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See page 14T for a key to the
standards.

Differentiated Instruction

Level 1 activities should be
appropriate for students
with learning difficulties.

Level 2 activities should
be within the ability range
of all students.

Level 3 activities are
designed for above-
average students.

Section/Objectives Standards Lab and Demo Planning

State/LocalNational

Chapter Opener

1. Describe conditions that create current in an elec-
tric circuit.

2. Explain Ohm’s law.
3. Design closed circuits.
4. Differentiate between power and energy in an

electric circuit.

5. Explain how electric energy is converted into 
thermal energy.

6. Explore ways to deliver electric energy to con-
sumers near and far. 

7. Define kilowatt-hour.

Section 22.2

Section 22.1 Student Lab:
Launch Lab, p. 591: 1.5-V D-cell battery, insu-
lated wire, flashlight bulb
Additional Mini Lab, p. 595: vinegar or lemon
juice, small pieces or disks of copper and zinc,
alligator clip hookup wires (0–50 mm), voltmeter,
paper towel
Additional Mini Lab, p. 598: ammeter or multi-
meter, variable DC power supply, two lamps
Mini Lab, p. 599: DC power supply (0–6 V),
wires, two miniature lamps and sockets, ammeter

Teacher Demonstration:
Quick Demo, p. 597: variable DC power supply;
two multimeters; 12-V lamp; lamp base or socket;
100-�, 2-W resistor; clip leads
Quick Demo, p. 598: solar cell, amplifier,
speaker, stroboscope

Student Lab:
Physics Lab, pp. 606–607: four 1.5-V D batteries,
four D-battery holders, one 10-k� resistor, one
500-�A ammeter, five wires with alligator clips,
one 20-k� resistor, one 30-k� resistor, one 
40-k� resistor

Teacher Demonstration:
Quick Demo, p. 603: 1-�F capacitor, 9-V battery,
digital multimeter (DMV), 1-M� resistor

UCP.1, UCP.2,
UCP.3, A.1, A.2,
B.6

UCP.1, UCP.2,
UCP.3, A.1, A.2,
B.6, E.1, F.1, F.3,
F.4, F.6
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FAST FILE Chapters 21–25 Resources, Chapter 22
Transparency 22-1 Master, p. 55
Transparency 22-2 Master, p. 57
Transparency 22-3 Master, p. 59
Study Guide, pp. 43–48
Reinforcement, p. 51
Enrichment, pp. 53–54
Section 22-1 Quiz, p. 49
Mini Lab Worksheet, p. 37
Teaching Transparency 22-1

Teaching Transparency 22-2

Teaching Transparency 22-3
Connecting Math to Physics

FAST FILE Chapters 21–25 Resources, Chapter 22
Transparency 22-4 Master, p. 61
Study Guide, pp. 43–48
Section 22-2 Quiz, p. 50
Physics Lab Worksheet, pp. 39–42
Teaching Transparency 22-4

Connecting Math to Physics
Laboratory Manual, pp. 117–120
Probeware Laboratory Manual, pp. 41–44
Forensics Laboratory Manual, pp. 27–30

Interactive Chalkboard CD-ROM: 
Section 22.1 Presentation
TeacherWorks™ CD-ROM
Mechanical Universe:
Simple DC Circuits

Interactive Chalkboard CD-ROM: 
Section 22.2 Presentation
TeacherWorks™ CD-ROM
Problem of the Week at physicspp.com

™ includes: Interactive Teacher Edition ■ Lesson Planner
with Calendar ■ Access to all Blacklines ■ Correlation to Standards ■ Web links

Reproducible Resources and Transparencies Technology

Legend — Transparency CD-ROM MP3 Videocassette DVD WEB

Assessment Resources
FAST FILE Chapters 21–25 Resources,
Chapter 22

Chapter Assessment, pp. 63–68

Additional Challenge Problems, p. 22
Physics Test Prep, pp. 43–44
Pre-AP/Critical Thinking, pp. 43–44
Supplemental Problems, pp. 43–44

Technology

Interactive Chalkboard CD-ROM:
Chapter 22 Assessment

ExamView® Pro Testmaker CD-ROM

Vocabulary PuzzleMaker

TeacherWorks™ CD-ROM

physicspp.com

590A-590B PhyTWEC22-845814  7/14/04  12:55 AM  Page 591

http://www.physicspp.com
http://www.physicspp.com
http://www.physicspp.com/vocabulary_puzzlemaker


What You’ll Learn
• You will explain energy

transfer in circuits.

• You will solve problems
involving current, 
potential difference, 
and resistance.

• You will diagram simple
electric circuits.

Why It’s Important
The electric tools and
appliances that you use 
are based upon the ability
of electric circuits to
transfer energy resulting
from potential difference,
and thus, perform work.

Power Transmission
Lines Transmission lines
crisscross our country 
to transfer energy to 
where it is needed. This
transfer is accomplished 
at high potential
differences, often as 
high as 500,000 V.

Think About This �
Transmission line 
voltages are too high 
to use safely in homes 
and businesses. Why are
such high voltages used 
in transmission lines?
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Chapter Overview
Current in electric circuits is dis-
cussed. Basic circuit components
and their symbols are presented
and used in schematic diagrams.
Ohm’s law is explained, as are
power and the cost of using 
electric energy.

Think About This
Transmission at high voltage
allows the required power to be
delivered with minimum loss and
with manageable wire sizes. See
page 604 for more information
about the transmission of electric
energy.

� Key Terms
electric current, p. 592

conventional current, p. 592

battery, p. 592

electric circuit, p. 592

ampere, p. 593

resistance, p. 595

resistor, p. 596

parallel connection, p. 600

series connection, p. 600

superconductor, p. 603

kilowatt-hour, p. 605

Purpose Students should discover that there is
electric current only when there is a complete
loop for it to flow through.

Materials 1.5-V D-cell battery, insulated wire,
flashlight bulb, protective eyewear 

Teaching Strategies CAUTION: Wire can
scratch or cut skin. Encourage students to record
all their trials (diagram each of their circuits).

Recording the process of “trial & error” is part of
the scientific process——Thomas Edison made
many, many bulbs that did not work before finally
identifying a material for the filament, which
permitted him to make the lightbulb. Collecting
data and information on all trials illustrates the
importance of negative results in science.
Scientists routinely learn a great deal from what
others might commonly call their failures. It would
have been a great waste of time if Edison had not
kept track of the failures as he repeated his
efforts.
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Expected Results Students should find two main
ways to light the bulb. In one way, the battery
touches the bottom of the bulb; in the other way, it
touches the side of the bulb. The bulb must touch
the battery at a terminal, with the wire completing
the circuit from the bulb’s other contact point (side
or bottom) to the battery’s other terminal.

Analysis In order for electric charge to flow, there
must be a closed circuit with an energy source in
it. The battery is the energy source in this exam-
ple. The lightbulb’s bottom is one contact point,

and the bulb’s side is the other contact point. If
there is no battery or if the circuit does not go
through both of the bulb’s contacts, then the bulb
will not light.

Critical Thinking Electric charges flow from one
terminal on the battery through the wire, through
the filament of the bulb, through the other wire to
the other terminal.

Section 22.1

1 FOCUS

Bellringer Activity
Power Connect a variable power
supply to a 60-W lightbulb. Use
the meters on the power supply or
external multimeters to monitor
voltage and current. Have students
deliver increasing voltage to the
lightbulb and calculate the power
for several different voltages. Ask
them to draw a conclusion about
the relationship between the
brightness of the bulb and the
power, P. The bulb will emit more
light as the power increases. As the
voltage increases, resistance remains
constant, and power increases.

Visual-Spatial

Tie to Prior Knowledge
Energy Students will apply what
they have learned regarding the
concept of energy transformation.
They will also apply the definition
of power that they explored in
their study of mechanics to elec-
tric devices.

Section 22.1 Current and Circuits 591

Can you get a lightbulb to light?
Question
Given a wire, a battery, and a lightbulb, can you get the bulb to light? 

Procedure
1. Obtain a lightbulb, a wire, and a battery. Try 

to find as many ways as possible to get the
lightbulb to light. Caution: Wire is sharp 
and can cut skin. Wire can also get hot if
connected across the battery.

2. Diagram two ways in which you are able to
get the lightbulb to work. Be sure to label 
the battery, the wire, and the bulb.

3. Diagram at least three ways in which you are
not able to get the bulb to light.

Analysis

How did you know if electric current was
flowing? What do your diagrams of the lit bulb

have in common? What do your diagrams of 
the unlit bulb have in common? From your
observations, what conditions seem to be
necessary in order for the bulb to light?
Critical Thinking What causes electricity to
flow through the bulb?

22.1 Current and Circuits

� Objectives
• Describe conditions that

create current in an 
electric circuit.

• Explain Ohm’s law.

• Design closed circuits.

• Differentiate between
power and energy in an
electric circuit.

� Vocabulary

electric current
conventional current
battery
electric circuit
ampere
resistance
resistor
parallel connection
series connection

As you learned in Chapter 11, flowing water at the top of a waterfall  
has both potential and kinetic energy. However, the large amount of

natural potential and kinetic energy available from resources such as
Niagara Falls are of little use to people or manufacturers who are 100 km
away, unless that energy can be transported efficiently. Electric energy pro-
vides the means to transfer large quantities of energy great distances with
little loss. This transfer usually is done at high potential differences through
power lines, such as those shown in the photo on the left. Once this energy
reaches the consumer, it can easily be converted into another form or com-
bination of forms, including sound, light, thermal energy, and motion.

Because electric energy can so easily be changed into other forms, it has
become indispensable in our daily lives. Even quick glances around you
will likely generate ample examples of the conversion of electric energy.
Inside, lights to help you read at night, microwaves and electric ranges to
cook food, computers, and stereos all rely on electricity for power. Outside,
street lamps, store signs, advertisements, and the starters in cars all use
flowing electric charges. In this chapter, you will learn how potential 
differences, resistance, and current are related. You also will learn about
electric power and energy transfer.

Horizons Companies 

591

This CD-ROM is an editable
Microsoft® PowerPoint®

presentation that includes:

■ Section presentations 
■ Interactive graphics
■ Image bank
■ All transparencies
■ Audio reinforcement
■ All new Section and Chapter

Assessment questions
■ Links to physicspp.com
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592 Chapter 22 Current Electricity

Producing Electric Current
In Chapter 21, you learned that when two conducting spheres touch,

charges flow from the sphere at a higher potential to the one at a lower
potential. The flow continues until there is no potential difference between
the two spheres.

