to the load resistor 
is small compared to that delivered to the internal resis-
tance. For some intermediate value of the resistance R, 
the power must maximize.

Categorize  ​We categorize this example as an analysis 
problem because we must undertake a procedure to maxi-
mize the power. The circuit is the same as that in Exam-
ple 28.1. The load resistance R in this case, however, is a 
variable.

	

▸ 28.2 c o n t i n u e d
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P

Figure 28.2  ​(Example 
28.2) Graph of the power 
P delivered by a battery to 
a load resistor of resistance 
R as a function of R.
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where the equivalent resistance has the same effect on the circuit as the series com-
bination because it results in the same current I in the battery. Combining these 
equations for DV gives

	 IR eq 5 I1R1 1 I2R 2    S    R eq 5 R1 1 R 2	 (28.5)

where we have canceled the currents I, I1, and I2 because they are all the same. We 
see that we can replace the two resistors in series with a single equivalent resistance 
whose value is the sum of the individual resistances.
	 The equivalent resistance of three or more resistors connected in series is

	 R eq 5 R1 1 R 2 1 R 3 1  ? ? ?	 (28.6)

This relationship indicates that the equivalent resistance of a series combination 
of resistors is the numerical sum of the individual resistances and is always greater 
than any individual resistance.
	 Looking back at Equation 28.3, we see that the denominator of the right-hand 
side is the simple algebraic sum of the external and internal resistances. That is 
consistent with the internal and external resistances being in series in Figure 28.1a.
	 If the filament of one lightbulb in Figure 28.3 were to fail, the circuit would no 
longer be complete (resulting in an open-circuit condition) and the second light-
bulb would also go out. This fact is a general feature of a series circuit: if one device 
in the series creates an open circuit, all devices are inoperative.

Q	 uick Quiz 28.2 ​ With the switch in the circuit of Figure 28.4a closed, there is no 
current in R2 because the current has an alternate zero-resistance path through 
the switch. There is current in R1, and this current is measured with the amme-
ter (a device for measuring current) at the bottom of the circuit. If the switch is 
opened (Fig. 28.4b), there is current in R2. What happens to the reading on the 
ammeter when the switch is opened? (a) The reading goes up. (b) The reading 
goes down. (c) The reading does not change.
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A pictorial representation 
of two resistors connected 
in series to a battery

A circuit diagram showing 
the two resistors connected 
in series to a battery

A circuit diagram showing 
the equivalent resistance of 
the resistors in series

Figure 28.3  Two lightbulbs with resistances R1 and R2 connected in series. All three diagrams are equivalent.

Pitfall Prevention 28.2
Lightbulbs Don’t Burn  We will 
describe the end of the life of an 
incandescent lightbulb by saying 
the filament fails rather than by say-
ing the lightbulb “burns out.” The 
word burn suggests a combustion 
process, which is not what occurs 
in a lightbulb. The failure of a 
lightbulb results from the slow 
sublimation of tungsten from the 
very hot filament over the life of 
the lightbulb. The filament even-
tually becomes very thin because 
of this process. The mechanical 
stress from a sudden temperature 
increase when the lightbulb is 
turned on causes the thin fila-
ment to break.

Pitfall Prevention 28.3
Local and Global Changes  A local 
change in one part of a circuit 
may result in a global change 
throughout the circuit. For exam-
ple, if a single resistor is changed 
in a circuit containing several 
resistors and batteries, the cur-
rents in all resistors and batteries, 
the terminal voltages of all bat-
teries, and the voltages across all 
resistors may change as a result.
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Figure 28.4  ​(Quick 
Quiz 28.2) What hap-
pens when the switch is 
opened?
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	 Now consider two resistors in a parallel combination as shown in Figure 28.5. 
As with the series combination, what is the value of the single resistor that could 
replace the combination and draw the same current from the battery? Notice that 
both resistors are connected directly across the terminals of the battery. Therefore, 
the potential differences across the resistors are the same:

DV 5 DV1 5 DV2

where DV is the terminal voltage of the battery.
	 When charges reach point a in Figure 28.5b, they split into two parts, with some 
going toward R1 and the rest going toward R 2. A junction is any such point in a 
circuit where a current can split. This split results in less current in each individual 
resistor than the current leaving the battery. Because electric charge is conserved, 
the current I that enters point a must equal the total current leaving that point:

	 I 5 I1 1 I2 5
DV1

R1
1

DV2

R2
	

where I1 is the current in R1 and I2 is the current in R 2.
	 The current in the equivalent resistance Req in Figure 28.5c is

	 I 5
DV
R eq

	

where the equivalent resistance has the same effect on the circuit as the two resis-
tors in parallel; that is, the equivalent resistance draws the same current I from the 
battery. Combining these equations for I , we see that the equivalent resistance of 
two resistors in parallel is given by

	
DV
R eq

5
DV1

R1
1

DV2

R2
   S   

1
R eq

5
1

R1
1

1
R2

	 (28.7)

where we have canceled DV, DV1, and DV2 because they are all the same.
	 An extension of this analysis to three or more resistors in parallel gives

	
1

R eq
5

1
R1

1
1

R2
1

1
R3

1 c 	 (28.8)

This expression shows that the inverse of the equivalent resistance of two or more 
resistors in a parallel combination is equal to the sum of the inverses of the indi-

�T he equivalent resistance 
of a parallel combination  

of resistors

Pitfall Prevention 28.4
Current Does Not Take the Path  
of Least Resistance  You may have 
heard the phrase “current takes the 
path of least resistance” (or similar 
wording) in reference to a parallel 
combination of current paths such 
that there are two or more paths 
for the current to take. Such word-
ing is incorrect. The current takes 
all paths. Those paths with lower 
resistance have larger currents, 
but even very high resistance paths 
carry some of the current. In theory, 
if current has a choice between a 
zero-resistance path and a finite 
resistance path, all the current 
takes the path of zero resistance; a 
path with zero resistance, however, 
is an idealization.
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Figure 28.5  Two lightbulbs 
with resistances R1 and R2 con-
nected in parallel. All three 
diagrams are equivalent.
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vidual resistances. Furthermore, the equivalent resistance is always less than the 
smallest resistance in the group.
	 Household circuits are always wired such that the appliances are connected in 
parallel. Each device operates independently of the others so that if one is switched 
off, the others remain on. In addition, in this type of connection, all the devices 
operate on the same voltage.
	 Let’s consider two examples of practical applications of series and parallel cir-
cuits. Figure 28.6 illustrates how a three-way incandescent lightbulb is constructed 
to provide three levels of light intensity.2 The socket of the lamp is equipped with 
a three-way switch for selecting different light intensities. The lightbulb contains 
two filaments. When the lamp is connected to a 120-V source, one filament receives  
100 W of power and the other receives 75 W. The three light intensities are made 
possible by applying the 120 V to one filament alone, to the other filament alone, 
or to the two filaments in parallel. When switch S1 is closed and switch S2 is opened, 
current exists only in the 75-W filament. When switch S1 is open and switch S2 is 
closed, current exists only in the 100-W filament. When both switches are closed, 
current exists in both filaments and the total power is 175 W.
	 If the filaments were connected in series and one of them were to break, no 
charges could pass through the lightbulb and it would not glow, regardless of the 
switch position. If, however, the filaments were connected in parallel and one of 
them (for example, the 75-W filament) were to break, the lightbulb would continue 
to glow in two of the switch positions because current exists in the other (100-W) 
filament.
	 As a second example, consider strings of incandescent lights that are used for 
many ornamental purposes such as decorating Christmas trees. Over the years, 
both parallel and series connections have been used for strings of lights. Because 
series-wired lightbulbs operate with less energy per bulb and at a lower tempera-
ture, they are safer than parallel-wired lightbulbs for indoor Christmas-tree use. 
If, however, the filament of a single lightbulb in a series-wired string were to fail 
(or if the lightbulb were removed from its socket), all the lights on the string would 
go out. The popularity of series-wired light strings diminished because trouble-
shooting a failed lightbulb is a tedious, time-consuming chore that involves trial-
and-error substitution of a good lightbulb in each socket along the string until the 
defective one is found.
	 In a parallel-wired string, each lightbulb operates at 120 V. By design, the light-
bulbs are brighter and hotter than those on a series-wired string. As a result, they 
are inherently more dangerous (more likely to start a fire, for instance), but if one 
lightbulb in a parallel-wired string fails or is removed, the rest of the lightbulbs con-
tinue to glow.
	 To prevent the failure of one lightbulb from causing the entire string to go out, 
a new design was developed for so-called miniature lights wired in series. When 
the filament breaks in one of these miniature lightbulbs, the break in the filament 
represents the largest resistance in the series, much larger than that of the intact 
filaments. As a result, most of the applied 120 V appears across the lightbulb with 
the broken filament. Inside the lightbulb, a small jumper loop covered by an insu-
lating material is wrapped around the filament leads. When the filament fails and 
120 V appears across the lightbulb, an arc burns the insulation on the jumper and 
connects the filament leads. This connection now completes the circuit through 
the lightbulb even though its filament is no longer active (Fig. 28.7, page 840).
	 When a lightbulb fails, the resistance across its terminals is reduced to almost 
zero because of the alternate jumper connection mentioned in the preceding para-
graph. All the other lightbulbs not only stay on, but they glow more brightly because 

2The three-way lightbulb and other household devices actually operate on alternating current (AC), to be intro-
duced in Chapter 33.

120 V

S2

S1

100-W filament

75-W filament

Figure 28.6  ​A three-way incan-
descent lightbulb.
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the total resistance of the string is reduced and consequently the current in each 
remaining lightbulb increases. Each lightbulb operates at a slightly higher tempera-
ture than before. As more lightbulbs fail, the current keeps rising, the filament 
of each remaining lightbulb operates at a higher temperature, and the lifetime of 
the lightbulb is reduced. For this reason, you should check for failed (nonglow-
ing) lightbulbs in such a series-wired string and replace them as soon as possible, 
thereby maximizing the lifetimes of all the lightbulbs.

Q	 uick Quiz 28.3  ​With the switch in the circuit of Figure 28.8a open, there is 
no current in R2. There is current in R1, however, and it is measured with the 
ammeter at the right side of the circuit. If the switch is closed (Fig. 28.8b), there 
is current in R2. What happens to the reading on the ammeter when the switch 
is closed? (a) The reading increases. (b) The reading decreases. (c) The reading 
does not change.

Q	 uick Quiz 28.4 ​ Consider the following choices: (a) increases, (b) decreases,  
(c) remains the same. From these choices, choose the best answer for the fol-
lowing situations. (i) In Figure 28.3, a third resistor is added in series with the 
first two. What happens to the current in the battery? (ii) What happens to the 
terminal voltage of the battery? (iii) In Figure 28.5, a third resistor is added in 
parallel with the first two. What happens to the current in the battery? (iv) What 
happens to the terminal voltage of the battery?
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Figure 28.7  ​(a) Schematic dia-
gram of a modern “miniature” 
incandescent holiday lightbulb, 
with a jumper connection to pro-
vide a current path if the filament 
breaks. (b) A holiday lightbulb 
with a broken filament. (c) A 
Christmas-tree lightbulb.
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Figure 28.8  ​(Quick Quiz 28.3) 
What happens when the switch is 
closed?

Conceptual Example 28.3	     Landscape Lights

A homeowner wishes to install low-voltage landscape lighting in his back yard. To save money, he purchases inexpen-
sive 18-gauge cable, which has a relatively high resistance per unit length. This cable consists of two side-by-side wires 
separated by insulation, like the cord on an appliance. He runs a 200-foot length of this cable from the power supply 
to the farthest point at which he plans to position a light fixture. He attaches light fixtures across the two wires on the 
cable at 10-foot intervals so that the light fixtures are in parallel. Because of the cable’s resistance, the brightness of 
the lightbulbs in the fixtures is not as desired. Which of the following problems does the homeowner have? (a) All the 
lightbulbs glow equally less brightly than they would if lower-resistance cable had been used. (b) The brightness of the 
lightbulbs decreases as you move farther from the power supply.
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A circuit diagram for the system appears in Figure 28.9. 
The horizontal resistors with letter subscripts (such as 
RA) represent the resistance of the wires in the cable 
between the light fixtures, and the vertical resistors with 
number subscripts (such as R1) represent the resistance 
of the light fixtures themselves. Part of the terminal 
voltage of the power supply is dropped across resistors 
RA and RB . Therefore, the voltage across light fixture R1 
is less than the terminal voltage. There is a further volt-
age drop across resistors RC and RD. Consequently, the 
voltage across light fixture R 2 is smaller than that across 
R1. This pattern continues down the line of light fixtures, so the correct choice is (b). Each successive light fixture has 
a smaller voltage across it and glows less brightly than the one before.