A flow of charged particles is an electric current. In Figure 22-1a, two
conductors, A and B, are connected by a wire conductor, C. Charges flow
from the higher potential difference of B to A through C. This flow of pos-
itive charge is called conventional current. The flow stops when the
potential difference between A, B, and C is zero. You could maintain the
electric potential difference between B and A by pumping charged particles
from A back to B, as illustrated in Figure 22-1b. Since the pump increases
the electric potential energy of the charges, it requires an external energy
source to run. This energy could come from a variety of sources. One famil-
iar source, a voltaic or galvanic cell (a common dry cell), converts chemical
energy to electric energy. Several galvanic cells connected together are
called a battery. A second source of electric energy—a photovoltaic cell, or
solar cell—changes light energy into electric energy. 

Electric Circuits
The charges in Figure 22-1b move around a closed loop, cycling from the

pump to B, through C, to A and back to the pump. Any closed loop or 
conducting path allowing electric charges to flow is called an electric circuit.
A circuit includes a charge pump, which increases the potential energy of 
the charges flowing from A to B, and a device that reduces the potential
energy of the charges flowing from B to A. The potential energy lost by the
charges, qV, moving through the device is usually converted into some other
form of energy. For example, electric energy is converted to kinetic energy by
a motor, to light energy by a lamp, and to thermal energy by a heater. 

A charge pump creates the flow of charged particles that make up a cur-
rent. Consider a generator driven by a waterwheel, such as the one pictured
in Figure 22-2a. The water falls and rotates the waterwheel and generator.
Thus, the kinetic energy of the water is converted to electric energy by the
generator. The generator, like the charge pump, increases the electric
potential difference, V. Energy in the amount qV is needed to increase the
potential difference of the charges. This energy comes from the change in
energy of the water. Not all of the water’s kinetic energy, however, is con-
verted to electric energy, as shown in Figure 22-2b.

If the generator attached to the waterwheel is connected to a
motor, the charges in the wire flow into the motor. The flow of
charges continues through the circuit back to the generator. The
motor converts electric energy to kinetic energy.

Conservation of charge Charges cannot be created or destroyed,
but they can be separated. Thus, the total amount of charge—the
number of negative electrons and positive ions—in the circuit
does not change. If one coulomb flows through the generator in
1 s, then one coulomb also will flow through the motor in 1 s.
Thus, charge is a conserved quantity. Energy also is conserved. The
change in electric energy, �E, equals qV. Because q is conserved,

B

C

A
Current maintained

Charge pump

B

C

A
Current soon ceases

Positive charges

a

b

■ Figure 22-1 Conventional
current is defined as positive
charges flowing from the positive
plate to the negative plate (a).
A generator pumps the positive
charges back to the positive plate
and maintains the current (b). In
most metals, negatively-charged
electrons actually flow from the
negative to the positive plate,
creating the appearance of
positive charges that are moving
in the opposite direction.

2 TEACH

Identifying
Misconceptions
Language It is not a good idea to
use phrases such as “the voltage
through this circuit.” Students
must realize that voltage is always
measured as a potential difference
across two points. Charges move
through a circuit—not voltage and
not current. It is fine to discuss the
voltage in a circuit when it’s clear
what the reference points are.

Using an Analogy
Current Ask students to describe
how electric currents are similar to
water currents. Current itself 
doesn’t flow, but water and
charges flow. Ask students to 
provide their own analogy to
describe a circuit or current (for
example, model train tracks).

Critical Thinking
Battery Chargers Using what
students have learned about
potential differences and the flow
of charges, ask them to explain
how a cell phone battery is
recharged by plugging it into an
electrical outlet. Ask them if this
is different from when it is
plugged into an automobile’s cig-
arette lighter. Preliminary discussion
on this point will include the flow of
electrons from the car battery or
from the household power system
into the object being charged. This
point can be revisited and expanded
later when students are discussing
batteries and chemical energy, and
again when AC/DC power conver-
sion is presented.

592

Teaching Transparency 22-2
Teaching Transparency 22-3
Connecting Math to Physics

Technology
TeacherWorks™ CD-ROM
Interactive Chalkboard CD-ROM
ExamView® Pro Testmaker CD-ROM
physicspp.com
physicspp.com/vocabulary_puzzlemaker

22.1 Resource MANAGER
FAST FILE Chapters 21–25 Resources

Transparency 22–1 Master, p. 55
Transparency 22–2 Master, p. 57
Transparency 22–3 Master, p. 59
Study Guide, pp. 43–44
Reinforcement, p. 51
Enrichment, pp. 53–54
Section 22–1 Quiz, p. 49
Mini Lab Worksheet, p. 37

Teaching Transparency 22-1
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Section 22.1 Current and Circuits 593

■ Figure 22-2 The potential
energy of the waterfall is
eventually converted into work
done on the bucket (a). The
production and use of electric
current is not 100 percent efficient.
Some thermal energy is produced
by the splashing water, friction,
and electric resistance (b).

Waterwheel

Waterfall

Generator

Motor

Positive
charge
flow

Positive
charge
flow

b

Thermal energy

Generator MotorPotential
energy

of water

Work
done by
motor 

Electric
energy

the net change in potential energy of the charges going completely around
the circuit must be zero. The increase in potential difference produced by
the generator equals the decrease in potential difference across the motor.

If the potential difference between two wires is 120 V, the waterwheel
and the generator must do 120 J of work on each coulomb of charge that
is delivered. Every coulomb of charge moving through the motor delivers
120 J of energy to the motor.

Rates of Charge Flow and Energy Transfer
Power, which is defined in watts, W, measures the rate at which energy

is transferred. If a generator transfers 1 J of kinetic energy to electric energy
each second, it is transferring energy at the rate of 1 J/s, or 1 W. The energy
carried by an electric current depends on the charge transferred, q, and the
potential difference across which it moves, V. Thus, E � qV. Recall from
Chapter 20 that the unit for the quantity of electric charge is the coulomb.
The rate of flow of electric charge, q/t, called electric current, is measured
in coulombs per second. Electric current is represented by I, so I � q/t. A
flow of 1 C/s is called an ampere, A.

The energy carried by an electric current is related to the voltage, E � qV.
Since current, I � q/t, is the rate of charge flow, the power, P � E/t, of an
electric device can be determined by multiplying voltage and current. To
derive the familiar form of the equation for the power delivered to an elec-
tric device, you can use P � E/t and substitute E � qV and q � It.

If the current through the motor in Figure 22-2a is 3.0 A and the potential
difference is 120 V, the power in the motor is calculated using the expres-
sion P � (3.0 C/s)(120 J/C) � 360 J/s, which is 360 W.

Power P � IV

Power is equal to the current times the potential difference.

a
■ Using Figure 22-2

Ask students to use the general
theme shown in the figure to
describe the operation of car head-
lights, starting with the gasoline in
the tank.

Concept Development
Current The following analogy
will help students visualize the
flow of electric charge, known as
current. A beach resort uses a
water tank to supply its needs.
Too many guests take showers in
the late afternoon, and many of
them complain about the weak
water flow. Ask students how the
resort could alleviate this prob-
lem. Raising the tank elevation
would increase the water’s potential
energy, and larger pipes would
decrease resistance. Alternatively,
ask students to think of the flow
of electric charges (that is, cur-
rent) as if it were traffic on a high-
way at rush hour. Ask how you
could increase the flow of cars.
You could lower the resistance by
widening the roadway and adding
additional lanes, removing obstacles
such as stoplights, or adding more
exit ramps. You could increase the
energy by raising the speed limit.

593

Students Helping Students Some students have ways of explaining difficult concepts that
other students find appealing. If students seem to struggle with a concept, try forming small dis-
cussion groups. Seed the discussions with questions such as the following: Why is a complete
circuit necessary for charges to flow? Why is an energy source necessary for charges to flow?
Describe resistance and voltage using everyday terms. What do voltage and pressure have in
common? Interpersonal

Videotape

Simple DC Circuits
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594 Chapter 22 Current Electricity

Electric Power and Energy A 6.0-V battery delivers a 0.50-A current to 

an electric motor connected across its terminals.

a. What power is delivered to the motor?

b. If the motor runs for 5.0 min, how much electric energy is delivered?

Analyze and Sketch the Problem
• Draw a circuit showing the positive terminal of a battery

connected to a motor and the return wire from the motor
connected to the negative terminal of the battery.

• Show the direction of conventional current.

Known: Unknown:

V � 6.0 V P � ?
l � 0.50 A E � ?
t � 5.0 min

Solve for the Unknown
a. Use P � IV to find the power.

P � IV
P � (0.50 A)(6.0 V) Substitue I � 0.50 A, V � 6.0 V

� 3.0 W

b. In Chapter 10, you learned that P = E/t. Solve for E to find the energy.
E � Pt

� (3.0 W)(5.0 min) Substitute P � 3.0 W, t � 5.0 min

� (3.0 J/s)(5.0 min)(�16m
0

i
s
n

�)
� 9.0�102 J

Evaluate the Answer
• Are the units correct? Power is measured in watts, and energy is 

measured in joules.
• Is the magnitude realistic? With relatively low voltage and current, 

a few watts of power is reasonable.

3

2

1

Math Handbook

Significant Digits 
page 834

Motor

Battery

I IV

1. The current through a lightbulb connected across the terminals of a
125-V outlet is 0.50 A. At what rate does the bulb convert electric
energy to light? (Assume 100 percent efficiency.)

2. A car battery causes a current of 2.0 A through a lamp and produces
12 V across it. What is the power used by the lamp?

3. What is the current through a 75-W lightbulb that is connected to a
125-V outlet?

4. The current through the starter motor of a car is 210 A. If the battery
maintains 12 V across the motor, how much electric energy is
delivered to the starter in 10.0 s?

5. A flashlight bulb is rated at 0.90 W. If the lightbulb drops 3.0 V, how
much current goes through it?

594

Question A 120-V
motor operates at
13 A. Determine
the power and the
energy used in one hour of 
operation.

Answer P � IV, P � 120 V�13 A,
P � 1.6 kW; E � Pt, E � 1.6 kJ/s�

60 min�60 sec/min, E � 5.8 MJ

■ Energy and the Environment
Ask students to investigate why
wasting electric energy has a
negative environmental impact.
Suggest they list some examples
of personal, national, and school
activities that could be wasting
electric energy and then provide
solutions to reduce the waste.

Linguistic

Hearing Impaired The Bellringer Activity with the battery and the lightbulb may also be per-
formed with a battery and an electric bell (doorbell) or a buzzer. Additionally, you could demon-
strate how to replace the bell on a door with a flashing light as is done for hearing-impaired
individuals or in a soundproof location (such as a recording studio). Note: A variety of personal
electronic devices exist to assist visually impaired individuals. Some students in your class may
possess PDAs that are capable of scanning written text and translating it into Braille, or ones
that access an audible speech synthesizer.

1. 63 W

2. 24 W

3. 0.60 A

4. 2.5�104 J

5. 0.30 A

Identifying
Misconceptions
Resistance v. Resistivity While it
is accurate to talk about the resist-
ance in a copper wire, it does not
make sense to talk about the
resistance of the copper itself
because resistance changes with
both length and cross-sectional
area. Because resistance is
inversely proportional to a cross-
sectional area and directly propor-
tional to length, resistivity can be
determined by multiplying resist-
ance in a wire by the wire’s area
and dividing by the wire’s length:
� (m2/m) � ��m.
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Table 22-1
Changing Resistance

Factor How resistance changes Example

Length Resistance increases as length increases. RL1 � RL2

Cross-sectional
area

Resistance increases as cross-sectional
area decreases.

RA1 � RA2

Temperature Resistance increases as temperature
increases.

RT1 � RT2

Material Keeping length, cross-sectional area, and
temperature constant, resistance varies
with the material used.

Platinum
Iron
Aluminum
Gold
Copper
Silver

R
in

cr
ea

se
s

Resistance and Ohm’s Law
Suppose two conductors have a potential difference between them. If

they are connected with a copper rod, a large current is created. On the
other hand, putting a glass rod between them creates almost no current.
The property determining how much current will flow is called resistance.
Table 22-1 lists some of the factors that impact resistance. Resistance is
measured by placing a potential difference across a conductor and divid-
ing the voltage by the current. The resistance, R, is defined as the ratio of
electric potential difference, V, to the current, I.

The resistance of the conductor, R, is measured in
ohms. One ohm (1 �) is the resistance permitting an
electric charge of 1 A to flow when a potential differ-
ence of 1 V is applied across the resistance. A simple
circuit relating resistance, current, and voltage is
shown in Figure 22-3. A 12-V car battery is connected
to one of the car’s 3-� brake lights. The circuit is com-
pleted by a connection to an ammeter, which is a
device that measures current. The current carrying the
energy to the lights will measure 4 A.

Resistance R � �
V
I
�

Resistance is equal to voltage divided by current.

3 Ω

12 V

4 A

 VI � R
  12 V

3 Ω
   4 A

�

�

■ Figure 22-3 One ohm, �, is
defined as 1 V/A. In a circuit with a
3-� resistance and a 12-V battery,
there is a 4-A current.

Section 22.1 Current and Circuits 595

T1 T2

A1 A2

L1

L2

Discussion
Question To begin the discus-
sion, show students a D cell and
an AAA cell. Point out that both
are rated at 1.5 V and ask students
to describe the significant differ-
ence between them.

Answer The D cell will last longer
with a given load. Because the D cell
has more mass (and consequently
more chemicals), it can supply a
given current for a longer period of
time before the chemical energy is
depleted.
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Making Electric 
Energy
Purpose to observe electric energy
from a series of cells 

Materials vinegar or lemon juice,
small pieces or disks of copper and
zinc, alligator clip hookup wires (0
to 50 mm), voltmeter, paper towel

Procedure
CAUTION: Wear protective eyewear.

1. Place a small piece of folded,
vinegar-soaked paper towel
between a piece of copper and zinc.

2. Attach the voltmeter to the cop-
per and the zinc. Measure the
potential difference.

3. Make several more cells of cop-
per, vinegar-soaked paper-towel
electrolyte, and zinc. Carefully make
a series circuit by placing a copper
piece against a zinc piece. Again,
measure the potential difference
from the top copper piece to the
bottom zinc piece in your stack.

4. Wire the ammeter in series with
the cells and determine if you have
current. Each cell’s potential differ-
ence is about 0.1 V.

Assessment Ask students how
this method of generating electricity
is superior to electricity generated
by using wool and a rubber rod. The
cells generate an electric current,
while the static electricity generated
by the other method is intermittent.
Ask students to identify the load in
the circuit (there was no designated
resistor used in the demonstration).
The ammeter was acting as a load.

Resistors Resistors are made to create a precise quantity of resistance for insertion into a cir-
cuit. They are typically constructed of metal wire or carbon, and engineered to maintain a stable
resistance value over a wide range of environmental conditions. Unlike lamps, they do not pro-
duce light, but they do produce heat as electric power is dissipated by them in a working circuit.
Typically, though, the purpose of a resistor is not to produce usable heat, but simply to provide a
precise quantity of electrical resistance. Because resistors dissipate heat energy as the electric
currents through them overcome the “friction” of their resistance, resistors are also rated in
terms of how much heat energy they can dissipate without overheating and sustaining damage.
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A AA

0.2 A 0.1 A 0.1 A

30 � 30 � 60 �6 V 3 V 6 V

I I I

�

�

�

�

�

�

■ Figure 22-4 The current
through a simple circuit (a) can
be regulated by removing some of
the dry cells (b) or by increasing
the resistance of the circuit (c).

12 V12 V12 V Switch

Battery

Motor

Potentiometer

�

�

Switch

Battery

Motor

Potentiometer

I

I

The unit for resistance is named for German scientist Georg Simon Ohm,
who found that the ratio of potential difference to current is constant for a
given conductor. The resistance for most conductors does not vary as the
magnitude or direction of the potential applied to it changes. A device hav-
ing constant resistance independent of the potential difference obeys
Ohm’s law.

Most metallic conductors obey Ohm’s law, at least over a limited range of
voltages. Many important devices, however, do not. A radio and a pocket cal-
culator contain many devices, such as transistors and diodes, that do not
obey Ohm’s law. Even a lightbulb has resistance that depends on its tem-
perature and does not obey Ohm’s law.

Wires used to connect electric devices have low resistance. A 1-m length
of a typical wire used in physics labs has a resistance of about 0.03 �.
Wires used in home wiring offer as little as 0.004 � of resistance for each
meter of length. Because wires have so little resistance, there is almost no
potential drop across them. To produce greater potential drops, a large
resistance concentrated into a small volume is necessary. A resistor is a
device designed to have a specific resistance. Resistors may be made of
graphite, semiconductors, or wires that are long and thin.

There are two ways to control the current in a circuit. Because I � V/R, 
I can be changed by varying V, R, or both. Figure 22-4a shows a simple
circuit. When V is 6 V and R is 30 �, the current is 0.2 A. How could the
current be reduced to 0.1 A? According to Ohm’s law, the greater the volt-
age placed across a resistor, the larger the current passing through it. If the
current through a resistor is cut in half, the potential difference also is cut

■ Figure 22-5 A potentiometer
can be used to change current 
in an electric circuit.

a b c

a

b

Using an Analogy
Resistance and Walking To
make the concept of resistance
more concrete, try comparing
electric resistance to the resistance
a person might experience walk-
ing over different surfaces.
Walking on asphalt is very easy
(low resistance), walking across a
muddy field is a bit more diffi-
cult, and walking through
crowded hallways is extremely 
difficult (high resistance).
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Resistance and Resistivity Engineers use resistivity to predict resistance. Imagine current run-
ning through a copper wire that is 2.0 m in length and 2.0 mm in diameter. To predict the resis-
tance of the wire, you can use the formula R � �L/A, where R is the resistance in ohms, � is the
resistivity of copper in �·meters, L is the length in meters, and A is the cross-sectional area in
square meters. Substituting the appropriate values gives

R � �L/A � � 1.1�10�2 �
(1.68�10�8 ��m)(2.0 m)
���

�(1.0�10�3 m)2

C
op

yr
ig

ht
 ©

by
 G

le
nc

oe
/M

cG
ra

w
-H

ill
, a

 d
iv

is
io

n 
of

 T
he

 M
cG

ra
w

-H
ill

 C
om

pa
ni

es
, I

nc
.

Physics: Principles and Problems Teaching Transparencies

C
o

n
d

u
ct

o
r

Sw
it

ch

V
o

lt
m

et
er

Fu
se

C
ap

ac
it

o
r

R
es

is
to

r 
(f

ix
ed

)

G
ro

u
n

d

A
m

m
et

er

D
C

 g
en

er
at

o
r

El
ec

tr
ic

co
n

n
ec

ti
o

n

N
o

 e
le

ct
ri

c
co

n
n

ec
ti

o
n

La
m

p

B
at

te
ry

V A

C
ir

cu
it

 S
ym

bo
ls

CHAPTER

22 Transparency 22-2

Page 55, FAST FILE 
Chapters 21–25 Resources

Reinforcement
Completing the Circuit Ask 
students to identify these items:
(1) they support the flow of
charge (current) in wires, (2) a
chemical charge pump, (3) con-
verts electric energy to heat,
(4) converts electric energy to
mechanical energy, (5) converts
mechanical energy to electricity,
(6) a law that states that the rela-
tionship between potential differ-
ence and current is a constant for
a given conductor, and (7) the
rate of converting energy. 
(1) electrons, (2) battery or cell,
(3) resistance or resistor, (4) motor,
(5) generator, (6) Ohm’s law,
(7) power Linguistic
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V A

Conductor

Ground

Electric
connection

Switch

Fuse

Capacitor

Resistor (fixed)

Potentiometer
(variable resistor)

Inductor

No electric
connection

Battery

Lamp DC generator Voltmeter Ammeter

Biology ConnectionBiology Connection

in half. In Figure 22-4b, the voltage applied across the resistor is reduced
from 6 V to 3 V to reduce the current to 0.1 A. A second way to reduce the
current to 0.1 A is to replace the 30-� resistor with a 60-� resistor, as
shown in Figure 22-4c.