S o l u t i o n

RA RC

R2R1

RB RD

Power
supply

�

�

Resistance of the 
light fixtures

Resistance in the 
wires of the cable

Figure 28.9  ​(Conceptual Example 28.3) The circuit diagram for 
a set of landscape light fixtures connected in parallel across the 
two wires of a two-wire cable.

Example 28.4	     Find the Equivalent Resistance

Four resistors are connected as shown in Figure 28.10a.

(A)  ​Find the equivalent resistance between points a and c.

Conceptualize  ​Imagine charges flowing into and through 
this combination from the left. All charges must pass from a 
to b through the first two resistors, but the charges split at b 
into two different paths when encountering the combination 
of the 6.0-V and the 3.0-V resistors.

Categorize  ​Because of the simple nature of the combina-
tion of resistors in Figure 28.10, we categorize this example 
as one for which we can use the rules for series and parallel 
combinations of resistors.

Analyze  ​The combination of resistors can be reduced in steps as shown in Figure 28.10.

S o l u t i o n

6.0 �

3.0 �

c
b

I1

I2

4.0 �8.0 �

a

c

2.0 �12.0 �

ba

14.0 �

ca

I

b

c

a

Figure 28.10  (Exam-
ple 28.4) The original 
network of resistors 
is reduced to a single 
equivalent resistance.

The circuit of equivalent resistances now looks like Fig-
ure 28.10b. The 12.0-V and 2.0-V resistors are in series 
(green circles). Find the equivalent resistance from a to c :

Req 5 12.0 V 1 2.0 V 5 14.0 V

Find the equivalent resistance between b and c of the 
6.0-V and 3.0-V resistors, which are in parallel (right-
hand red-brown circles):

1
R eq

5
1

6.0 V
1

1
3.0 V

5
3

6.0 V
 	

 R eq 5
6.0 V

3
5 2.0 V 	

Find the equivalent resistance between a and b of the 
8.0-V and 4.0-V resistors, which are in series (left-hand 
red-brown circles):

R eq 5 8.0 V 1 4.0 V 5 12.0 V

This resistance is that of the single equivalent resistor in Figure 28.10c.

(B)  ​What is the current in each resistor if a potential difference of 42 V is maintained between a and c?

	

▸ 28.3 c o n t i n u e d

continued
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Find I 2: I2 5 2I1 5 2(1.0 A) 5 2.0 A

Use I1 1 I2 5 3.0 A to find I1: I1 1 I2 5 3.0 A   S   I1 1 2I1 5 3.0 A   S   I1 5 1.0 A

Set the voltages across the resistors in parallel in Figure 
28.10a equal to find a relationship between the currents:

DV1 5 DV2   S   (6.0 V)I1 5 (3.0 V)I2   S   I2 5 2I1

Use Equation 27.7 (R 5 DV/I) and the result from part 
(A) to find the current in the 8.0-V and 4.0-V resistors:

I 5
DVac

R eq
5

42 V
14.0 V

5 3.0 A 	

Finalize  ​As a final check of our results, note that DVbc 5 (6.0 V)I 1 5 (3.0 V)I 2 5 6.0 V and DVab 5 (12.0 V)I 5 36 V; 
therefore, DVac 5 DVab 1 DVbc 5 42 V, as it must.

Example 28.5	     Three Resistors in Parallel

Three resistors are connected in parallel as shown in 
Figure 28.11a. A potential difference of 18.0 V is main-
tained between points a and b.

(A)  ​Calculate the equivalent resistance of the circuit.

Conceptualize  ​Figure 28.11a shows that we are dealing 
with a simple parallel combination of three resistors. 
Notice that the current I splits into three currents I1, I2, 
and I3 in the three resistors.

Categorize  ​This problem can be solved with rules 
developed in this section, so we categorize it as a sub-
stitution problem. Because the three resistors are connected in parallel, we can use the rule for resistors in parallel, 
Equation 28.8, to evaluate the equivalent resistance.

S o l u t i o n

I1 I2 I3

I
a

b

18.0 V 3.00 � 6.00 � 9.00 �

I1 I2 I3

a

b

3.00 � 6.00 � 9.00 �18.0 V

I

a b

Figure 28.11  (Example 28.5) (a) Three resistors connected in 
parallel. The voltage across each resistor is 18.0 V. (b) Another cir-
cuit with three resistors and a battery. Is it equivalent to the circuit 
in (a)?

Use Equation 28.8 to find R eq:
1

R eq
5

1
3.00 V

1
1

6.00 V
1

1
9.00 V

5
11

18.0 V
	

R eq 5
18.0 V

11
5 1.64 V 	

(B)  ​Find the current in each resistor.

S o l u t i o n

The potential difference across each resistor is 18.0 V. 
Apply the relationship DV 5 IR to find the currents:

I1 5
DV
R 1

5
18.0 V
3.00 V

5 6.00 A

I2 5
DV
R 2

5
18.0 V
6.00 V

5 3.00 A

I3 5
DV
R 3

5
18.0 V
9.00 V

5 2.00 A

(C)  ​Calculate the power delivered to each resistor and the total power delivered to the combination of resistors.

	

▸ 28.4 c o n t i n u e d

The currents in the 8.0-V and 4.0-V resistors are the same because they are in series. In addition, they carry the same 
current that would exist in the 14.0-V equivalent resistor subject to the 42-V potential difference.

S o l u t i o n
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28.3	 Kirchhoff’s Rules
As we saw in the preceding section, combinations of resistors can be simplified and 
analyzed using the expression DV 5 IR and the rules for series and parallel com-
binations of resistors. Very often, however, it is not possible to reduce a circuit to a 
single loop using these rules. The procedure for analyzing more complex circuits is 
made possible by using the following two principles, called Kirchhoff’s rules.

1.	� Junction rule. At any junction, the sum of the currents must equal zero:

	 a
junction

 I 5 0 	 (28.9)

2.	� Loop rule. The sum of the potential differences across all elements around 
any closed circuit loop must be zero:

	 a
closed loop

 DV 5 0 	 (28.10)

	 Kirchhoff’s first rule is a statement of conservation of electric charge. All charges 
that enter a given point in a circuit must leave that point because charge cannot 
build up or disappear at a point. Currents directed into the junction are entered 
into the sum in the junction rule as 1I, whereas currents directed out of a junction 
are entered as 2I. Applying this rule to the junction in Figure 28.12a gives

I1 2 I2 2 I3 5 0

Figure 28.12b represents a mechanical analog of this situation, in which water flows 
through a branched pipe having no leaks. Because water does not build up any-
where in the pipe, the flow rate into the pipe on the left equals the total flow rate 
out of the two branches on the right.
	 Kirchhoff’s second rule follows from the law of conservation of energy for an 
isolated system. Let’s imagine moving a charge around a closed loop of a circuit. 
When the charge returns to the starting point, the charge–circuit system must 
have the same total energy as it had before the charge was moved. The sum of the 
increases in energy as the charge passes through some circuit elements must equal 
the sum of the decreases in energy as it passes through other elements. The poten-
tial energy of the system decreases whenever the charge moves through a potential 
drop 2IR across a resistor or whenever it moves in the reverse direction through a 

Apply the relationship P 5 I 2R to each resistor using the 
currents calculated in part (B):

3.00-V: P1 5 I1
2R1 5 (6.00 A)2(3.00 V) 5 108 W

6.00-V: P2 5 I2
2R 2 5 (3.00 A)2(6.00 V) 5 54 W

9.00-V: P3 5 I3
2R 3 5 (2.00 A)2(9.00 V) 5 36 W

These results show that the smallest resistor receives the most power. Summing the three quantities gives a total power 
of  198 W.  We could have calculated this final result from part (A) by considering the equivalent resistance as follows:  
P 5 (DV )2/Req 5 (18.0 V)2/1.64 V 5 198 W.

​What if the circuit were as shown in Figure 28.11b instead of as in Figure 28.11a? How would that affect 
the calculation?

Answer  ​There would be no effect on the calculation. The physical placement of the battery is not important. Only 
the electrical arrangement is important. In Figure 28.11b, the battery still maintains a potential difference of 18.0 V 
between points a and b, so the two circuits in the figure are electrically identical.

What If ?

S o l u t i o n

I1

I2

I3

Flow in

Flow out

a

b

The amount of charge flowing 
out of the branches on the right 
must equal the amount flowing 
into the single branch on the left.

The amount of water flowing out 
of the branches on the right must 
equal the amount flowing into 
the single branch on the left.

Figure 28.12  (a) Kirchhoff’s 
junction rule. (b) A mechanical 
analog of the junction rule.

	

▸ 28.5 c o n t i n u e d
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source of emf. The potential energy increases whenever the charge passes through 
a battery from the negative terminal to the positive terminal.
	 When applying Kirchhoff’s second rule, imagine traveling around the loop 
and consider changes in electric potential rather than the changes in potential energy 
described in the preceding paragraph. Imagine traveling through the circuit ele-
ments in Figure 28.13 toward the right. The following sign conventions apply when 
using the second rule:

•	Charges move from the high-potential end of a resistor toward the low-
potential end, so if a resistor is traversed in the direction of the current, the 
potential difference DV across the resistor is 2IR (Fig. 28.13a).

•	 If a resistor is traversed in the direction opposite the current, the potential dif-
ference DV across the resistor is 1IR (Fig. 28.13b).

•	 If a source of emf (assumed to have zero internal resistance) is traversed in 
the direction of the emf (from negative to positive), the potential difference 
DV is 1e (Fig. 28.13c).

•	 If a source of emf (assumed to have zero internal resistance) is traversed in 
the direction opposite the emf (from positive to negative), the potential dif-
ference DV is 2e (Fig. 28.13d).

	 There are limits on the number of times you can usefully apply Kirchhoff’s rules 
in analyzing a circuit. You can use the junction rule as often as you need as long 
as you include in it a current that has not been used in a preceding junction-rule 
equation. In general, the number of times you can use the junction rule is one 
fewer than the number of junction points in the circuit. You can apply the loop rule 
as often as needed as long as a new circuit element (resistor or battery) or a new 
current appears in each new equation. In general, to solve a particular circuit prob-
lem, the number of independent equations you need to obtain from the two rules 
equals the number of unknown currents.
	 Complex networks containing many loops and junctions generate a great 
number of independent linear equations and a correspondingly great number of 
unknowns. Such situations can be handled formally through the use of matrix alge-
bra. Computer software can also be used to solve for the unknowns.
	 The following examples illustrate how to use Kirchhoff’s rules. In all cases, it is 
assumed the circuits have reached steady-state conditions; in other words, the cur-
rents in the various branches are constant. Any capacitor acts as an open branch in 
a circuit; that is, the current in the branch containing the capacitor is zero under 
steady-state conditions.

I

I

a b

a b

a b

a b

� �

� �

�V � �IR

�V � �e

�V � �IR

�V � �e

e

e

b

c

d

a

In each diagram, �V � Vb � Va 
and the circuit element is 
traversed from a to b, left to right.

Figure 28.13  ​Rules for determin-
ing the signs of the potential differ-
ences across a resistor and a battery. 
(The battery is assumed to have no 
internal resistance.) 

Gustav Kirchhoff
German Physicist (1824–1887)
Kirchhoff, a professor at Heidelberg, 
and Robert Bunsen invented the spec-
troscope and founded the science  
of spectroscopy, which we shall study 
in Chapter 42. They discovered the 
elements cesium and rubidium and 
invented astronomical spectroscopy.
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Problem-Solving Strategy	    Kirchhoff’s Rules

The following procedure is recommended for solving problems that involve circuits 
that cannot be reduced by the rules for combining resistors in series or parallel.

1.	 Conceptualize. Study the circuit diagram and make sure you recognize all ele-
ments in the circuit. Identify the polarity of each battery and try to imagine the 
directions in which the current would exist in the batteries.

2.	Categorize. Determine whether the circuit can be reduced by means of combin-
ing series and parallel resistors. If so, use the techniques of Section 28.2. If not, apply 
Kirchhoff’s rules according to the Analyze step below.

3.	Analyze. Assign labels to all known quantities and symbols to all unknown quanti-
ties. You must assign directions to the currents in each part of the circuit. Although 
the assignment of current directions is arbitrary, you must adhere rigorously to the 
directions you assign when you apply Kirchhoff’s rules.
	 Apply the junction rule (Kirchhoff’s first rule) to all junctions in the circuit 
except one. Now apply the loop rule (Kirchhoff’s second rule) to as many loops in 
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Example 28.6	     A Single-Loop Circuit

A single-loop circuit contains two resistors and two batteries as shown in Figure 28.14. 
(Neglect the internal resistances of the batteries.) Find the current in the circuit.

Conceptualize  ​Figure 28.14 shows the polarities of the batteries and a guess at the 
direction of the current. The 12-V battery is the stronger of the two, so the current 
should be counterclockwise. Therefore, we expect our guess for the direction of the 
current to be wrong, but we will continue and see how this incorrect guess is repre-
sented by our final answer.

Categorize  ​We do not need Kirchhoff’s rules to analyze this simple circuit, but let’s 
use them anyway simply to see how they are applied. There are no junctions in this 
single-loop circuit; therefore, the current is the same in all elements.

Analyze  ​Let’s assume the current is clockwise as shown in Figure 28.14. Traversing the circuit in the clockwise direc-
tion, starting at a, we see that a S b represents a potential difference of 1e1, b S c represents a potential difference of 
2IR1, c S d represents a potential difference of 2e2, and d S a represents a potential difference of 2IR 2.

S o l u t i o n

I

c

a b

d
� �

� �

e1 � 6.0 V

R1 � 8.0 �R2 � 10 �

e2 � 12 V

Figure 28.14  (Example 28.6) 
A series circuit containing two 
batteries and two resistors, 
where the polarities of the bat-
teries are in opposition.

Solve for I and use the values given in Figure 28.14: (1)   I 5
e1 2 e2

R 1 1 R 2
5

6.0 V 2 12 V
8.0 V 1 10 V

5 20.33 A

Apply Kirchhoff’s loop rule to the single loop in the 
circuit:

o DV 5 0   S   e1 2 IR1 2 e2 2 IR 2 5 0

Finalize  ​The negative sign for I indicates that the direction of the current is opposite the assumed direction. The 
emfs in the numerator subtract because the batteries in Figure 28.14 have opposite polarities. The resistances in the 
denominator add because the two resistors are in series.

What if the polarity of the 12.0-V battery were reversed? How would that affect the circuit?

Answer  ​Although we could repeat the Kirchhoff’s rules calculation, let’s instead examine Equation (1) and modify it 
accordingly. Because the polarities of the two batteries are now in the same direction, the signs of e1 and e2 are the 
same and Equation (1) becomes

I 5
e1 1 e2

R 1 1 R 2
5

6.0 V 1 12 V
8.0 V 1 10 V

5 1.0 A

What If ?

Example 28.7	     A Multiloop Circuit

Find the currents I 1, I 2, and I 3 in the circuit shown in Figure 28.15 on page 846.

the circuit as are needed to obtain, in combination with the equations from the junc-
tion rule, as many equations as there are unknowns. To apply this rule, you must 
choose a direction in which to travel around the loop (either clockwise or counter-
clockwise) and correctly identify the change in potential as you cross each element. 
Be careful with signs!
	 Solve the equations simultaneously for the unknown quantities.

4.	Finalize. Check your numerical answers for consistency. Do not be alarmed if any 
of the resulting currents have a negative value. That only means you have guessed the 
direction of that current incorrectly, but its magnitude will be correct.

	

continued

▸ Problem-Solving Strategy c o n t i n u e d
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Conceptualize  ​Imagine physically rearranging the circuit 
while keeping it electrically the same. Can you rearrange it 
so that it consists of simple series or parallel combinations 
of resistors? You should find that you cannot. (If the 10.0-V 
battery were removed and replaced by a wire from b to the 
6.0-V resistor, the circuit would consist of only series and 
parallel combinations.)

Categorize  ​We cannot simplify the circuit by the rules 
associated with combining resistances in series and in par-
allel. Therefore, this problem is one in which we must use 
Kirchhoff’s rules.

Analyze  ​We arbitrarily choose the directions of the currents as labeled in Figure 28.15.

S o l u t i o n

Figure 28.15  (Example 
28.7) A circuit containing 
different branches.

14.0 V

e

b

4.0 �

10.0 V
6.0 �

f

I2

c

I3

I1

2.0 �
da

� �

� �

Use Equation (1) to find I3: I3 5 I1 1 I2 5 2.0 A 2 3.0 A 5 21.0 A

Apply Kirchhoff’s junction rule to junction c : (1)   I1 1 I2 2 I3 5 0

We now have one equation with three unknowns: I1, I 2, 
and I3. There are three loops in the circuit: abcda, befcb, 
and aefda. We need only two loop equations to deter-
mine the unknown currents. (The third equation would 
give no new information.) Let’s choose to traverse these 
loops in the clockwise direction. Apply Kirchhoff’s loop 
rule to loops abcda and befcb:

abcda: (2)   10.0 V 2 (6.0 V)I1 2 (2.0 V)I3 5 0

befcb: 2(4.0 V)I2 2 14.0 V 1 (6.0 V)I1 2 10.0 V 5 0

(3)   224.0 V 1 (6.0 V)I1 2 (4.0 V)I2 5 0

Solve Equation (1) for I3 and substitute into Equation (2): 10.0 V 2 (6.0 V)I1 2 (2.0 V)(I1 1 I2) 5 0

(4)   10.0 V 2 (8.0 V)I1 2 (2.0 V)I2 5 0

Multiply each term in Equation (3) by 4 and each term 
in Equation (4) by 3:

(5)   296.0 V 1 (24.0 V)I1 2 (16.0 V)I2 5 0

(6)   30.0 V 2 (24.0 V)I1 2 (6.0 V)I2 5 0

Add Equation (6) to Equation (5) to eliminate I1 and 
find I2:

266.0 V 2 (22.0 V)I2 5 0

I2 5 23.0 A

Use this value of I2 in Equation (3) to find I1: 224.0 V 1 (6.0 V)I1 2 (4.0 V)(23.0 A) 5 0

224.0 V 1 (6.0 V)I1 1 12.0 V 5 0

I1 5 2.0 A

Finalize  ​Because our values for I2 and I3 are negative, the directions of these currents are opposite those indicated in 
Figure 28.15. The numerical values for the currents are correct. Despite the incorrect direction, we must continue to 
use these negative values in subsequent calculations because our equations were established with our original choice 
of direction. What would have happened had we left the current directions as labeled in Figure 28.15 but traversed the 
loops in the opposite direction?

28.4	 RC Circuits
So far, we have analyzed direct-current circuits in which the current is constant. In 
DC circuits containing capacitors, the current is always in the same direction but 
may vary in magnitude at different times. A circuit containing a series combination 
of a resistor and a capacitor is called an RC circuit.

	

▸ 28.7 c o n t i n u e d
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Charging a Capacitor
Figure 28.16 shows a simple series RC circuit. Let’s assume the capacitor in this cir-
cuit is initially uncharged. There is no current while the switch is open (Fig. 28.16a). 
If the switch is thrown to position a at t 5 0 (Fig. 28.16b), however, charge begins to 
flow, setting up a current in the circuit, and the capacitor begins to charge.3 Notice 
that during charging, charges do not jump across the capacitor plates because the 
gap between the plates represents an open circuit. Instead, charge is transferred 
between each plate and its connecting wires due to the electric field established in 
the wires by the battery until the capacitor is fully charged. As the plates are being 
charged, the potential difference across the capacitor increases. The value of the 
maximum charge on the plates depends on the voltage of the battery. Once the 
maximum charge is reached, the current in the circuit is zero because the potential 
difference across the capacitor matches that supplied by the battery.
	 To analyze this circuit quantitatively, let’s apply Kirchhoff’s loop rule to the cir-
cuit after the switch is thrown to position a. Traversing the loop in Figure 28.16b 
clockwise gives

	 e 2
q

C
2 iR 5 0 	 (28.11)

where q/C is the potential difference across the capacitor and iR is the potential 
difference across the resistor. We have used the sign conventions discussed earlier 
for the signs on e and iR. The capacitor is traversed in the direction from the posi-
tive plate to the negative plate, which represents a decrease in potential. Therefore, 
we use a negative sign for this potential difference in Equation 28.11. Note that  
lowercase q and i are instantaneous values that depend on time (as opposed to 
steady-state values) as the capacitor is being charged.
	 We can use Equation 28.11 to find the initial current Ii in the circuit and the 
maximum charge Q max on the capacitor. At the instant the switch is thrown to posi-
tion a (t 5 0), the charge on the capacitor is zero. Equation 28.11 shows that the 
initial current Ii in the circuit is a maximum and is given by

	 Ii 5
e
R
 1current at t 5 0 2 	 (28.12)

At this time, the potential difference from the battery terminals appears entirely 
across the resistor. Later, when the capacitor is charged to its maximum value Q max, 
charges cease to flow, the current in the circuit is zero, and the potential difference 
from the battery terminals appears entirely across the capacitor. Substituting i 5 0 
into Equation 28.11 gives the maximum charge on the capacitor:

	 Q max 5 Ce   (maximum charge)	 (28.13)

	 To determine analytical expressions for the time dependence of the charge and 
current, we must solve Equation 28.11, a single equation containing two variables q 
and i. The current in all parts of the series circuit must be the same. Therefore, the 
current in the resistance R must be the same as the current between each capacitor 
plate and the wire connected to it. This current is equal to the time rate of change 
of the charge on the capacitor plates. Therefore, we substitute i 5 dq/dt into Equa-
tion 28.11 and rearrange the equation:

	
dq

dt
5

e
R

2
q

RC
	

To find an expression for q, we solve this separable differential equation as follows. 
First combine the terms on the right-hand side:

	
dq

dt
5

Ce
RC

2
q

RC
5 2

q 2 Ce
RC

	

3In previous discussions of capacitors, we assumed a steady-state situation, in which no current was present in any 
branch of the circuit containing a capacitor. Now we are considering the case before the steady-state condition is real-
ized; in this situation, charges are moving and a current exists in the wires connected to the capacitor.

R

C

b

a

e

Ri

C

b

a

e

Ri

C

b

a

� �

� �

e
� �

� �

� �

When the switch is thrown 
to position a, the capacitor 
begins to charge up. 

When the switch is thrown 
to position b, the capacitor 
discharges.

a

b

c

Figure 28.16  A capacitor in 
series with a resistor, switch, and 
battery.
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Multiply this equation by dt and divide by q 2 Ce:

	
dq

q 2 Ce 5 2
1

RC
 dt	

Integrate this expression, using q 5 0 at t 5 0:

	 3
q

0
 

dq

q 2 Ce 5 2
1

RC
 3

t

0
 dt	

	 ln a q 2 Ce
2Ce  b 5 2

t
RC

 	

From the definition of the natural logarithm, we can write this expression as

	 q(t) 5 Ce(1 2 e2t/RC) 5 Q max(1 2 e2t/RC)	 (28.14)

where e is the base of the natural logarithm and we have made the substitution 
from Equation 28.13.
	 We can find an expression for the charging current by differentiating Equation 
28.14 with respect to time. Using i 5 dq/dt, we find that

	 i 1 t 2 5
e
R

 e2t/RC 	 (28.15)

Plots of capacitor charge and circuit current versus time are shown in Figure 28.17. 
Notice that the charge is zero at t 5 0 and approaches the maximum value Ce as  
t S .̀ The current has its maximum value Ii 5 e/R at t 5 0 and decays exponen-
tially to zero as t S .̀ The quantity RC, which appears in the exponents of Equa-
tions 28.14 and 28.15, is called the time constant t of the circuit:

	 t 5 RC	 (28.16)

The time constant represents the time interval during which the current decreases 
to 1/e of its initial value; that is, after a time interval t, the current decreases to i 5 
e21Ii 5 0.368Ii. After a time interval 2t, the current decreases to i 5 e22Ii 5 0.135Ii , 
and so forth. Likewise, in a time interval t, the charge increases from zero to  
Ce[1 2 e21] 5 0.632Ce.

�Charge as a function of time 
for a capacitor being 

charged

�Current as a function of time 
for a capacitor being 

charged

q

� t

C

0.632C

=RC�

e

e

i

�
t

0.368Ii

Ii
Ii  =

R
e

The charge approaches 
its maximum value Ce 
as t approaches infinity.

The current has its maximum
value Ii � e/R  at t � 0 and 
decays to zero exponentially 
as t approaches infinity.

After a time interval equal to 
one time constant t has passed, 
the charge is 63.2% of the 
maximum value Ce.