Resistors often are used to control the current in circuits or parts of cir-
cuits. Sometimes, a smooth, continuous variation of the current is desired.
For example, the speed control on some electric motors allows continuous,
rather than step-by-step, changes in the rotation of the motor. To achieve
this kind of control, a variable resistor, called a potentiometer, is used. A cir-
cuit containing a potentiometer is shown in Figure 22-5. Some variable
resistors consist of a coil of resistance wire and a sliding contact point.
Moving the contact point to various positions along the coil varies the
amount of wire in the circuit. As more wire is placed in the circuit, the
resistance of the circuit increases; thus, the current changes in accordance
with the equation I � V/R. In this way, the speed of a motor can be adjusted
from fast, with little wire in the circuit, to slow, with a lot of wire in the 
circuit. Other examples of using variable resistors to adjust the levels of 
electrical energy can be found on the front of a TV: the volume, brightness,
contrast, tone, and hue controls are all variable resistors.

The human body The human body acts as a variable resistor. When dry,
skin’s resistance is high enough to keep currents that are produced by small
and moderate voltages low. If skin becomes wet, however, its resistance is
lower, and the electric current can rise to dangerous levels. A current as low
as 1 mA can be felt as a mild shock, while currents of 15 mA can cause loss
of muscle control and currents of 100 mA can cause death.

Diagramming Circuits
A simple circuit can be described in words. It can also be depicted by

photographs or artists’ drawings of the parts. Most frequently, however, an
electric circuit is drawn using standard symbols for the circuit elements.
Such a diagram is called a circuit schematic. Some of the symbols used in
circuit schematics are shown in Figure 22-6.

■ Figure 22-6 These symbols 
commonly are used to diagram
electric circuits.

� Resistance The resistance of
an operating 100-W lightbulb is
about 140 �. When the lightbulb
is turned off and at room
temperature, its resistance is only
about 10 �. This is because of 
the great difference between room
temperature and the lightbulb’s
operating temperature. �

597

Ohm’s Law
Estimated Time 10 minutes

Materials variable DC power
supply, multimeters (2), 12-V
lamp, lamp base or socket (as
needed), 100-�, 2-W resistor, clip
leads

Procedure Connect the circuit
as shown in Figure 22-7, using
the power supply rather than a
battery. Start at 0 V and ask a
student assistant to record the
voltage and current on the chalk-
board. Increase the power supply
output in 2-V steps until 12 V is
reached. Have the assistant
record the voltage and current at
each step. Have a second student
assistant draw a graph on the
chalkboard. Repeat the entire
process using the resistor in
place of the lamp. Lead a class
discussion using Ohm’s law as
the focus.

Temperature and Resistance Almost all conductors have a positive temperature coefficient of
resistivity, �. The temperature coefficient of resistivity can be determined by an equation similar
to that for the coefficient of linear expansion (Chapter 13). The following formula can be used to

predict the change in resistance: R1 � R2 � �. R1 is the resistance in � at temperature

T1 in °C, R2 is the resistance in � at temperature T2 in °C, and � is the temperature coefficient of

resistivity in (ºC)1.

1 � �T1�
1 � �T2

� Calculate the current and
power at the moment that a room-
temperature 100-W bulb is turned
on. I � V/R � 120 V/10 � � 10 A.
P � IV � (10 A)(120 V) � 1 kW.
This represents a rather large ini-
tial heating effect. If possible,
obtain a clear 100-W bulb so that
students can see the size of the
filament. �
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For all problems, assume that the battery voltage and lamp resistances are
constant, no matter what current is present.

6. An automobile panel lamp with a resistance of 33 � is placed
across a 12-V battery. What is the current through the circuit?

7. A motor with an operating resistance of 32 � is connected to a
voltage source. The current in the circuit is 3.8 A. What is the
voltage of the source?

8. A sensor uses 2.0�10�4 A of current when it is operated by a 
3.0-V battery. What is the resistance of the sensor circuit?

9. A lamp draws a current of 0.50 A when it is connected to a 
120-V source.

a. What is the resistance of the lamp?

b. What is the power consumption of the lamp?

10. A 75-W lamp is connected to 125 V.

a. What is the current through the lamp?

b. What is the resistance of the lamp?

11. A resistor is added to the lamp in the previous problem to reduce
the current to half of its original value.

a. What is the potential difference across the lamp?

b. How much resistance was added to the circuit?

c. How much power is now dissipated in the lamp?

598 Chapter 22 Current Electricity

Current Through a Resistor A 30.0-V battery is connected to a 10.0-� resistor. 

What is the current in the circuit?

Analyze and Sketch the Problem
• Draw a circuit containing a battery, an ammeter, and a resistor.
• Show the direction of the conventional current.

Known: Unknown:

V � 30.0 V I = ?
R � 10.0 �

Solve for the Unknown
Use I � V /R to determine the current.

I � �
R
V

�

� �
1
3
0
0
.
.
0
0

�
V

� Substitute V � 30.0 V, R � 10.0 �

� 3.00 A

Evaluate the Answer
• Are the units correct? Current is measured in amperes. 
• Is the magnitude realistic? There is a fairly large voltage and a small resistance, 

so a current of 3.00 A is reasonable.

3

2

1

Ammeter

Resistor

R

I

Battery

V

Math Handbook

Operations with
Significant Digits
pages 835—836
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Question A 9.0-V
battery is con-
nected to a 15-k�

resistor. What is the
current in this circuit? 

Answer

I � �
R
V

� � �
1
9
5
.0

k
V
�

�

� 0.60 mA

Measuring 
Current
Purpose to connect an ammeter
and observe current at all points in
a series circuit

Materials ammeter or multimeter,
variable DC power supply, two
lamps

Procedure Connect a variable DC
power supply and two lamps in
series. Use a multimeter or an
ammeter to measure the current at
each place where the circuit can be
opened and the meter inserted.

Assessment What is the correct
method of connecting an ammeter?
in series Draw a conclusion about
the current at various points in a
series circuit. It is the same.

6. 0.36 A

7. 1.2�102 V

8. 1.5�104 �

9. a. 2.4�102 �

b. 6.0�101 W

10. a. 0.60 A

b. 2.1�102 �

11. a. 6.3�101 V

b. 2.1�102 �

c. 19 W

Alternating Current and Resonance 
Estimated Time 15 minutes

Materials solar cell, amplifier, speaker, 
stroboscope

Procedure The following demonstration can
show the beat production from constructive
interference. Connect the solar cell to the

amplifier and speaker. Expose the circuit to flu-
orescent lights. Students should be able to
hear the 60 Hz hum. Turn the lights on and off,
and ask students to listen to the difference.
You can expand the demonstration by flashing
a strobe light at 59 Hz or 61 Hz. Note the
resulting beats. Refer to visual aids showing
waves and constructive interference.
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3 Ω

12 V

Voltmeter

Ammeter

Battery

Resistance

A
�

�
12 V 4 A

3 �

12 V

V

■ Figure 22-7 A simple electric
circuit is represented pictorially
(a) and schematically (b).

a b

An artist’s drawing and a schematic of the same circuit are shown in
Figures 22-7a and 22-7b. Notice in both the drawing and the schematic
that the electric charge is shown flowing out of the positive terminal of the
battery. To draw schematic diagrams, use the problem-solving strategy
below, and always set up a conventional current.

You learned that an ammeter measures current and a voltmeter meas-
ures potential differences. Each instrument has two terminals, usually
labeled � and �. A voltmeter measures the potential difference across any
component of a circuit. When connecting the voltmeter in a circuit, always
connect the � terminal to the end of the circuit component that is closer
to the positive terminal of the battery, and connect the � terminal to the
other side of the component. 

Drawing Schematic Diagrams
Follow these steps when drawing schematic diagrams.

1. Draw the symbol for the battery or other source of electric
energy, such as a generator, on the left side of the page. 
Put the positive terminal on top.

2. Draw a wire coming out of the positive terminal. When you
reach a resistor or other device, draw the symbol for it.

3. If you reach a point where there are two current paths, such as
at a voltmeter, draw a in the diagram. Follow one 
path until the two current paths join again. Then draw the
second path.

4. Follow the current path until you reach the negative terminal of
the battery.

5. Check your work to make sure that you have included all parts
and that there are complete paths for the current to follow.

Section 22.1 Current and Circuits 599

Current 
Affairs
Do you think that current
diminishes as it passes through
different elements in the circuit?
As a scientist, you can test this
question.
1. Draw a circuit that includes a
power supply and two miniature
lamps. 
2. Draw the circuit again and
include an ammeter to measure
the current between the power
supply and the lamps.
3. In a third diagram, show the
ammeter at a position to measure
the current between the lamps.

Analyze and Conclude
4. Predict if the current between
the lamps will be more than, less
than, or the same as the current
before the lamps. Explain.
5. Test your prediction by building
the circuits. CAUTION: Wire 
is sharp and can cut skin.

Using Models
A Car Battery Students can use
the concept of resistance to model
a partially drained battery. For
example, a 12-V car battery might
need to supply 200 A of current
during engine cranking. If the
resistance of the cranking motor is
0.060 �, the required current is
supplied: 12 V/ 0.060 � � 200 A.
A drained battery can be modeled
as a 1-� resistor. Combined with
the resistance of the cranking
motor, the new resistance is 
1.060 �. The current supplied
would be about 11 A, not nearly
enough to turn the engine. Point
out that this model illustrates that
measuring battery voltage with a
meter that draws no current does
not indicate whether the battery is
able to do its job. For this reason,
mechanics use a load test to eval-
uate a car’s battery.

599

Current Affairs
See page 37 of FAST FILE
Chapters 21–25 Resources for the
accompanying Mini Lab Worksheet.

CAUTION: Wire can scratch or
cut skin.

Purpose to draw and build simple
circuits and to investigate current
at different points in a series circuit

Materials DC power supply (0 to
6 V), wires, miniature lamps and
sockets (2), ammeter, protective
eyewear

Expected Results Students
should find that the current is the
same at different points in a series
circuit.

Analyze and Conclude
4. Students’ predictions will vary.

5. Students should find that the
current is the same at all points in
the circuit.

Energy Sources An important source of electric energy is realized by using a water turbine to
convert the kinetic energy of falling water. The shaft of the turbine is used to turn a generator.
The Hoover Dam has a total of 17 generators, each of which can generate up to 133 megawatts.
The total capacity of the Hoover Dam hydropower plant is 2000 megawatts (2 gigawatts).
Worldwide, hydropower plants produce about 24 percent of the world’s electricity and supply
more than a billion people with electric energy. There are more than 2000 hydropower plants
operating in the United States, making hydropower the country's largest renewable energy
source.
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physicspp.com/self_check_quiz600 Chapter 22 Current Electricity

17. Schematic Draw a schematic diagram of a circuit
that contains a battery and a lightbulb. Make sure
the lightbulb will light in this circuit.