After a time interval equal 
to one time constant t has 
passed, the current is 36.8% 
of its initial value.

a b

Figure 28.17  (a) Plot of capacitor charge versus time for the circuit shown in Figure 28.16b. (b) Plot 
of current versus time for the circuit shown in Figure 28.16b.
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	 The following dimensional analysis shows that t has units of time:

	 3t 4 5 3RC 4 5 c aDV
I
b a Q

DV
b d 5 c Q

Q /Dt
d 5 3Dt 4 5 T 	

Because t 5 RC has units of time, the combination t/RC is dimensionless, as it must 
be to be an exponent of e in Equations 28.14 and 28.15.
	 The energy supplied by the battery during the time interval required to fully 
charge the capacitor is Q maxe 5 Ce2. After the capacitor is fully charged, the 
energy stored in the capacitor is 12Q maxe 5 12Ce2, which is only half the energy out-
put of the battery. It is left as a problem (Problem 68) to show that the remaining 
half of the energy supplied by the battery appears as internal energy in the resistor.

Discharging a Capacitor
Imagine that the capacitor in Figure 28.16b is completely charged. An initial poten-
tial difference Q i/C exists across the capacitor, and there is zero potential differ-
ence across the resistor because i 5 0. If the switch is now thrown to position b at  
t 5 0 (Fig. 28.16c), the capacitor begins to discharge through the resistor. At some 
time t during the discharge, the current in the circuit is i and the charge on the 
capacitor is q. The circuit in Figure 28.16c is the same as the circuit in Figure 28.16b 
except for the absence of the battery. Therefore, we eliminate the emf e from Equa-
tion 28.11 to obtain the appropriate loop equation for the circuit in Figure 28.16c:

	 2
q

C
2 iR 5 0 	 (28.17)

When we substitute i 5 dq/dt into this expression, it becomes

	 2R 
dq

dt
5

q

C
	

	
dq
q

5 2
1

RC
 dt 	

Integrating this expression using q 5 Q i  at t 5 0 gives

	 3
q

Q i

 
dq
q

5 2
1

RC
 3

t

0
 dt	

	 ln a q

Q i
b 5 2

t
RC

	

	 q 1t 2 5 Q ie
2t/RC 	 (28.18)

Differentiating Equation 28.18 with respect to time gives the instantaneous current 
as a function of time:

	 i 1t 2 5 2
Q i

RC
 e2t/RC 	 (28.19)

where Q i /RC 5 Ii is the initial current. The negative sign indicates that as the 
capacitor discharges, the current direction is opposite its direction when the capaci-
tor was being charged. (Compare the current directions in Figs. 28.16b and 28.16c.) 
Both the charge on the capacitor and the current decay exponentially at a rate 
characterized by the time constant t 5 RC.

Q	 uick Quiz 28.5 ​ Consider the circuit in Figure 28.18 and assume the battery has 
no internal resistance. (i) Just after the switch is closed, what is the current in the 
battery? (a) 0 (b) e/2R (c) 2e/R (d) e/R (e) impossible to determine (ii) After a 
very long time, what is the current in the battery? Choose from the same choices.

WW �Charge as a function of time 
for a discharging capacitor

WW �Current as a function of time 
for a discharging capacitor

C

RR
e

�

�

Figure 28.18  ​(Quick Quiz 28.5) 
How does the current vary after 
the switch is closed?
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Example 28.9	     Charging a Capacitor in an RC Circuit

An uncharged capacitor and a resistor are connected in series to a battery as shown in Figure 28.16, where e 5 12.0 V, 
C 5 5.00 mF, and R 5 8.00 3 105 V. The switch is thrown to position a. Find the time constant of the circuit, the maxi-
mum charge on the capacitor, the maximum current in the circuit, and the charge and current as functions of time.

Conceptualize  ​Study Figure 28.16 and imagine throwing the switch to position a as shown in Figure 28.16b. Upon 
doing so, the capacitor begins to charge.

Categorize  ​We evaluate our results using equations developed in this section, so we categorize this example as a sub-
stitution problem.

S o l u t i o n

Evaluate the time constant of the circuit from 
Equation 28.16:

t 5 RC 5 (8.00 3 105 V)(5.00 3 1026 F) 5 4.00 s

Evaluate the maximum charge on the capacitor from 
Equation 28.13:

Q max 5 Ce 5 (5.00 mF)(12.0 V) 5 60.0 mC

Evaluate the maximum current in the circuit from Equa-
tion 28.12:

Ii 5
e
R

5
12.0 V

8.00 3 105 V
5 15.0 mA 	

Use these values in Equations 28.14 and 28.15 to find the 
charge and current as functions of time:

(1)   q 1t 2 5 60.0 11 2 e2t/4.00 2
(2)   i 1t 2 5 15.0e2t/4.00

Example 28.10	     Discharging a Capacitor in an RC Circuit

Consider a capacitor of capacitance C that is being discharged through a resistor of resistance R as shown in Figure 
28.16c.

(A)  ​After how many time constants is the charge on the capacitor one-fourth its initial value?

Conceptualize  ​Study Figure 28.16 and imagine throwing the switch to position b as shown in Figure 28.16c. Upon 
doing so, the capacitor begins to discharge.

Categorize  ​We categorize the example as one involving a discharging capacitor and use the appropriate equations.

S o l u t i o n

In Equations (1) and (2), q is in microcoulombs, i is in microamperes, and t is in seconds.

Conceptual Example 28.8	     Intermittent Windshield Wipers

Many automobiles are equipped with windshield wipers that can operate intermittently during a light rainfall.  
How does the operation of such wipers depend on the charging and discharging of a capacitor?

The wipers are part of an RC circuit whose time constant can be varied by selecting different values of R through a mul-
tiposition switch. As the voltage across the capacitor increases, the capacitor reaches a point at which it discharges and 
triggers the wipers. The circuit then begins another charging cycle. The time interval between the individual sweeps 
of the wipers is determined by the value of the time constant.

S o l u t i o n
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Example 28.11	     Energy Delivered to a Resistor 

A 5.00-mF capacitor is charged to a potential difference of 800 V and then discharged through a resistor. How much 
energy is delivered to the resistor in the time interval required to fully discharge the capacitor?

Conceptualize  ​In Example 28.10, we considered the energy decrease in a discharging capacitor to a value of one-
fourth the initial energy. In this example, the capacitor fully discharges.

Categorize  ​We solve this example using two approaches. The first approach is to model the circuit as an isolated sys-
tem for energy. Because energy in an isolated system is conserved, the initial electric potential energy UE stored in the 

AM

S o l u t i o n

Analyze  ​Substitute q(t) 5 Q i/4 into Equation 28.18:
Q i

4
5 Q ie

2t/RC 

1
4 5 e2t/RC

Take the logarithm of both sides of the equation and 
solve for t :

2ln 4 5 2
t

RC
	

t 5 RC ln 4 5 1.39RC 5 1.39t

Use Equations 26.11 and 28.18 to express the energy 
stored in the capacitor at any time t :

(1)   U 1t 2 5
q 2

2C
5

Q i
2

2C
 e22t/RC

Substitute U 1t 2 5 1
4 1Q i

2/2C 2  into Equation (1): 1
4 

Q i
2

2C
5

Q i
2

2C
 e22t/RC 	

1
4 5 e22t/RC 	

Take the logarithm of both sides of the equation and 
solve for t :

2ln 4 5 2
2t

RC
	

t 5 1
2RC ln 4 5 0.693RC 5 0.693t

(B)  ​The energy stored in the capacitor decreases with time as the capacitor discharges. After how many time con-
stants is this stored energy one-fourth its initial value?

S o l u t i o n

Finalize  ​Notice that because the energy depends on the square of the charge, the energy in the capacitor drops more 
rapidly than the charge on the capacitor.

​What if you want to describe the circuit in terms of the time interval required for the charge to fall to 
one-half its original value rather than by the time constant t? That would give a parameter for the circuit called its half-
life t1/2. How is the half-life related to the time constant?

Answer  ​In one half-life, the charge falls from Q i  to Q i/2. Therefore, from Equation 28.18,

Q i

2
5 Q ie

2t1/2/RC   S   12 5 e2t1/2/RC

which leads to

t1/2 5 0.693t

The concept of half-life will be important to us when we study nuclear decay in Chapter 44. The radioactive decay of 
an unstable sample behaves in a mathematically similar manner to a discharging capacitor in an RC circuit.

What If ?

	

▸ 28.10 c o n t i n u e d

continued
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capacitor is transformed into internal energy E int 5 ER in the resistor. The second approach is to model the resistor 
as a nonisolated system for energy. Energy enters the resistor by electrical transmission from the capacitor, causing an 
increase in the resistor’s internal energy.

Analyze  ​We begin with the isolated system approach.

Substitute numerical values: ER 5 1
2 15.00 3 1026 F 2 1800 V 22 5 1.60 J

Use Equation 26.11 for the electric potential energy in 
the capacitor:

ER 5 1
2Ce2 	

Substitute the initial and final values of the energies: (0 2 UE) 1 (E int 2 0) 5 0   S   ER 5 UE

Write the appropriate reduction of the conservation of 
energy equation, Equation 8.2:

DU 1 DE int 5 0

The second approach, which is more difficult but perhaps more instructive, is to note that as the capacitor discharges 
through the resistor, the rate at which energy is delivered to the resistor by electrical transmission is i 2R, where i is the 
instantaneous current given by Equation 28.19.

Substitute the value of the integral, which is 
RC/2 (see Problem 44):

ER 5
e2

R
aRC

2
b 5 1

2Ce2

Substitute for the current from Equation 28.19: ER 5 3
`

0
a2 Q i

RC
 e2t/RCb

2

 R dt 5
Q i

2

RC 2 3
`

0
 e22t/RC dt 5

e2

R
 3

`

0
 e22t/RC dt 	

Substitute for the power delivered to the 
resistor:

ER 5 3
`

0
i 2R dt 	

Evaluate the energy delivered to the resistor by 
integrating the power over all time because it 
takes an infinite time interval for the capacitor 
to completely discharge:

P 5
dE
dt

   S   ER 5 3
`

0
P dt	

Finalize  ​This result agrees with that obtained using the isolated system approach, as it must. We can use this second 
approach to find the total energy delivered to the resistor at any time after the switch is closed by simply replacing the 
upper limit in the integral with that specific value of t.

28.5	 Household Wiring and Electrical Safety
Many considerations are important in the design of an electrical system of a home 
that will provide adequate electrical service for the occupants while maximizing 
their safety. We discuss some aspects of a home electrical system in this section.

Household Wiring
Household circuits represent a practical application of some of the ideas presented 
in this chapter. In our world of electrical appliances, it is useful to understand the 
power requirements and limitations of conventional electrical systems and the 
safety measures that prevent accidents.
	 In a conventional installation, the utility company distributes electric power to 
individual homes by means of a pair of wires, with each home connected in paral-

	

▸ 28.11 c o n t i n u e d
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lel to these wires. One wire is called the live wire4 as illustrated in Figure 28.19, and 
the other is called the neutral wire. The neutral wire is grounded; that is, its electric 
potential is taken to be zero. The potential difference between the live and neutral 
wires is approximately 120 V. This voltage alternates in time, and the potential of 
the live wire oscillates relative to ground. Much of what we have learned so far for 
the constant-emf situation (direct current) can also be applied to the alternating 
current that power companies supply to businesses and households. (Alternating 
voltage and current are discussed in Chapter 33.)
	 To record a household’s energy consumption, a meter is connected in series with 
the live wire entering the house. After the meter, the wire splits so that there are 
several separate circuits in parallel distributed throughout the house. Each circuit 
contains a circuit breaker (or, in older installations, a fuse). A circuit breaker is a 
special switch that opens if the current exceeds the rated value for the circuit breaker. 
The wire and circuit breaker for each circuit are carefully selected to meet the cur-
rent requirements for that circuit. If a circuit is to carry currents as large as 30 A, a 
heavy wire and an appropriate circuit breaker must be selected to handle this cur-
rent. A circuit used to power only lamps and small appliances often requires only 
20 A. Each circuit has its own circuit breaker to provide protection for that part of 
the entire electrical system of the house.
	 As an example, consider a circuit in which a toaster oven, a microwave oven, 
and a coffee maker are connected (corresponding to R1, R 2, and R3 in Fig. 28.19). 
We can calculate the current in each appliance by using the expression P 5 I DV. 
The toaster oven, rated at 1 000 W, draws a current of 1 000 W/120 V 5 8.33 A. 
The microwave oven, rated at 1 300 W, draws 10.8 A, and the coffee maker, rated 
at 800 W, draws 6.67 A. When the three appliances are operated simultaneously, 
they draw a total current of 25.8 A. Therefore, the circuit must be wired to handle 
at least this much current. If the rating of the circuit breaker protecting the circuit 
is too small—say, 20 A—the breaker will be tripped when the third appliance is 
turned on, preventing all three appliances from operating. To avoid this situation, 
the toaster oven and coffee maker can be operated on one 20-A circuit and the 
microwave oven on a separate 20-A circuit.
	 Many heavy-duty appliances such as electric ranges and clothes dryers require 
240 V for their operation. The power company supplies this voltage by provid-
ing a third wire that is 120 V below ground potential (Fig. 28.20). The poten-
tial difference between this live wire and the other live wire (which is 120 V 
above ground potential) is 240 V. An appliance that operates from a 240-V line 
requires half as much current compared with operating it at 120 V; therefore, 
smaller wires can be used in the higher-voltage circuit without overheating.