18. Resistance Joe states that because R � V/I, if he
increases the voltage, the resistance will increase.
Is Joe correct? Explain.

19. Resistance You want to measure the resistance 
of a long piece of wire. Show how you would 
construct a circuit with a battery, a voltmeter, an
ammeter, and the wire to be tested to make the
measurement. Specify what you would measure
and how you would compute the resistance.

20. Power A circuit has 12 � of resistance and is 
connected to a 12-V battery. Determine the change
in power if the resistance decreases to 9.0 �.

21. Energy A circuit converts 2.2�103 J of energy
when it is operated for 3.0 min. Determine the
amount of energy it will convert when it is operated
for 1 h.

22. Critical Thinking We say that power is “dissi-
pated” in a resistor. To dissipate is to use, to waste,
or to squander. What is “used” when charge flows
through a resistor?

22.1 Section Review

When a voltmeter is connected across another component, it is called a
parallel connection because the circuit component and the voltmeter are
aligned parallel to each other in the circuit, as diagrammed in Figure 22-8a.
Any time the current has two or more paths to follow, the connection is
labeled parallel. The potential difference across the voltmeter is equal to the
potential difference across the circuit element. Always associate the words
voltage across with a parallel connection.

An ammeter measures the current through a circuit component. The same
current going through the component must go through the ammeter, so there
can be only one current path. A connection with only one current path,
called a series connection, is shown in Figure 22-8b. To add an ammeter
to a circuit, the wire connected to the circuit component must be removed
and connected to the ammeter instead. Then, another wire is connected
from the second terminal of the ammeter to the circuit component. In a
series connection, there can be only a single path through the connection.
Always associate the words current through with a series connection.

A

I

I

V

I

�

�
12 V 4 A

3 �

�

�
12 V

3 �I

12 V

■ Figure 22-8 These schematics
show a parallel (a) and a series
circuit (b).

a

b

12. Draw a circuit diagram to include a 60.0-V battery, an ammeter, and
a resistance of 12.5 � in series. Indicate the ammeter reading and
the direction of the current.

13. Draw a series-circuit diagram showing a 4.5-V battery, a resistor,
and an ammeter that reads 85 mA. Determine the resistance and
label the resistor. Choose a direction for the conventional current
and indicate the positive terminal of the battery.

14. Add a voltmeter to measure the potential difference across the
resistors in problems 12 and 13 and repeat the problems.

15. Draw a circuit using a battery, a lamp, a potentiometer to adjust 
the lamp’s brightness, and an on-off switch.

16. Repeat the previous problem, adding an ammeter and a voltmeter
across the lamp.

3 ASSESS

Check for Understanding
Circuits Draw a complete circuit
on the chalkboard in schematic
form. Ask students whether the
circuit is complete, to identify the
symbols, to identify the source of
energy, to identify the converter of
energy, to indicate the direction of
the current, whether Ohm’s law
applies, how power can be deter-
mined, and how energy can be
determined. Visual-Spatial

Extension
Batteries Ask students to explain
rechargeable batteries from an
energy point of view and to com-
pare them to capacitors. A battery
stores energy in chemical form and a
capacitor stores energy in an electric
field. As a battery discharges, current
generated by the chemical reaction
flows through the electrolyte. In a
car’s battery, for example, chemical
reactions involving lead peroxide and
sulfuric acid produce lead sulfate
and water as the battery discharges.
There is no chemical change within a
capacitor as it is discharging.
Instead, the electrostatic field result-
ing from the charge imbalance on
the plates is being dissipated.

600

12. See Solutions Manual; 
I � 4.80 A

13. See Solutions Manual; 
R � 53 �

14. See Solutions Manual; 
60.0 V for Practice Problem
12 and 4.5 V for Practice
Problem 13

15. See Solutions Manual

16. See Solutions Manual

17. See Solutions Manual
18. No, resistance depends on the device.

When V increases, so will I.
19. Measure the current through the wire and

the potential difference across it. Divide
the potential difference by the current to
obtain the wire resistance.

20. 4.0 W increase
21. 44�103 J
22. The potential energy of the charges

decreases as they flow through the resis-
tor. This decrease in potential energy is
“used” to produce heat in the resistor.

22.1 Section Review
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� Objectives
• Explain how electric energy

is converted into thermal
energy. 

• Explore ways to deliver
electric energy to consumers
near and far. 

• Define kilowatt-hour.

� Vocabulary

superconductor
kilowatt-hour

22.2 Using Electric Energy

Many familiar household appliances convert electric energy to some
other form, such as light, kinetic energy, sound, or thermal energy.

When you turn on one of these appliances, you complete a circuit and
begin converting electric energy. In this section, you will learn to determine
the rate of energy conversion and the amount that is converted.

Energy Transfer in Electric Circuits
Energy that is supplied to a circuit can be used in many different ways.

A motor converts electric energy to mechanical energy, and a lamp changes
electric energy into light. Unfortunately, not all of the energy delivered 
to a motor or a lamp ends up in a useful form. Lightbulbs, especially
incandescent lightbulbs, become hot. Motors are often far too hot to
touch. In each case, some of the electric energy is converted into thermal
energy. You will now examine some devices that are designed to convert as
much energy as possible into thermal energy.

Heating a resistor Current moving through a resistor causes it to heat up
because flowing electrons bump into the atoms in the resistor. These colli-
sions increase the atoms’ kinetic energy and, thus, the temperature of the
resistor. A space heater, a hot plate, and the heating element in a hair dryer
all are designed to convert electric energy into thermal energy. These and
other household appliances, such as those pictured in Figure 22-9, act like
resistors when they are in a circuit. When charge, q, moves through a resis-
tor, its potential difference is reduced by an amount, V. As you have
learned, the energy change is represented by qV. In practical use, the rate at
which energy is changed—the power, P � E/t—is more important. Earlier,
you learned that current is the rate at which charge flows, I � q/t, and that
power dissipated in a resistor is represented by P � IV. For a resistor, V �

IR. Thus, if you know I and R, you can substitute V � IR into the equation
for electric power to obtain the following. 

Thus, the power dissipated in a resistor
is proportional both to the square of the
current passing through it and to the
resistance. If you know V and R, but not
I, you can substitute I � V/R into P � IV
to obtain the following equation.

Power P � �
V
R

2
�

Power is equal to the voltage squared
divided by the resistance.

Power P � I2R

Power is equal to current squared
times resistance.

■ Figure 22-9 These appliances
are designed to change electric
energy into thermal energy.

Section 22.2 Using Electric Energy 601
Hutchings Photography 
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Section 22.2

1 FOCUS

Bellringer Activity
Rate of Change Submerge a 
47-�, 10-W resistor in a small
polystyrene cup half-filled with
water. Use a thermometer to
measure the water temperature. If
time permits, run two trials, one
with 10 volts applied and one
with 20 volts applied. Note the
rate of temperature increase. Ask
students to announce the timed
temperature readings, record the
readings, and draw a graph on the
chalkboard. Visual-Spatial

Tie to Prior Knowledge
Electric Energy Throughout this
section students will connect the
concepts associated with electric
current and power to everyday
uses of electric energy. They will
also continue to explore the
nature of the law of conservation
of energy.

Technology
TeacherWorks™ CD-ROM
Interactive Chalkboard CD-ROM
ExamView® Pro Testmaker CD-ROM
physicspp.com
physicspp.com/vocabulary_puzzlemaker

22.2 Resource MANAGER
FAST FILE Chapters 21–25 Resources

Transparency 22–4 Master, p. 61
Study Guide, pp. 47–48
Section 22–2 Quiz, p. 50
Physics Lab Worksheet, pp. 39–42

Teaching Transparency 22-4
Connecting Math to Physics
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The power is the rate at which energy is converted from one form to
another. Energy is changed from electric to thermal energy, and the tem-
perature of the resistor rises. If the resistor is an immersion heater or
burner on an electric stovetop, for example, heat flows into cold water fast
enough to bring the water to the boiling point in a few minutes.

If power continues to be dissipated at a uniform rate, then after time t,
the energy converted to thermal energy will be E � Pt. Because P � I2R and
P � V2/R, the total energy to be converted to thermal energy can be writ-
ten in the following ways.

E � Pt

Thermal Energy E � I2Rt

E � ��
V
R

2
��t

Thermal energy is equal to the power dissipated multiplied by the time. It is
also equal to the current squared multiplied by resistance and time as well 
as the voltage squared divided by resistance multiplied by time.

602 Chapter 22 Current Electricity

Electric Heat A heater has a resistance of 10.0 �. It operates on 120.0 V.

a. What is the power dissipated by the heater?

b. What thermal energy is supplied by the heater in 10.0 s?

Analyze and Sketch the Problem
• Sketch the situation.
• Label the known circuit components, which are a 120.0-V

potential difference source and a 10.0-� resistor.

Known: Unknown:

R � 10.0 � P � ?
V � 120.0 V E � ?
t � 10.0 s

Solve for the Unknown
a. Because R and V are known, use P � V 2/R.

P � �
(1

1
2
0
0
.
.
0
0

�
V)2

� Substitute V � 120.0 V, R �10.0 �

� 1.44 kW

b. Solve for the energy.
E � Pt

� (1.44 kW)(10.0 s) Substitute P � 1.44 kW, t �10.0 s

� 14.4 kJ

Evaluate the Answer
• Are the units correct? Power is measured in watts, and energy is measured 

in joules. 
• Are the magnitudes realistic? For power, 102 � 102 � 10�1 � 103, so 

kilowatts is reasonable. For energy, 103 � 101 � 104, so an order of magnitude 
of 10,000 joules is reasonable.

3

2

1

Math Handbook

Exponents 
page 839

I

I

120.0 V 10.0 �

Identifying
Misconceptions
Thermostats Some students
might think that a chilly room
will heat faster by setting the ther-
mostat higher and that a hot
room will cool faster by setting
the thermostat lower. In fact, a
thermostat is an on-off switch and
does not operate like the accelera-
tor in a vehicle. For example, mov-
ing the thermostat to 75°F in a
65°F room will not make the tem-
perature rise to 70°F more quickly
than it would have if the thermo-
stat had simply been set at 70°F.

Critical Thinking
Pollution Electric utility compa-
nies often tout the cleanliness of
electric energy. Ask students why
this is misleading. Using electric
energy is generally a nonpolluting
process. However, producing electric
energy is generally a polluting
process. All forms of energy produc-
tion involve trade-offs. Even “green”
technologies such as wind and solar
power have drawbacks: While these
methods do not release chemical
pollutants into the environment, they
do create noise and cause problems
for wildlife. Furthermore, the batter-
ies that store the generated power
can themselves be a source of 
pollution.
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2 TEACH

Question A water
heater operates at
240 V, and the
resistance of its
heating element is 12 �. How
much current does it demand,
and how much heat energy will it
produce in 30 minutes? 

Answer I � V/R, I � 240 V/12 �, 
I � 2.0�101 A; E � I2Rt, E �

(2.0�101 A)2�12 ��30 min�

60 s/1 min, E � 8.6 MJ

Capacitance Use a 1000-�F/25-V electrolytic capacitor, a 12-V DC power supply, and a 12-V
lamp to demonstrate charge/energy storage. CAUTION: Observe polarity. Ask students to
explain how there is sufficient current in this circuit to light the lamp when the capacitor has a DC 
resistance in the range of 106 �. CAUTION: Do not attempt to measure the resistance of the
capacitor when it is charged. Short the capacitor leads for a minute or so before making such 
a measurement. Visual-Spatial
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23. A 15-� electric heater operates on a 120-V outlet. 

a. What is the current through the heater?

b. How much energy is used by the heater in 30.0 s?

c. How much thermal energy is liberated in this time?

24. A 39-� resistor is connected across a 45-V battery. 

a. What is the current in the circuit?

b. How much energy is used by the resistor in 5.0 min?

25. A 100.0-W lightbulb is 22 percent efficient. This means that 22 percent of the electric
energy is converted to light energy. 

a. How many joules does the lightbulb convert into light each minute it is in operation?

b. How many joules of thermal energy does the lightbulb produce each minute?

26. The resistance of an electric stove element at operating temperature is 11 �. 

a. If 220 V are applied across it, what is the current through the stove element?

b. How much energy does the element convert to thermal energy in 30.0 s?

c. The element is used to heat a kettle containing 1.20 kg of water. Assume that 
65 percent of the heat is absorbed by the water. What is the water’s increase in
temperature during the 30.0 s?

27. A 120-V water heater takes 2.2 h to heat a given volume of water to a certain
temperature. How long would a 240-V unit operating with the same current take to
accomplish the same task? 

Superconductors A superconductor is a material with zero resistance.
There is no restriction of current in superconductors, so there is no potential
difference, V, across them. Because the power that is dissipated in a con-
ductor is given by the product IV, a superconductor can conduct electricity
without loss of energy. At present, almost all superconductors must be kept
at temperatures below 100 K. The practical uses of superconductors
include MRI magnets and in synchrotrons, which use huge amounts of
current and can be kept at temperatures close to 0 K. 

Transmission of Electric Energy
Hydroelectric facilities, such as the one at Itaipú

Dam, shown in Figure 22-10, are capable of produc-
ing a great deal of energy. This hydroelectric energy
often must be transmitted over long distances to reach
homes and industries. How can the transmission occur
with as little loss to thermal energy as possible?

Thermal energy is produced at a rate represented 
by P � I2R. Electrical engineers call this unwanted
thermal energy the joule heating loss, or I2R loss. To
reduce this loss, either the current, I, or the resistance,
R, must be reduced. 

All wires have some resistance, even though their
resistance is small. The large wire used to carry electric
current into a home has a resistance of 0.20 � for 1 km.

■ Figure 22-10 In the year 2000,
energy produced by Itaipú Dam
met 24 percent of Brazil’s electric
energy needs and 95 percent of
Paraguay’s.

Hans-Jurgen Burkard/Peter Arnold, Inc.
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23. a. 8.0 A b. 2.9�104 J

c. 2.9�104 J

24. a. 1.2 A b. 1.6�104 J

25. a. 1.3�103 J b. 4.7�103 J

26. a. 2.0�101 A b. 1.3�105 J

c. 17°C

27. doubling the voltage will
divide the time by 2; 
t � 1.1 h

Energy Storage
Estimated Time 10 minutes

Materials 1-�F capacitor, 9-V
battery, digital multimeter (DMM),
1-M� resistor

Procedure Use this demonstra-
tion to show energy storage in a
capacitor. Set up the circuit and
time the discharge of the capaci-
tor. Be sure to observe capacitor
polarity. A typical DMM has a
resistance of 10 M�, and the
time required to discharge the
capacitor is approximately 5 RC �

5(10 M�)(1 �F) � 50 s. Repeat
the demonstration with a 1-M�

resistor in parallel with the meter
leads, which will show an order-
of-magnitude decrease in the 
discharge time.

Superconductors Have students prepare a report explaining the reasons that some materials
begin to superconduct at very low temperatures. Students should discover that conductors hold
their electrons loosely; however, moving electrons lose energy in the form of heat as they collide
with atoms in the conductor. Electrons traveling in superconductors experience less energy loss
because they readily travel in pairs. While this advantageous pairing can take place at high tem-
peratures, in superconductors low temperatures make it easier for electrons to pair up and move
quickly between atoms with essentially zero energy loss. Linguistic

Discussion
Question Why are high-voltage
lines located on high towers?

Answer Locating high-voltage lines
on towers is done for safety reasons.
Voltages of hundreds of thousands
of volts are extremely dangerous. The
insulation materials that would be
required to locate the cables near
ground or underground would be
impractical. The high towers allow air
to serve as the major insulator.
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Use the figure to the right to help you answer the questions below.

1. Initially, the capacitor is uncharged. Switch 1 is closed, and Switch 2
remains open. What is the voltage across the capacitor?

2. Switch 1 is now opened, and Switch 2 remains open. What is the 
voltage across the capacitor? Why? 

3. Next, Switch 2 is closed, while Switch 1 remains open. What is the 
voltage across the capacitor and the current through the resistor 
immediately after Switch 2 is closed? 

4. As time goes on, what happens to the voltage across the capacitor 
and the current through the resistor? 

Suppose that a farmhouse were connected directly to a power plant 3.5 km
away. The resistance in the wires needed to carry a current in a circuit to 
the home and back to the plant is represented by the following equation:
R � 2(3.5 km)(0.20 �/km) � 1.4 �. An electric stove might cause a 41-A
current through the wires. The power dissipated in the wires is represented
by the following relationships: P � I2R � (41 A)2 (1.4 �) � 2400 W.

All of this power is converted to thermal energy and, therefore, is
wasted. This loss could be minimized by reducing the resistance. Cables of
high conductivity and large diameter (and therefore low resistance) 
are available, but such cables are expensive and heavy. Because the loss 
of energy is also proportional to the square of the current in the conduc-
tors, it is even more important to keep the current in the transmission 
lines low.

How can the current in the transmission lines be kept low? The electric
energy per second (power) transferred over a long-distance transmission line
is determined by the relationship P � IV. The current is reduced without the
power being reduced by an increase in the voltage. Some long-distance lines
use voltages of more than 500,000 V. The resulting lower current reduces the
I2R loss in the lines by keeping the I2 factor low. Long-distance transmission
lines always operate at voltages much higher than household voltages in
order to reduce I2R loss. The output voltage from the generating plant is
reduced upon arrival at electric substations to 2400 V, and again to 240 V or
120 V before being used in homes.

The Kilowatt-Hour
While electric companies often are called power companies, they actu-

ally provide energy rather than power. Power is the rate at which energy is
delivered. When consumers pay their home electric bills, an example of
which is shown in Figure 22-11, they pay for electric energy, not power.

The amount of electric energy used by a device is its rate of energy 
consumption, in joules per second (W) times the number of seconds that
the device is operated. Joules per second times seconds, (J/s)s, equals the
total amount of joules of energy. The joule, also defined as a watt-second,
is a relatively small amount of energy, too small for commercial sales use. 
For this reason, electric companies measure energy sales in a unit of a 

1200 �

Switch 2

Switch 1

15 V
1.5 �F

a

b

■ Figure 22-11 Watt-hour meters
measure the amount of electric
energy used by a consumer (a).
Meter readings then are used in
calculating the cost of energy (b).

(t)Bischel Studios, (b)Hutchings Photography

■ Using Figure 22-11

Ask students to suppose you have a
digital watt-hour meter. Also sup-
pose that there is no current at this
moment (everything in the building
is turned off). Ask them will the
meter reading go to zero? No, the
last reading will hold because the
meter is indicating the total energy
used.

Concept Development
Stereos and Power Some people
want sound systems that are very
powerful in their vehicles. This is
difficult to achieve with a 12-V
system, given that speakers are
usually 4.0 �. In such a system,
the power delivered to one
speaker is limited to 36 W (V2/R).
One solution is to use a bridge-
type amplifier, which effectively
doubles the speaker voltage (for 
four times the power). 

Reinforcement
Energy Use Display an 
immersion-type water heater and
the heating element from an elec-
tric water heater. Ask students
what differences exist between the
two devices. Items that could be
mentioned in the ensuing discussion
include size, cost, resistance, voltage
rating, and reliability.

Logical-Mathematical
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Page 61, FAST FILE 
Chapters 21–25 Resources

1. 15 V

2. It remains 15 V because there is no path for
the charge to be removed.

3. 15 V and 13 mA

4. The capacitor voltage remains at 15 V
because there is no path to discharge
the capacitor; the current remains at 

13 mA because the battery voltage is
constant at 15 V. However, if the battery
and capacitor were real components
instead of ideal circuit components, the
capacitor voltage would eventually
become zero due to leakage and the
current would eventually become zero
due to battery depletion.
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32. Energy A car engine drives a generator, which
produces and stores electric charge in the car’s
battery. The headlamps use the electric charge
stored in the car battery. List the forms of energy in
these three operations. 

33. Resistance A hair dryer operating from 120 V has
two settings, hot and warm. In which setting is the
resistance likely to be smaller? Why? 

34. Power Determine the power change in a circuit if
the applied voltage is decreased by one-half.

35. Efficiency Evaluate the impact of research to
improve power transmission lines on society and
the environment.

36. Voltage Why would an electric range and an elec-
tric hot-water heater be connected to a 240-V circuit
rather than a 120-V circuit? 

37. Critical Thinking When demand for electric
power is high, power companies sometimes reduce
the voltage, thereby producing a “brown-out.” What
is being saved?