Electrical Safety
When the live wire of an electrical outlet is connected directly to ground, the circuit 
is completed and a short-circuit condition exists. A short circuit occurs when almost 
zero resistance exists between two points at different potentials, and the result is 
a very large current. When that happens accidentally, a properly operating circuit 
breaker opens the circuit and no damage is done. A person in contact with ground, 
however, can be electrocuted by touching the live wire of a frayed cord or other 
exposed conductor. An exceptionally effective (and dangerous!) ground contact is 
made when the person either touches a water pipe (normally at ground potential) or 
stands on the ground with wet feet. The latter situation represents effective ground 
contact because normal, nondistilled water is a conductor due to the large number 
of ions associated with impurities. This situation should be avoided at all cost.

R1

Live
120 V

Neutral

0 V

R2

Circuit
breaker

Electrical
meter

R3

W

The electrical meter measures 
the power in watts.

Figure 28.19  Wiring diagram 
for a household circuit. The 
resistances represent appliances 
or other electrical devices that 
operate with an applied voltage 
of 120 V.

�120 V �120 V 

b

Figure 28.20  (a) An outlet for 
connection to a 240-V supply.  
(b) The connections for each of 
the openings in a 240-V outlet.
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4Live wire is a common expression for a conductor whose electric potential is above or below ground potential.
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	 Electric shock can result in fatal burns or can cause the muscles of vital organs 
such as the heart to malfunction. The degree of damage to the body depends 
on the magnitude of the current, the length of time it acts, the part of the body 
touched by the live wire, and the part of the body in which the current exists. Cur-
rents of 5 mA or less cause a sensation of shock, but ordinarily do little or no dam-
age. If the current is larger than about 10 mA, the muscles contract and the person 
may be unable to release the live wire. If the body carries a current of about 100 
mA for only a few seconds, the result can be fatal. Such a large current paralyzes 
the respiratory muscles and prevents breathing. In some cases, currents of approxi-
mately 1 A can produce serious (and sometimes fatal) burns. In practice, no con-
tact with live wires is regarded as safe whenever the voltage is greater than 24 V.
	 Many 120-V outlets are designed to accept a three-pronged power cord. (This 
feature is required in all new electrical installations.) One of these prongs is the 
live wire at a nominal potential of 120 V. The second is the neutral wire, nominally 
at 0 V, which carries current to ground. Figure 28.21a shows a connection to an 
electric drill with only these two wires. If the live wire accidentally makes contact 
with the casing of the electric drill (which can occur if the wire insulation wears 
off), current can be carried to ground by way of the person, resulting in an electric 
shock. The third wire in a three-pronged power cord, the round prong, is a safety 
ground wire that normally carries no current. It is both grounded and connected 
directly to the casing of the appliance. If the live wire is accidentally shorted to the 
casing in this situation, most of the current takes the low-resistance path through 
the appliance to ground as shown in Figure 28.21b.
	 Special power outlets called ground-fault circuit interrupters, or GFCIs, are used 
in kitchens, bathrooms, basements, exterior outlets, and other hazardous areas of 
homes. These devices are designed to protect persons from electric shock by sens-
ing small currents (, 5 mA) leaking to ground. (The principle of their operation 

In the situation shown, the live wire has come into contact 
with the drill case. As a result, the person holding the drill acts 
as a current path to ground and receives an electric shock.

In this situation, the drill case remains at ground 
potential and no current exists in the person.

“Ouch!”

Motor

“Hot”

Circuit
breaker 120 V 

“Neutral”

Ground

I

I

Wall
outlet

Motor

“Hot”

Circuit
breaker

120 V 

“Neutral”

Ground

“Ground”

I

I

3-wire
outlet

I

I

I

a

b

Figure 28.21  (a) A diagram 
of the circuit for an electric drill 
with only two connecting wires. 
The normal current path is  
from the live wire through the 
motor connections and back to 
ground through the neutral wire. 
(b) This shock can be avoided 
by connecting the drill case to 
ground through a third ground 
wire. The wire colors represent 
electrical standards in the United 
States: the “hot” wire is black,  
the ground wire is green, and the 
neutral wire is white (shown as 
gray in the figure).
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is described in Chapter 31.) When an excessive leakage current is detected, the cur-
rent is shut off in less than 1 ms.

Summary

  The emf of a battery is equal to the voltage across its terminals when the current is zero. That is, the emf is equiva-
lent to the open-circuit voltage of the battery.

Definition

  The equivalent resistance of 
a set of resistors connected in a 
series combination is

	Req 5 R1 1 R2 1 R3 1 ? ? ?	 (28.6)

The equivalent resistance of a set 
of resistors connected in a paral-
lel combination is found from the 
relationship

	
1

Req
5

1
R1

1
1
R2

1
1
R3

1 c 	 (28.8)

  Circuits involving more than one loop are conveniently analyzed with 
the use of Kirchhoff’s rules:

	 1.	 Junction rule. At any junction, the sum of the currents must 
equal zero:

	 a
junction

I 5 0 	 (28.9)

	 2.	 Loop rule. The sum of the potential differences across all ele-
ments around any circuit loop must be zero:

	 a
closed loop

DV 5 0 	 (28.10)

When a resistor is traversed in the direction of the current, the potential 
difference DV across the resistor is 2IR. When a resistor is traversed in the 
direction opposite the current, DV 5 1IR. When a source of emf is tra-
versed in the direction of the emf (negative terminal to positive terminal), 
the potential difference is 1e. When a source of emf is traversed opposite 
the emf (positive to negative), the potential difference is 2e.

Concepts and Principles

  If a capacitor is charged with a battery through a 
resistor of resistance R , the charge on the capacitor and 
the current in the circuit vary in time according to the 
expressions

	 q(t) 5 Q max(1 2 e2t/RC)	 (28.14)

	 i 1t 2 5
e
R

 e2t/RC 	 (28.15)

where Q max 5 Ce is the maximum charge on the capacitor.  
The product RC is called the time constant t of the circuit.

  If a charged capacitor of capacitance C is dis-
charged through a resistor of resistance R, the 
charge and current decrease exponentially in time 
according to the expressions

	 q(t) 5 Q ie2t/RC	 (28.18)

	 i 1t 2 5 2
Q i

RC
 e2t/RC	 (28.19)

where Q i is the initial charge on the capacitor and  
Q i/RC is the initial current in the circuit.

is absorbing energy by electrical transmission (c) yes, 
if more than one wire is connected to each terminal 
(d) yes, if the current in the battery is zero (e) yes, with 
no special condition required. (ii) Can the terminal 
voltage exceed the emf? Choose your answer from the 
same possibilities as in part (i).

	 1.	 Is a circuit breaker wired (a) in series with the device it 
is protecting, (b) in parallel, or (c) neither in series or 
in parallel, or (d) is it impossible to tell?

	 2.	 A battery has some internal resistance. (i) Can the 
potential difference across the terminals of the bat-
tery be equal to its emf? (a) no (b) yes, if the battery 

Objective Questions 1.  denotes answer available in Student Solutions Manual/Study Guide
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difference (b) current (c) power delivered (d) charge 
entering each resistor in a given time interval (e) none 
of those answers

	10.	The terminals of a battery are connected across two 
resistors in parallel. The resistances of the resistors 
are not the same. Which of the following statements 
is correct? Choose all that are correct. (a) The resis-
tor with the larger resistance carries more current 
than the other resistor. (b) The resistor with the larger 
resistance carries less current than the other resistor. 
(c) The potential difference across each resistor is the 
same. (d) The potential difference across the larger 
resistor is greater than the potential difference across 
the smaller resistor. (e) The potential difference is 
greater across the resistor closer to the battery.

	11.	 Are the two headlights of a car wired (a) in series with 
each other, (b) in parallel, or (c) neither in series nor 
in parallel, or (d) is it impossible to tell?

	12.	 In the circuit shown in Figure OQ28.12, each battery is 
delivering energy to the circuit by electrical transmis-
sion. All the resistors have equal resistance. (i) Rank the 
electric potentials at points a, b, c, d, and e from highest 
to lowest, noting any cases of equality in the ranking.  
(ii) Rank the magnitudes of the currents at the same 
points from greatest to least, noting any cases of equality.

b c
da

e
12 V 9 V

�

�

�

�

Figure OQ28.12

	13.	Several resistors are connected in parallel. Which of 
the following statements are correct? Choose all that 
are correct. (a) The equivalent resistance is greater 
than any of the resistances in the group. (b) The equiv-
alent resistance is less than any of the resistances in the 
group. (c)  The equivalent resistance depends on the 
voltage applied across the group. (d) The equivalent 
resistance is equal to the sum of the resistances in the 
group. (e) None of those statements is correct.

	14.	A circuit consists of three iden-
tical lamps connected to a bat-
tery as in Figure OQ28.14. The 
battery has some internal resis-
tance. The switch S, originally 
open, is closed. (i) What then 
happens to the brightness of 
lamp B? (a) It increases. (b) It 
decreases somewhat. (c) It does 
not change. (d) It drops to zero. For parts (ii) to (vi), 
choose from the same possibilities (a) through (d).   
(ii) What happens to the brightness of lamp C?  
(iii) What happens to the current in the battery?  
(iv) What happens to the potential difference across 
lamp A? (v) What happens to the potential difference 

C A

B
S �

�

Figure OQ28.14

	 3.	 The terminals of a battery are connected across two 
resistors in series. The resistances of the resistors are 
not the same. Which of the following statements are 
correct? Choose all that are correct. (a) The resistor 
with the smaller resistance carries more current than 
the other resistor. (b)  The resistor with the larger 
resistance carries less current than the other resistor. 
(c) The current in each resistor is the same. (d) The 
potential difference across each resistor is the same. 
(e) The potential difference is greatest across the resis-
tor closest to the positive terminal.

	 4.	 When operating on a 120-V circuit, an electric heater 
receives 1.30 3 103 W of power, a toaster receives 1.00 3  
103 W, and an electric oven receives 1.54 3 103 W. If all 
three appliances are connected in parallel on a 120-V 
circuit and turned on, what is the total current drawn 
from an external source? (a) 24.0 A (b) 32.0 A (c) 40.0 A  
(d) 48.0 A (e) none of those answers

	 5.	 If the terminals of a battery with zero internal resis-
tance are connected across two identical resistors in 
series, the total power delivered by the battery is 8.00 W.  
If the same battery is connected across the same resis-
tors in parallel, what is the total power delivered by the 
battery? (a) 16.0 W (b) 32.0 W (c) 2.00 W (d) 4.00 W  
(e) none of those answers

	 6.	 Several resistors are connected in series. Which of the 
following statements is correct? Choose all that are 
correct. (a) The equivalent resistance is greater than 
any of the resistances in the group. (b) The equiva-
lent resistance is less than any of the resistances in the 
group. (c) The equivalent resistance depends on the 
voltage applied across the group. (d) The equivalent 
resistance is equal to the sum of the resistances in the 
group. (e) None of those statements is correct.

	 7.	 What is the time constant of the circuit shown in Fig-
ure OQ28.7? Each of the five resistors has resistance R, 
and each of the five capacitors has capacitance C. The 
internal resistance of the battery is negligible. (a) RC 
(b) 5RC (c) 10RC (d) 25RC (e) none of those answers

C C
C C C

S

∆V
� �

R R R R R

Figure OQ28.7

	 8.	 When resistors with different resistances are connected 
in series, which of the following must be the same for 
each resistor? Choose all correct answers. (a) potential 
difference (b) current (c) power delivered (d) charge 
entering each resistor in a given time interval (e) none 
of those answers

	 9.	 When resistors with different resistances are connected 
in parallel, which of the following must be the same for 
each resistor? Choose all correct answers. (a) potential 
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	 1.	 Suppose a parachutist lands on a high-voltage wire 
and grabs the wire as she prepares to be rescued.  
(a) Will she be electrocuted? (b) If the wire then 
breaks, should she continue to hold onto the wire as 
she falls to the ground? Explain.

	 2.	 A student claims that the second of two lightbulbs 
in series is less bright than the first because the first 
lightbulb uses up some of the current. How would you 
respond to this statement?