22.2 Section Review

28. An electric space heater draws 15.0 A from a 120-V source. It is
operated, on the average, for 5.0 h each day.

a. How much power does the heater use? 

b. How much energy in kWh does it consume in 30 days? 

c. At $0.12 per kWh, how much does it cost to operate the heater
for 30 days? 

29. A digital clock has a resistance of 12,000 � and is plugged into 
a 115-V outlet. 

a. How much current does it draw? 

b. How much power does it use?

c. If the owner of the clock pays $0.12 per kWh, how much does 
it cost to operate the clock for 30 days? 

30. An automotive battery can deliver 55 A at 12 V for 1.0 h and
requires 1.3 times as much energy for recharge due to its less-
than-perfect efficiency. How long will it take to charge the battery
using a current of 7.5 A? Assume that the charging voltage is the
same as the discharging voltage.

31. Rework the previous problem by assuming that the battery requires
the application of 14 V when it is recharging.

large number of joules called a kilowatt-hour, kWh. A kilowatt-hour is
equal to 1000 watts delivered continuously for 3600 s (1 h), or 3.6 � 106 J.
Not many household devices other than hot-water heaters, stoves, clothes
dryers, microwave ovens, heaters, and hair dryers require more than 1000 W
of power. Ten 100-W lightbulbs operating all at once use only 1 kWh of
energy when they are left on for one full hour.

You have learned several ways in which power companies solve the
problems involved in transmitting electric current over great distances. You
also have learned how power companies calculate electric bills and how 
to predict the cost of running various appliances in the home. The distri-
bution of electric energy to all corners of Earth is one of the greatest 
engineering feats of the twentieth century.

3 ASSESS

Check for Understanding
Consumption and Cost To help
students understand energy con-
sumption and cost, ask them to
compare the cost of operating var-
ious household appliances by
explaining the relationships
among power, current draw, and
the cost of operating 1000-W,
250-W and 50-W appliances at
household voltages. Assuming all
other variables are equal and only
power changes, as the power
increases, the current draw and
operating cost would increase.

Extension
Future Energy Production
Assign students a research project
relating to the possible future use
of nuclear fusion for generating
electricity. Students should com-
pare fission, fusion, and combus-
tion processes. Linguistic
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28. a. 1.8 kW b. 270 kWh

c. $32.40

29. a. 9.6�10�3 A b. 1.1 W

c. $0.10

30. 9.5 h

31. 8.2 h

32. Mechanical energy from the engine
converted to electric energy in the
generator; electric energy stored as
chemical energy in the battery;
chemical energy converted to electric
energy in the battery; electric energy
converted to light and thermal energy
in the headlamps.

33. Hot draws more power, P � IV, so
the fixed voltage current is larger.
Because I � V/R the resistance is
smaller.

34. It will decrease to one-fourth of the
original value.

35. Some potential benefits: lower cost of
electricity, if less power were lost
during transmission, less coal and
other power-producing resources

would be used, which would improve
the quality of our environment.

36. For the same power, at twice the volt-
age, the current would be halved. The
I 2R loss in the circuit wiring would be
dramatically reduced because it is
proportional to the square of the 
current.

37. Power, not energy; most devices will
have to run longer.

22.2 Section Review
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Voltage, Current, and Resistance
In this chapter, you studied the relationships between voltage, current, and resist-
ance in simple circuits. Voltage is the potential difference that pushes current
through a circuit, while resistance determines how much current will flow if a
potential difference exists. In this activity, you will collect data and make graphs
in order to investigate the mathematical relationships between voltage and current
and between resistance and current.

QUESTION
What are the relationships between voltage and current and resistance and current?

■ Measure current in SI.
■ Describe the relationship between the resist-

ance of a circuit and the total current flowing
through a circuit.

■ Describe the relationship between voltage and
the total current flowing through a circuit.

■ Make and use graphs to show the relation-
ships between current and resistance and
between current and voltage.

■ CAUTION: Resistors and circuits may
become hot.

■ CAUTION: Wires are sharp and can cut skin.

four 1.5-V D batteries one 20-k� resistor
four D-battery holders one 30-k� resistor
one 10-k� resistor one 40-k� resistor
one 500-�A ammeter
five wires with alligator clips

Part A
1. Place the D battery in the D-battery holder.

2. Create a circuit containing the D battery, 
10-k� resistor, and 500-�A ammeter.

3. Record the values for resistance and current 
in Data Table 1. For resistance, use the value of
the resistor. For current, read and record the
value given by the ammeter.

4. Replace the 10-k� resistor with a 20-k�
resistor.

5. Record the resistance and the current in 
Data Table 1.

6. Repeat steps 4–5, but replace the 20-k� resistor
with a 30-k� resistor.

7. Repeat steps 4–5, but replace the 30-k� resistor
with a 40-k� resistor.

Part B
8. Recreate the circuit that you made in step 2.

Verify the current in the circuit and record the
values for voltage and current in Data Table 2.

9. Add a second 1.5-V D battery to the setup and
record the values for voltage and current in
Data Table 2. When you are using more than
one battery, record the sum of the batteries’ 
voltages as the voltage in Data Table 2.

10. Repeat step 9 with three 1.5-V D batteries.

11. Repeat step 9 with four 1.5-V D batteries.

Procedure

Materials

Safety Precautions

Objectives

Horizons Companies 

Time Allotment
This lab will probably take two 50-min
periods to set up the circuits and col-
lect and analyze the data. As an alter-
native, collect the data over one
50-min period and assign the analysis
as work for outside of class.

Process Skills describe, measure in
SI, make and use graphs

Safety Precautions Circuits may
become hot. Always wear proper eye
protection and clothing protection in
the lab. Wire can scratch or cut skin.

Alternative Materials Power
sources, ammeters, and resistors of
various sizes can be used. Equal resis-
tors in series will have the same effect
as using larger resistors; that is cov-
ered in Chapter 23.

Teaching Strategies
• If you vary the materials, it is

important to test your setup to
make sure that the current is not
too strong or too weak for the
circuit.

• If you can get the students to
develop the relationship I � k/R
and V � kI (where k is a con-
stant), they should be able to
develop the relationship V � IR.

Analyze
1.
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Voltage Resistance Current
(V) (k�) (�A)
1.5 16 94
1.5 20 75
1.5 30 50
1.5 40 38

Data Table 2

Voltage Resistance Current
(V) (k�) ( �A)
1.5 10 160
3.0 10 300
4.5 10 420
6.0 10 510

Sample Data
Data Table 1
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1. Make and Use Graphs Graph the current
versus the resistance. Place resistance on the
x-axis and current on the y-axis.

2. Make and Use Graphs Graph the current
versus the voltage. Place voltage on the x-axis
and current on the y-axis.

3. Error Analysis Other than the values of the
resistors, what factors could have affected the
current in Part A? How might the effect of
these factors be reduced?

4. Error Analysis Other than the added batteries,
what factors could have affected the current in
Part B? How might the effect of these factors
be reduced?

1. Looking at the first graph that you made,
describe the relationship between resistance
and current?

2. Why do you suppose this relationship between
resistance and current exists?

3. Looking at the second graph that you made,
how would you describe the relationship
between voltage and current?

4. Why do you suppose this relationship between
voltage and current exists?

1. What would be the current in a circuit with 
a voltage of 3.0 V and a resistance of 20 k�?
How did you determine this?

2. Could you derive a formula from your lab data
to explain the relationship among voltage, 
current, and resistance? Hint: Look at the graph
of current versus voltage. Assume it is a straight
line that goes through the origin.

3. How well does your data match this formula?
Explain.

1. Identify some common appliances that use 
240 V rather than 120 V.

2. Why do the appliances that you identified
require 240 V? What would be the conse-
quences for running such an appliance on 
a 120-V circuit?

Real-World Physics

Going Further

Conclude and Apply

Analyze

To find out more about current electricity, visit
the Web site: physicspp.com

Data Table 1
Voltage (V) Resistance (k�) Current (�A)

1.5

1.5

1.5

1.5

Data Table 2
Voltage (V) Resistance (k�) Current (�A)

10

10

10

10

2.

3. In real batteries, terminal voltage
does decrease over time. Any
charge in voltage will affect current.

4. Again, any charge in the terminal
voltage of the batteries will affect
the current.

Conclude and Apply
1. There is an inverse relationship

between resistance and current. 
As resistance increases, current
decreases, and vice versa.

2. This relationship exists because
current is inversely proportional to
resistance (I or 1/R).

3. There is a linear relationship
between voltage and current. As
voltage increases, current increases.

4. This relationship exists because
voltage increases the potential
energy of the charges.

Going Further
1. The current would be around 

160 �A. Doubling the voltage will
compensate for the doubling of the
resistance.

2. V � IR

3. The data should match rather well
but may become further off as 
current increases.

Real-World Physics
1. Answers include electric ranges,

hot water heaters, dryers, and
refrigerators.

2. Since P � IV and P stays the same,
the current will go up if voltage
drops. As a result, much more
energy will be dissipated as heat.

607

To Make this Lab an Inquiry Lab: Ask the students to design an experiment to find the relationship
between current, voltage, and resistance. Emphasize that they should only change one variable at a
time and be sure to teach them what instruments measure each of these quantities. Make students
aware of the possibility of burning or shorting the circuit.
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Hybrid CarsHybrid Cars

BatteryGas tank

Transmission

Gas
engine

Electric motor/
generator

PE from gas and battery

The gas engine and electric
motor turn the wheels

KE recharges the battery

608 Technology and Society

1. Analyze and Conclude What is
regenerative braking?

2. Predict Will increased sales of hybrids
benefit society? Support your answer.

Going Further

1

3

2

5

64

can act as a generator. When the electric motor
slows the car, kinetic energy is converted to
electric energy, which then recharges the batteries.

Can hybrids benefit society? Hybrid
cars improve gas mileage and reduce tailpipe
emissions. Improved gas mileage saves on the
cost of operating the car. Tailpipe emissions
include carbon dioxide and carbon monoxide,
as well as various hydrocarbons and nitrogen
oxides. These emissions can contribute to cer-
tain problems, such as smog. Because hybrids
improve gas mileage and reduce tailpipe emis-
sions, many people feel that these cars are one
viable way to help protect air quality and 
conserve fuel resources.

Meet the hybrid car. It is fuel-efficient,
comfortable, safe, quiet, clean, and it acceler-
ates well. Hybrid sales are growing and are
expected to exceed 200,000 vehicles in 2005.