	 3.	 Why is it possible for a bird to sit on a high-voltage wire 
without being electrocuted?

	 4.	 Given three lightbulbs and a battery, sketch as many 
different electric circuits as you can.

	 5.	 A ski resort consists of a few chairlifts and several 
interconnected downhill runs on the side of a moun-
tain, with a lodge at the bottom. The chairlifts are 
analogous to batteries, and the runs are analogous 
to resistors. Describe how two runs can be in series. 
Describe how three runs can be in parallel. Sketch 
a junction between one chairlift and two runs. State 
Kirchhoff’s junction rule for ski resorts. One of the 
skiers happens to be carrying a skydiver’s altimeter. 
She never takes the same set of chairlifts and runs 
twice, but keeps passing you at the fixed location 
where you are working. State Kirchhoff’s loop rule for 
ski resorts.

across lamp C? (vi) What happens to the total power 
delivered to the lamps by the battery?

	15.	A series circuit consists of three identical lamps con-
nected to a battery as shown in Figure OQ28.15. 
The switch S, originally open, is closed. (i) What 
then happens to the brightness of lamp B? (a) It 
increases. (b) It decreases somewhat. (c) It does 
not change. (d) It drops to zero. For parts (ii) to 
(vi), choose from the same possibilities (a) through 
(d). (ii) What happens to the brightness of lamp C?  
(iii) What happens to the current in the battery? 
(iv) What happens to the potential difference across 

	 6.	 Referring to Figure CQ28.6, 
describe what happens to the 
lightbulb after the switch is 
closed. Assume the capacitor 
has a large capacitance and 
is initially uncharged. Also 
assume the light illuminates 
when connected directly 
across the battery terminals.

	 7.	 So that your grandmother can listen to A Prairie Home 
Companion, you take her bedside radio to the hospital 
where she is staying. You are required to have a mainte-
nance worker test the radio for electrical safety. Finding 
that it develops 120 V on one of its knobs, he does not 
let you take it to your grandmother’s room. Your grand-
mother complains that she has had the radio for many 
years and nobody has ever gotten a shock from it. You 
end up having to buy a new plastic radio. (a) Why is your 
grandmother’s old radio dangerous in a hospital room? 
(b) Will the old radio be safe back in her bedroom?

	 8.	 (a) What advantage does 120-V operation offer over 
240 V? (b) What disadvantages does it have?

	 9.	 Is the direction of current in a battery always from the 
negative terminal to the positive terminal? Explain.

	10.	Compare series and parallel resistors to the series and 
parallel rods in Figure 20.13 on page 610. How are the 
situations similar?

C

� �

Figure CQ28.6

Section 28.1 ​ Electromotive Force

	 1.	 A battery has an emf of 15.0 V. The terminal voltage 
of the battery is 11.6 V when it is delivering 20.0 W of M

power to an external load resistor R. (a) What is the 
value of R ? (b) What is the internal resistance of the 
battery?

lamp A? (v) What happens to the potential difference 
across lamp C? (vi) What happens to the total power 
delivered to the lamps by the battery?

A

S

B C

e
�

�

Figure OQ28.15

Conceptual Questions 1.  denotes answer available in Student Solutions Manual/Study Guide

Problems

 
The problems found in this  

	 chapter may be assigned 
online in Enhanced WebAssign

1.	 straightforward; 2. intermediate;  
3. challenging

1.  �full solution available in the Student 
Solutions Manual/Study Guide

AMT  � Analysis Model tutorial available in 
Enhanced WebAssign

	 GP   Guided Problem

	 M  � Master It tutorial available in Enhanced 
WebAssign

	 W  � Watch It video solution available in 
Enhanced WebAssign

BIO

Q/C
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	 2.	 Two 1.50-V batteries—with their positive terminals 
in the same direction—are inserted in series into a 
flashlight. One battery has an internal resistance of  
0.255 V, and the other has an internal resistance of 
0.153 V. When the switch is closed, the bulb carries a 
current of 600 mA. (a) What is the bulb’s resistance? 
(b) What fraction of the chemical energy transformed 
appears as internal energy in the batteries?

	 3.	 An automobile battery has an emf of 12.6 V and 
an internal resistance of 0.080 0 V. The headlights 
together have an equivalent resistance of 5.00 V 
(assumed constant). What is the potential difference 
across the headlight bulbs (a) when they are the only 
load on the battery and (b) when the starter motor is 
operated, with 35.0 A of current in the motor?

	 4.	 As in Example 28.2, consider a power supply with 
fixed emf e and internal resistance r causing current 
in a load resistance R. In this problem, R is fixed and 
r is a variable. The efficiency is defined as the energy 
delivered to the load divided by the energy delivered 
by the emf. (a) When the internal resistance is adjusted 
for maximum power transfer, what is the efficiency?  
(b) What should be the internal resistance for maxi-
mum possible efficiency? (c) When the electric com-
pany sells energy to a customer, does it have a goal 
of high efficiency or of maximum power transfer? 
Explain. (d) When a student connects a loudspeaker 
to an amplifier, does she most want high efficiency or 
high power transfer? Explain.

Section 28.2 ​ Resistors in Series and Parallel

	 5.	 Three 100-V resistors are connected as shown in Fig-
ure P28.5. The maximum power that can safely be 
delivered to any one resistor is 25.0 W. (a) What is the 
maximum potential difference that can be applied to 
the terminals a and b? (b) For the voltage determined 
in part (a), what is the power delivered to each resistor? 
(c) What is the total power delivered to the combina-
tion of resistors?

a

100 �

100 �

100 �

b

Figure P28.5

	 6.	 A lightbulb marked “75 W [at] 120 V” is screwed into 
a socket at one end of a long extension cord, in which 
each of the two conductors has resistance 0.800 V. 
The other end of the extension cord is plugged into 
a 120-V outlet. (a) Explain why the actual power deliv-
ered to the lightbulb cannot be 75 W in this situation. 
(b) Draw a circuit diagram. (c) Find the actual power 
delivered to the lightbulb in this circuit.

	 7.	 What is the equivalent resistance of the combination 
of identical resistors between points a and b in Figure 
P28.7?

AMT

W

Q/C

W

Q/C

S

	 8.	 Consider the two circuits shown in Figure P28.8 in 
which the batteries are identical. The resistance of 
each lightbulb is R. Neglect the internal resistances of 
the batteries. (a) Find expressions for the currents in 
each lightbulb. (b) How does the brightness of B com-
pare with that of C? Explain. (c) How does the bright-
ness of A compare with that of B and of C? Explain.

A B C

� � � �
e e

Figure P28.8

	 9.	 Consider the circuit shown in Figure P28.9. Find 
(a)  the current in the 20.0-V resistor and (b) the 
potential difference between points a and b.

20.0 �

a 10.0 �

10.0 �
25.0 V

5.00 �

b

5.00 �

Figure P28.9

	10.	(a) You need a 45-V resistor, but the stockroom has 
only 20-V and 50-V resistors. How can the desired 
resistance be achieved under these circumstances?  
(b) What can you do if you need a 35-V resistor?

	11.	 A battery with e 5 6.00 V and no internal resistance 
supplies current to the circuit shown in Figure P28.11. 
When the double-throw switch S is open as shown in 
the figure, the current in the battery is 1.00 mA. When 
the switch is closed in position a, the current in the 

S
Q/C

M

Q/C

R1 R2

R3

R2

a

b
S

�

�
e

Figure P28.11   
Problems 11 and 12.

R

R RR

R

a b

Figure P28.7
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	17.	 Consider the combination of resistors shown in Fig-
ure P28.17. (a) Find the equivalent resistance between 
points a and b. (b) If a voltage of 35.0 V is applied 
between points a and b, find the current in each resistor.

12.0 � 

6.00 � 

5.00 � 

4.00 � 

8.00 � 

a b

Figure P28.17

	18.	For the purpose of measuring the electric resistance 
of shoes through the body of the wearer standing on a 
metal ground plate, the American National Standards 
Institute (ANSI) specifies the circuit shown in Figure 
P28.18. The potential difference DV across the 1.00-MV 
resistor is measured with an ideal voltmeter. (a) Show 
that the resistance of the footwear is

Rshoes 5
50.0 V 2 DV

DV
  

		  (b) In a medical test, a current through the human 
body should not exceed 150 mA. Can the current deliv-
ered by the ANSI-specified circuit exceed 150 mA? To 
decide, consider a person standing barefoot on the 
ground plate.

V

1.00 M�

50.0 V 
�

�

Figure P28.18

	19.	Calculate the power delivered to each resistor in the 
circuit shown in Figure P28.19.

2.00 �

18.0 V 3.00 �

4.00 �

1.00 �
�

�

Figure P28.19

	20.	Why is the following situation impossible? A technician is 
testing a circuit that contains a resistance R. He real-
izes that a better design for the circuit would include 
a resistance 7

3R rather than R. He has three additional 
resistors, each with resistance R. By combining these 
additional resistors in a certain combination that 
is then placed in series with the original resistor, he 
achieves the desired resistance.

	21.	 Consider the circuit shown in Figure P28.21 on page 
860. (a) Find the voltage across the 3.00-V resistor.  
(b) Find the current in the 3.00-V resistor.

BIO

W

battery is 1.20 mA. When the switch is closed in posi-
tion b, the current in the battery is 2.00 mA. Find the 
resistances (a) R1, (b) R 2, and (c) R 3.

	12.	A battery with emf e and no internal resistance sup-
plies current to the circuit shown in Figure P28.11. 
When the double-throw switch S is open as shown in 
the figure, the current in the battery is I0. When the 
switch is closed in position a, the current in the bat-
tery is Ia. When the switch is closed in position b, the 
current in the battery is Ib. Find the resistances (a) R1,  
(b) R 2, and (c) R 3.

	13.	(a) Find the equivalent resistance between points a and 
b in Figure P28.13. (b) Calculate the current in each 
resistor if a potential difference of 34.0 V is applied 
between points a and b.

9.00 �4.00 �

10.0 �

7.00 �

ba

Figure P28.13

	14.	(a) When the switch S in the circuit of Figure P28.14 
is closed, will the equivalent resistance between points  
a and b increase or decrease? State your reasoning.  
(b) Assume the equivalent resistance drops by 50.0% 
when the switch is closed. Determine the value of R.

R

90.0 �

10.0 �90.0 �

10.0 �

a
b

S

Figure P28.14

	15.	Two resistors connected in series have an equivalent 
resistance of 690 V. When they are connected in paral-
lel, their equivalent resistance is 150 V. Find the resis-
tance of each resistor.

	16.	Four resistors are connected to a battery as shown in 
Figure P28.16. (a) Determine the potential difference 
across each resistor in terms of e. (b) Determine the 
current in each resistor in terms of I. (c) What If? If R3 
is increased, explain what happens to the current in 
each of the resistors. (d) In the limit that R3 S ,̀ what 
are the new values of the current in each resistor in 
terms of I, the original current in the battery?

S

M

Q/C

S
Q/C

R2 = 2R

R3 = 4R

R1 = R

R4 = 3R

I

e

Figure P28.16
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	26.	The following equations describe an electric circuit:

2I1 (220 V) 1 5.80 V 2 I2 (370 V) 5 0
1I2 (370 V) 1 I3 (150 V) 2 3.10 V 5 0

I1 1 I3 2 I2 5 0

		  (a) Draw a diagram of the circuit. (b) Calculate the 
unknowns and identify the physical meaning of each 
unknown.

	27.	Taking R 5 1.00 kV and e 5 250 V in Figure P28.27, 
determine the direction and magnitude of the current 
in the horizontal wire between a and e.

R

a

b
2R

3R4R

c d

e

2e e
�

�

�

�

Figure P28.27

	28.	Jumper cables are connected from a fresh battery in 
one car to charge a dead battery in another car. Fig-
ure P28.28 shows the circuit diagram for this situation. 
While the cables are connected, the ignition switch of 
the car with the dead battery is closed and the starter is 
activated to start the engine. Determine the current in 
(a) the starter and (b) the dead battery. (c) Is the dead 
battery being charged while the starter is operating?

12 V 

Live
battery

Dead
battery

Ignition
switch

0.06 �
Starter

0.01 � 1.00 �

�

�
12 V 

�

�

Figure P28.28

	29.	The ammeter shown in Figure P28.29 reads 2.00 A. 
Find (a) I1, (b) I2, and (c) e.

15.0 V 7.00 �

2.00 �

5.00 �
I1

I2

e
� �

� �

A

Figure P28.29

	30.	In the circuit of Figure P28.30, determine (a) the cur-
rent in each resistor and (b) the potential difference 
across the 200-V resistor.

Q/C

W

W

Section 28.3 ​ Kirchhoff’s Rules

	22.	In Figure P28.22, show how to add just enough amme-
ters to measure every different current. Show how 
to add just enough voltmeters to measure the poten-
tial difference across each resistor and across each 
battery.

3.00 �
1.00 �

5.00 �

1.00 �

4.00 V

8.00 �
12.0 V

�

�

�

�

Figure P28.22  Problems 22 and 23.

	23.	The circuit shown in Figure P28.22 is connected for  
2.00 min. (a) Determine the current in each branch of 
the circuit. (b) Find the energy delivered by each bat-
tery. (c) Find the energy delivered to each resistor.  
(d) Identify the type of energy storage transformation 
that occurs in the operation of the circuit. (e) Find the 
total amount of energy transformed into internal 
energy in the resistors.

	24.	For the circuit shown in Fig-
ure P28.24, calculate (a) the  
current in the 2.00-V resistor 
and (b) the potential differ-
ence between points a and b.

	25.	What are the expected read-
ings of (a) the ideal ammeter 
and (b) the ideal voltmeter 
in Figure P28.25?

M
Q/C

4.00 �

b

a

2.00 �

6.00 �
8.00 V

12.0 V

� �

� �

Figure P28.24

M

2.00 �

3.00 �

5.00 �

10.0 �

4.00 �

8.00 V

� �

Figure P28.21

6.00 � 6.00 V 

4.50 V 
5.00 �

10.0 �

6.00 �

� �

� �

A

V

Figure P28.25
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	31.	 Using Kirchhoff’s rules, (a) find the current in each 
resistor shown in Figure P28.31 and (b) find the poten-
tial difference between points c and f.

Figure P28.31

60.0 V70.0 V 80.0 V

R2

a f e

R3

cb d

R1

4.00 k�

3.00 k�

2.00 k�

1 2 3e e e

	32.	In the circuit of Figure P28.32, the current I1 5 3.00 A  
and the values of e for the ideal battery and R are 
unknown. What are the currents (a) I2 and (b)  I3?  
(c) Can you find the values of e and R? If so, find their 
values. If not, explain.

I1R

b

I2I3

a
24.0 V

3.00 � 6.00 � 

� � � �

e

Figure P28.32

	33.	In Figure P28.33, find (a) the current in each resistor 
and (b) the power delivered to each resistor.

28.0 �
24.0 V

I1

I3

12.0 �
12.0 V

I2

16.0 �

� �

� �

Figure P28.33

	34.	For the circuit shown in Figure P28.34, we wish to 
find the currents I1, I2, and I3. Use Kirchhoff’s rules to 
obtain equations for (a) the upper loop, (b) the lower 

M

Q/C

GP
Q/C

loop, and (c) the junction on the left side. In each case, 
suppress units for clarity and simplify, combining the 
terms. (d) Solve the junction equation for I3. (e) Using 
the equation found in part (d), eliminate I3 from the 
equation found in part (b). (f) Solve the equations 
found in parts (a) and (e) simultaneously for the two 
unknowns I1 and I2. (g) Substitute the answers found 
in part (f) into the junction equation found in part (d), 
solving for I3. (h) What is the significance of the nega-
tive answer for I2?

5.00 �
18.0 V

I2

7.00 �
8.00 �

12.0 V
11.0 �

I3

I1

5.00 � 36.0 V

� �

� �

� �

Figure P28.34

	35.	Find the potential difference across each resistor in 
Figure P28.35.

Figure P28.35

18.0 V3.00 V12.0 V

5.00 � 4.00 � 2.00 �

3.00 �

	36.	(a) Can the circuit shown in Figure P28.36 be reduced 
to a single resistor connected to a battery? Explain. 
Calculate the currents (b) I1, (c) I2, and (d) I3.

24.0 V

12.0 V

I3

I1

I2

2.00 � 

4.00 � 

3.00 � 

1.00 � 

5.00 � 

�

�

�

�

Figure P28.36

Section 28.4 ​ RC Circuits

	37.	 An uncharged capacitor and a resistor are connected 
in series to a source of emf. If e 5 9.00 V, C 5 20.0 mF,  
and R 5 100 V, find (a) the time constant of the cir-
cuit, (b) the maximum charge on the capacitor, and 
(c) the charge on the capacitor at a time equal to one 
time constant after the battery is connected.

M

Q/C

80.0 � 20.0 � 70.0 � 200 �

40.0 V 360 V 80.0 V 
�

�

�

�

�

�

Figure P28.30
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	44.	Show that the integral e
`

0  e22t/RC dt in Example 28.11 
has the value 1

2 RC.

	45.	A charged capacitor is connected to a resistor and switch 
as in Figure P28.45. The circuit has a time constant of 
1.50 s. Soon after the switch is closed, the charge on the 
capacitor is 75.0% of its initial charge. (a) Find the time 
interval required for the capacitor to reach this charge. 
(b) If R 5 250 kV, what is the value of C?

C R

S

Q+

–Q

Figure P28.45

Section 28.5  Household Wiring and Electrical Safety

	46.	An electric heater is rated at 1.50 3 103 W, a toaster 
at 750 W, and an electric grill at 1.00 3 103 W. The 
three appliances are connected to a common 120-V 
household circuit. (a) How much current does each 
draw? (b) If the circuit is protected with a 25.0-A cir-
cuit breaker, will the circuit breaker be tripped in this 
situation? Explain your answer.

	47.	 A heating element in a stove is designed to receive  
3 000 W when connected to 240 V. (a) Assuming the 
resistance is constant, calculate the current in the heat-
ing element if it is connected to 120 V. (b) Calculate 
the power it receives at that voltage.

	48.	Turn on your desk lamp. Pick up the cord, with your 
thumb and index finger spanning the width of the 
cord. (a) Compute an order-of-magnitude estimate 
for the current in your hand. Assume the conductor 
inside the lamp cord next to your thumb is at poten-
tial , 102 V at a typical instant and the conductor 
next to your index finger is at ground potential (0 V). 
The resistance of your hand depends strongly on the 
thickness and the moisture content of the outer lay-
ers of your skin. Assume the resistance of your hand 
between fingertip and thumb tip is , 104 V. You may 
model the cord as having rubber insulation. State the 
other quantities you measure or estimate and their val-
ues. Explain your reasoning. (b) Suppose your body is 
isolated from any other charges or currents. In order-
of-magnitude terms, estimate the potential difference 
between your thumb where it contacts the cord and 
your finger where it touches the cord.

S

M
Q/C

M

	38.	Consider a series RC circuit as in Figure P28.38 for 
which R  5 1.00 MV, C 5 5.00 mF, and e 5 30.0 V. 
Find (a) the time constant of the circuit and (b) the 
maximum charge on the capacitor after the switch is 
thrown closed. (c) Find the current in the resistor 10.0 s  
after the switch is closed.

C R

S

� �
e

Figure P28.38   
Problems 38, 67, and 68.

	39.	A 2.00-nF capacitor with an initial charge of 5.10 mC 
is discharged through a 1.30-kV resistor. (a) Calcu-
late the current in the resistor 9.00 ms after the resis-
tor is connected across the terminals of the capacitor.  
(b) What charge remains on the capacitor after 8.00 ms?  
(c) What is the maximum current in the resistor?

	40.	A 10.0-mF capacitor is charged by a 10.0-V battery 
through a resistance R. The capacitor reaches a poten-
tial difference of 4.00 V in a time interval of 3.00 s after 
charging begins. Find R.

	41.	 In the circuit of Figure P28.41, the switch S has been 
open for a long time. It is then suddenly closed. Take  
e 5 10.0 V, R1 5 50.0 kV, R2 5 100 kV, and C 5 10.0 mF.  
Determine the time constant (a) before the switch is 
closed and (b)  after the switch is closed. (c) Let the 
switch be closed at t 5 0. Determine the current in the 
switch as a function of time.

R1

R2

C
S�

�
e

Figure P28.41  Problems 41 and 42.

	42.	In the circuit of Figure P28.41, the switch S has been 
open for a long time. It is then suddenly closed. Deter-
mine the time constant (a) before the switch is closed 
and (b) after the switch is closed. (c) Let the switch be 
closed at t 5 0. Determine the current in the switch as 
a function of time.

	43.	The circuit in Figure P28.43 has been connected for a 
long time. (a) What is the potential difference across 
the capacitor? (b) If the battery is disconnected from 
the circuit, over what time interval does the capacitor 
discharge to one-tenth its initial voltage?

W

W

W

S

M

m

10.0 V

1.00 � 8.00 �

2.00 �4.00 �

1.00 F

�

�

Figure P28.43
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Additional Problems

	49.	Assume you have a battery of emf e and three identi-
cal lightbulbs, each having constant resistance R. What 
is the total power delivered by the battery if the light-
bulbs are connected (a) in series and (b) in parallel? 
(c) For which connection will the lightbulbs shine the 
brightest?

	50.	Find the equivalent resistance between points a and b 
in Figure P28.50.

a

b

2.40 � 

3.60 � 

1.80 � 
3.50 � 

5.10 � 

Figure P28.50

	51.	 Four 1.50-V AA batteries in series are used to power 
a small radio. If the batteries can move a charge of 
240 C, how long will they last if the radio has a resis-
tance of 200 V?

	52.	Four resistors are connected in parallel across a 9.20-V 
battery. They carry currents of 150 mA, 45.0 mA,  
14.0 mA, and 4.00 mA. If the resistor with the largest 
resistance is replaced with one having twice the resis-
tance, (a) what is the ratio of the new current in the bat-
tery to the original current? (b) What If? If instead the 
resistor with the smallest resistance is replaced with one 
having twice the resistance, what is the ratio of the new 
total current to the original current? (c) On a February 
night, energy leaves a house by several energy leaks, 
including 1.50 3 103 W by conduction through the ceil-
ing, 450 W by infiltration (airflow) around the windows, 
140 W by conduction through the basement wall above 
the foundation sill, and 40.0 W by conduction through 
the plywood door to the attic. To produce the biggest 
saving in heating bills, which one of these energy trans-
fers should be reduced first? Explain how you decide. 
Clifford Swartz suggested the idea for this problem.

	53.	The circuit in Figure P28.53 has been connected for 
several seconds. Find the current (a) in the 4.00-V bat-

S

Q/C

tery, (b) in the 3.00-V resistor, (c) in the 8.00-V battery, 
and (d) in the 3.00-V battery. (e) Find the charge on 
the capacitor.

	54.	The circuit in Figure P28.54a consists of three resistors  
and one battery with no internal resistance. (a) Find 
the current in the 5.00-V resistor. (b) Find the power 
delivered to the 5.00-V resistor. (c) In each of the cir-
cuits in Figures P28.54b, P28.54c, and P28.54d, an 
additional 15.0-V battery has been inserted into the 
circuit. Which diagram or diagrams represent a circuit 
that requires the use of Kirchhoff’s rules to find the 
currents? Explain why. (d) In which of these three new 
circuits is the smallest amount of power delivered to 
the 10.0-V resistor? (You need not calculate the power 
in each circuit if you explain your answer.)

8.00 �

8.00 �
15.0 V

15.0 V

8.00 �

5.00 � 10.0 �

5.00 � 10.0 �

5.00 � 10.0 �

5.00 � 10.0 �

8.00 �

15.0 V

15.0 V

15.0 V

15.0 V

15.0 V

a b

c d

Figure P28.54

	55.	For the circuit shown in Figure P28.55, the ideal 
voltmeter reads 6.00 V and the ideal ammeter reads 
3.00 mA. Find (a) the value of R, (b) the emf of the 
battery, and (c) the voltage across the 3.00-kV resistor.

3.00 k�

R

� �

V

A

e

Figure P28.55

	56.	The resistance between terminals a and b in Figure 
P28.56 is 75.0 V. If the resistors labeled R have the 
same value, determine R.

Q/C

�

�

�

�

�

�

�

�
4.00 V

5.00 �

8.00 V 3.00 �

I3

I3

I2

5.00 �

a b c d

efgh

3.00 V

6.00   mF

I = 0

I1

I1

Figure P28.53

R
a

b

R

120 � 40.0 � 

5.00 � 

Figure P28.56
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capacitor? (b) How much charge remains on the  
2.00-mF capacitor? (c) What is the current in the resis-
tor at this time?

500 �

2.00    Fµ

3.00    Fµ

Figure P28.63

	64.	A power supply has an open-circuit voltage of 40.0 V  
and an internal resistance of 2.00 V. It is used to 
charge two storage batteries connected in series, 
each having an emf of 6.00 V and internal resistance 
of 0.300 V. If the charging current is to be 4.00 A,  
(a) what additional resistance should be added in 
series? At what rate does the internal energy increase 
in (b) the supply, (c) in the batteries, and (d) in the 
added series resistance? (e) At what rate does the 
chemical energy increase in the batteries?

	65.	The circuit in Figure P28.65 contains two resistors, 
R1 5 2.00 kV and R2 5 3.00 kV, and two capacitors, 
C1  5 2.00  mF and C2 5 3.00 mF, connected to a bat-
tery with emf e  5 120  V. If there are no charges on 
the capacitors before switch S is closed, determine the 
charges on capacitors (a) C1 and (b) C2 as functions of 
time, after the switch is closed.

R2

R1
C1

C2

S

� �

e

Figure P28.65

	66.	Two resistors R1 and R 2 are in parallel with each other. 
Together they carry total current I. (a) Determine the 
current in each resistor. (b) Prove that this division of 
the total current I between the two resistors results in 
less power delivered to the combination than any other 
division. It is a general principle that current in a direct 
current circuit distributes itself so that the total power deliv-
ered to the circuit is a minimum.

	67.	 The values of the components in a simple series RC cir-
cuit containing a switch (Fig. P28.38) are C 5 1.00 mF,  
R 5 2.00 3 106 V, and e 5 10.0 V. At the instant 10.0 s  
after the switch is closed, calculate (a) the charge on 
the capacitor, (b) the current in the resistor, (c) the 
rate at which energy is being stored in the capacitor, 
and (d) the rate at which energy is being delivered by 
the battery.

S

M
AMT

	57.	 (a) Calculate the potential difference between points a 
and b in Figure P28.57 and (b) identify which point is 
at the higher potential.

2.00 �

4.00 �

10.0 �

4.00 V

12.0 V 

a

b

� �

�

�

Figure P28.57

	58.	Why is the following situation impossible? A battery has an 
emf of e 5 9.20 V and an internal resistance of r 5  
1.20 V. A resistance R is connected across the battery 
and extracts from it a power of P 5 21.2 W.

	59.	A rechargeable battery has an emf of 13.2 V and an 
internal resistance of 0.850 V. It is charged by a 14.7-V 
power supply for a time interval of 1.80 h. After charg-
ing, the battery returns to its original state as it deliv-
ers a constant current to a load resistor over 7.30 h. 
Find the efficiency of the battery as an energy storage 
device. (The efficiency here is defined as the energy 
delivered to the load during discharge divided by the 
energy delivered by the 14.7-V power supply during the 
charging process.)

	60.	Find (a) the equivalent resistance of the circuit in Fig-
ure P28.60, (b) the potential difference across each 
resistor, (c) each current indicated in Figure P28.60, 
and (d) the power delivered to each resistor.

15.0 V
I2 I5

I4

I1 I3

a

b

c

d

e

f

6.00 � 

6.00 � 

6.00 � 

6.00 � 

9.00 � 

2.40 � 

�

�

Figure P28.60

	61.	 When two unknown resistors are connected in series 
with a battery, the battery delivers 225 W and carries 
a total current of 5.00 A. For the same total current, 
50.0 W is delivered when the resistors are connected in 
parallel. Determine the value of each resistor.

	62.	When two unknown resistors are connected in series 
with a battery, the battery delivers total power Ps and 
carries a total current of I. For the same total current, 
a total power Pp is delivered when the resistors are 
connected in parallel. Determine the value of each 
resistor.

	63.	The pair of capacitors in Figure P28.63 are fully 
charged by a 12.0-V battery. The battery is discon-
nected, and the switch is then closed. After 1.00 ms has 
elapsed, (a) how much charge remains on the 3.00-mF  

M
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	73.	 A regular tetrahedron is a pyramid with a triangular 
base and triangular sides as shown in Figure P28.73. 
Imagine the six straight lines in Figure P28.73 are each 
10.0-V resistors, with junctions at the four vertices. A 
12.0-V battery is connected to any two of the vertices. 
Find (a) the equivalent resistance of the tetrahedron 
between these vertices and (b) the current in the battery.

Figure P28.73

	74.	An ideal voltmeter connected across a certain fresh 
9-V battery reads 9.30 V, and an ideal ammeter briefly 
connected across the same battery reads 3.70 A. We say 
the battery has an open-circuit voltage of 9.30 V and 
a short-circuit current of 3.70 A. Model the battery as 
a source of emf e in series with an internal resistance 
r as in Figure 28.1a. Determine both (a) e and (b) r.  
An experimenter connects two of these identical bat-
teries together as shown in Figure P28.74. Find (c) the 
open-circuit voltage and (d) the short-circuit current of 
the pair of connected batteries. (e) The experimenter 
connects a 12.0-V resistor between the exposed termi-
nals of the connected batteries. Find the current in the 
resistor. (f) Find the power delivered to the resistor.  
(g) The experimenter connects a second identical 
resistor in parallel with the first. Find the power deliv-
ered to each resistor. (h) Because the same pair of 
batteries is connected across both resistors as was con-
nected across the single resistor, why is the power in 
part (g) not the same as that in part (f)?

�

�

Figure P28.74

	75.	In Figure P28.75 on page 866, suppose the switch has 
been closed for a time interval sufficiently long for 
the capacitor to become fully charged. Find (a) the  

Q/C

	68.	A battery is used to charge a capacitor through a 
resistor as shown in Figure P28.38. Show that half 
the energy supplied by the battery appears as inter-
nal energy in the resistor and half is stored in the 
capacitor.

	69.	A young man owns a canister vacuum cleaner marked 
“535  W [at] 120 V” and a Volkswagen Beetle, which 
he wishes to clean. He parks the car in his apartment 
parking lot and uses an inexpensive extension cord 
15.0 m long to plug in the vacuum cleaner. You may 
assume the cleaner has constant resistance. (a) If the 
resistance of each of the two conductors in the exten-
sion cord is 0.900 V, what is the actual power deliv-
ered to the cleaner? (b) If instead the power is to be 
at least 525 W, what must be the diameter of each of 
two identical copper conductors in the cord he buys? 
(c) Repeat part (b) assuming the power is to be at least 
532 W.

	70.	(a) Determine the equilibrium charge on the capaci-
tor in the circuit of Figure P28.70 as a function of R. 
(b) Evaluate the charge when R 5 10.0 V. (c) Can the 
charge on the capacitor be zero? If so, for what value 
of R ? (d) What is the maximum possible magnitude 
of the charge on the capacitor? For what value of R is 
it achieved? (e) Is it experimentally meaningful to take 
R 5 `? Explain your answer. If so, what charge magni-
tude does it imply?

5.00 V

3.00 

3.00 mF 

� 2.00 � 

R80.0 �

�

�

Figure P28.70

	71.	Switch S shown in Figure P28.71 has been closed for 
a long time, and the electric circuit carries a con-
stant current. Take C1 5 3.00 mF, C2 5 6.00 mF, R1 5  
4.00 kV, and R2 5 7.00 kV. The power delivered to R2 
is 2.40 W. (a) Find the charge on C1. (b) Now the switch 
is opened. After many milliseconds, by how much has 
the charge on C2 changed?

C1

R2

R1

C2

S

�

�

Figure P28.71

	72.	Three identical 60.0-W, 120-V lightbulbs are connected 
across a 120-V power source as shown in Figure P28.72. 
Assuming the resistance of each lightbulb is constant 
(even though in reality the resistance might increase 
markedly with current), find (a) the total power sup-
plied by the power source and (b) the potential differ-
ence across each lightbulb.

S

Q/C

M

R1

120 V R2
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Figure P28.72
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steady-state current in each resistor and (b) the charge 
Q max on the capacitor. (c) The switch is now opened at  
t 5 0. Write an equation for the current in R 2 as a func-
tion of time and (d) find the time interval required for 
the charge on the capacitor to fall to one-fifth its ini-
tial value.

3.00 k�

S

R2 = 15.0 k�

12.0 k�

10.0 mF

9.00 V
�

�

Figure P28.75

	76.	Figure P28.76 shows a circuit model for the transmis-
sion of an electrical signal such as cable TV to a large 
number of subscribers. Each subscriber connects a load 
resistance RL between the transmission line and the 
ground. The ground is assumed to be at zero potential 
and able to carry any current between any ground con-
nections with negligible resistance. The resistance of 
the transmission line between the connection points of 
different subscribers is modeled as the constant resis-
tance RT . Show that the equivalent resistance across 
the signal source is

R eq 5 1
2 3 14R TR L 1 RT

2 21/2 1 R T 4
		  Suggestion: Because the number of subscribers is large, 

the equivalent resistance would not change noticeably  
if the first subscriber canceled the service. Conse-
quently, the equivalent resistance of the section of the 
circuit to the right of the first load resistor is nearly 
equal to Req.

RT RT RT

RL RL RLSignal
source

Figure P28.76

	77.	 The student engineer of a 
campus radio station wishes 
to verify the effectiveness 
of the lightning rod on the 
antenna mast (Fig. P28.77). 
The unknown resistance 
Rx is between points C 
and E. Point E is a true 
ground, but it is inaccessi-
ble for direct measurement 
because this stratum is several meters below the Earth’s 
surface. Two identical rods are driven into the ground 
at A and B, introducing an unknown resistance R y. The 
procedure is as follows. Measure resistance R1 between 
points A and B, then connect A and B with a heavy con-
ducting wire and measure resistance R 2 between points 
A and C. (a) Derive an equation for Rx in terms of the 

S

RyRy

A C B

E

Rx

Figure P28.77

observable resistances, R1 and R 2. (b) A satisfactory 
ground resistance would be Rx , 2.00 V. Is the ground-
ing of the station adequate if measurements give R1 5 
13.0 V and R 2 5 6.00 V? Explain.

	78.	The circuit shown in Figure P28.78 is set up in the labo-
ratory to measure an unknown capacitance C in series 
with a resistance R 5 10.0 MV powered by a battery 
whose emf is 6.19 V. The data given in the table are the 
measured voltages across the capacitor as a function of 
time, where t 5 0 represents the instant at which the 
switch is thrown to position b. (a) Construct a graph of 
ln (e/Dv) versus t and perform a linear least-squares fit 
to the data. (b) From the slope of your graph, obtain 
a value for the time constant of the circuit and a value 
for the capacitance.

	 Dv (V)	 t (s)	 ln (e/Dv)

	 6.19	 0
	 5.55	 4.87
	 4.93	 11.1
	 4.34	 19.4
	 3.72	 30.8
	 3.09	 46.6
	 2.47	 67.3
	 1.83	 102.2

V
R

C

b

a

e
� �

Figure P28.78

	79.	An electric teakettle has a multiposition switch and 
two heating coils. When only one coil is switched on, 
the well-insulated kettle brings a full pot of water to 
a boil over the time interval Dt. When only the other 
coil is switched on, it takes a time interval of 2 Dt to 
boil the same amount of water. Find the time interval 
required to boil the same amount of water if both coils 
are switched on (a) in a parallel connection and (b) in 
a series connection.

	80.	A voltage DV is applied to a series configuration of n 
resistors, each of resistance R. The circuit components 
are reconnected in a parallel configuration, and volt-
age DV is again applied. Show that the power delivered 
to the series configuration is 1/n2 times the power 
delivered to the parallel configuration.

	81.	 In places such as hospital operating rooms or factories for 
electronic circuit boards, electric sparks must be avoided. 
A person standing on a grounded floor and touching 
nothing else can typically have a body capacitance of 
150 pF, in parallel with a foot capacitance of 80.0 pF  
produced by the dielectric soles of his or her shoes. The 
person acquires static electric charge from interactions 
with his or her surroundings. The static charge flows 
to ground through the equivalent resistance of the two 

S
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a potential difference as plotted in Figure P28.82b. 
What is the period T of the waveform in terms of R1, 
R2, and C ?

	83.	The resistor R in Figure P28.83 receives 20.0 W of 
power. Determine the value of R.

R

75.0 V

40.0 � 

30.0 � 

5.00 �

�

�

Figure P28.83

shoe soles in parallel with each other. A pair of rubber-
soled street shoes can present an equivalent resistance 
of 5.00 3 103 MV. A pair of shoes with special static- 
dissipative soles can have an equivalent resistance of 
1.00 MV. Consider the person’s body and shoes as form-
ing an RC circuit with the ground. (a) How long does it 
take the rubber-soled shoes to reduce a person’s poten-
tial from 3.00 3 103 V to 100 V? (b) How long does it 
take the static-dissipative shoes to do the same thing?

Challenge Problems

	82.	The switch in Figure P28.82a closes when DVc . 2
3 DV  

and opens when DVc , 1
3 DV. The ideal voltmeter reads S
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Figure P28.82