Why are they called hybrids? A vehicle
is called a hybrid if it uses two or more sources
of energy. For example, diesel-electric locomo-
tives are hybrids. But the term hybrid vehicle
usually refers to a car that uses gas and electricity.

Conventional cars have large engines that
enable them to accelerate quickly and to drive
up steep hills. But the engine’s size makes it
inefficient. In a hybrid, a lighter, more efficient
gas engine meets most driving needs. When
extra energy is needed, it is supplied by 
electricity from rechargeable batteries.

How do hybrids work? The illustration
above shows one type of hybrid, called a paral-
lel hybrid. The small internal combustion
engine (1) powers the car during most driving
situations. The gas engine and electric motor
(2) are connected to the wheels by the same
transmission (3). Computerized electronics 
(4) decide when to use the electric motor,
when to use the engine, and when to use both.

This type of hybrid has no external power
source besides the gas in the fuel tank (5).
Unlike an electric car, you don’t need to plug
the hybrid into an electric outlet to recharge the
batteries (6). Rather, the batteries are recharged
by a process called regenerative braking, as
shown in the schematic diagram. In conven-
tional vehicles, the brakes apply friction to 
the wheels, converting a vehicle’s kinetic energy
into heat. However, a hybrid’s electric motor

A hybrid car has a
gas engine (1) and 
an electric motor (2).

In regenerative breaking, energy from the moving car
recharges the batteries.

Background
There are two basic types of
hybrid cars, parallel hybrids and
series hybrids. The student text
describes a simple parallel hybrid,
which is the more common type
as of 2003. In a parallel hybrid,
both the gas engine and electric
motor are linked directly to the
transmission; however, in a series
hybrid, the gas engine is linked
directly to a generator. The gener-
ator supplies energy to the batter-
ies or to an electric motor, which
then moves the car. Series hybrids
do not idle; the gas engine shuts
down entirely when the car is
stopped.

Teaching Strategies
■ Today, more than half the oil

the United States uses is
imported. Have students write
a paragraph analyzing the
advantages and disadvantages
of importing oil. For example,
buying oil from other countries
provides those countries with
needed income and stability;
however, guaranteeing the sup-
ply might be expensive or
impossible, and using fossil
fuels adds to pollution.

■ Discuss the potential costs and
benefits of other alternative
sources of energy, such as
hydrogen fuel cells. (Note: split-
ting water into hydrogen and
oxygen requires energy. Energy
is not created from “nothing.”
There is an energy cost to creat-
ing any source of power.)

Activity
Attitude Change Have students
interview people such as parents
or grandparents and ask them if
they have changed their attitudes
toward fossil fuels over the course
of their lifetimes. Have students
ask the people interviewed if they
would consider a hybrid car for
their next vehicle, and why they
would consider it: fuel efficiency?
performance? economy? image?

608

Going Further

1. Regenerative braking is the process by
which a hybrid converts kinetic energy to
electric energy as the brakes are applied.

2. Accept all reasonable answers. Two
stated benefits are lowered tailpipe
emissions and better fuel economy.

590-615 PhyTWEC22-845814  7/14/04  1:58 AM  Page 608



609physicspp.com/vocabulary_puzzlemaker

22.1 Current and Circuits

Vocabulary
• electric current (p. 592)

• conventional current
(p. 592)

• battery (p. 592)

• electric circuit (p. 592)

• ampere (p. 593)

• resistance (p. 595)

• resistor (p. 596)

• parallel connection (p. 600)

• series connection (p. 600)

22.2 Using Electric Energy

Vocabulary
• superconductor (p. 603)

• kilowatt-hour (p. 605)

Key Concepts
• Conventional current is defined as current in the direction in which a

positive charge would move.

• Generators convert mechanical energy to electric energy.

• A circuit converts electric energy to heat, light, or some other useful output.

• As charge moves through a circuit, resistors cause a drop in potential energy.

• An ampere is equal to one coulomb per second (1 C/s).

• Power can be found by multiplying voltage times current.

• The resistance of a device is given by the ratio of the device’s voltage to 
its current.

• Ohm’s law states that the ratio of potential difference to current is a constant
for a given conductor. Any resistance that does not change with temperature,
voltage, or the direction of charge flow obeys Ohm’s law.

• Circuit current can be controlled by changing voltage, resistance, or both.

R � �
V
I
�

P � IV

Key Concepts
• The power in a circuit is equal to the square of the current times the

resistance, or to the voltage squared divided by the resistance.

• If power is dissipated at a uniform rate, the thermal energy converted equals
power multiplied by time. Power also can be represented by I2R and V2/R to
give the last two equations.

• Superconductors are materials with zero resistance. At present, the practical
uses of superconductors are limited.

• Unwanted thermal energy produced in the transmission of electric energy 
is called the joule heating loss, or I2R loss. The best way to minimize the
joule heating loss is to keep the current in the transmission wires low.
Transmitting at higher voltages enables current to be reduced without 
power being reduced.

• The kilowatt-hour, kWh, is an energy unit. It is equal to 3.6�106 J.

E � Pt

� I2Rt

� ��
V
R

2
��t

P � I2R or P � �
V
R

2
�
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38. Complete the concept map using the following
terms: watt, current, resistance.

Mastering Concepts
39. Define the unit of electric current in terms of

fundamental MKS units. (22.1)

40. How should a voltmeter be connected in 
Figure 22-12 to measure the motor’s voltage? (22.1)

41. How should an ammeter be connected in Figure 
22-12 to measure the motor’s current? (22.1)

42. What is the direction of the conventional motor
current in Figure 22-12? (22.1)

43. Refer to Figure 22-12 to answer the following
questions. (22.1)

a. Which device converts electric energy to
mechanical energy?

b. Which device converts chemical energy to 
electric energy?

c. Which device turns the circuit on and off?
d. Which device provides a way to adjust speed?

44. Describe the energy conversions that occur in each
of the following devices. (22.1)

a. an incandescent lightbulb
b. a clothes dryer
c. a digital clock radio

45. Which wire conducts electricity with the least
resistance: one with a large cross-sectional diameter
or one with a small cross-sectional diameter? (22.1)

46. A simple circuit consists of a resistor, a battery, and
connecting wires. (22.1)
a. Draw a circuit schematic of this simple circuit. 
b. How must an ammeter be connected in a circuit

for the current to be correctly read? 
c. How must a voltmeter be connected to a resistor for

the potential difference across it to be read?

47. Why do lightbulbs burn out more frequently just as
they are switched on rather than while they are
operating? (22.2)

48. If a battery is short-circuited by a heavy copper wire
being connected from one terminal to the other, the
temperature of the copper wire rises. Why does this
happen? (22.2)

49. What electric quantities must be kept small to
transmit electric energy economically over long
distances? (22.2)

50. Define the unit of power in terms of fundamental
MKS units. (22.2)

Applying Concepts
51. Batteries When a battery is connected to a

complete circuit, charges flow in the circuit almost
instantaneously. Explain.

52. Explain why a cow experiences a mild shock when
it touches an electric fence. 

53. Power Lines Why can birds perch on high-voltage
lines without being injured? 

54. Describe two ways to increase the current in a
circuit. 

55. Lightbulbs Two lightbulbs work on a 120-V circuit.
One is 50 W and the other is 100 W. Which bulb
has a higher resistance? Explain.

56. If the voltage across a circuit is kept constant and
the resistance is doubled, what effect does this have
on the circuit's current? 

57. What is the effect on the current in a circuit if both
the voltage and the resistance are doubled? Explain.

�

�

4

1 

2

3

Concept Mapping
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■ Figure 22-12
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Concept Mapping
38. See Solutions Manual.

Mastering Concepts
39. 1A � 1 C/1 s

40. The positive voltmeter lead con-
nects to the left-hand motor
lead, and the negative voltmeter
lead connects to the right-hand
motor lead.

41. Break the circuit between the
battery and the motor. Then
connect the positive ammeter
lead to the positive side of the
break (the side connected to the
positive battery terminal) and
the negative ammeter lead to
the negative side (the side near-
est the motor).

42. from left to right through the
motor

43. a. 4
b. 1
c. 2
d. 3

44. a. electric energy to heat and
light
b. electric energy to heat and
kinetic energy
c. electric energy to light and
sound

45. A larger-diameter wire has a
smaller resistance because
there are more electrons to
carry the charge.

46. a. See Solutions Manual.
b. The ammeter must be con-
nected in series.
c. The voltmeter must be con-
nected in parallel.

47. The low resistance of the cold
filament allows a high current
initially and a greater change in
temperature, subjecting the fila-
ment to greater stress.

48. The short circuit produces a
high current, which causes
more electrons to collide with
the atoms of the wire. This
raises the atoms’ kinetic energy
and the temperature of the wire.

49. The resistance of the wire and the current in
the wire

50. W � �
C
s
���

C
J
� � �

s
J

� � � �
kg

s
�
3
m2
�

Applying Concepts
51. A potential difference is felt over the entire

circuit as soon as the battery is connected
to the circuit. The potential difference
causes the charges to begin to flow. Note:
The charges flow slowly compared to the
change in potential difference.

52. By touching the fence and the ground, the
cow encounters a difference in potential
and conducts current, thus receiving a
shock.

53. No potential difference exists along the
wires, so no current flows through the bird’s
body.

54. Either increase the voltage or decrease the
resistance.

kg��
m
s2

2
�

�
s
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58. Ohm’s Law Sue finds a device that looks like a
resistor. When she connects it to a 1.5-V battery,
she measures only 45�10�6 A, but when she uses 
a 3.0-V battery, she measures 25�10�3 A. Does the
device obey Ohm’s law?

59. If the ammeter in Figure 22-4a on page 596 were
moved to the bottom of the diagram, would the
ammeter have the same reading? Explain.

60. Two wires can be placed across the terminals of a
6.0-V battery. One has a high resistance, and the
other has a low resistance. Which wire will produce
thermal energy at a faster rate? Why? 

Mastering Problems
22.1 Current and Circuits

61. A motor is connected to a 12-V battery, as shown in
Figure 22-13. 
a. How much power is delivered to the motor?
b. How much energy is converted if the motor runs

for 15 min?

62. Refer to Figure 22-14 to answer the following
questions.
a. What should the ammeter reading be?
b. What should the voltmeter reading be?
c. How much power is delivered to the resistor? 
d. How much energy is delivered to the resistor 

per hour? 

63. Refer to Figure 22-15 to answer the following
questions.
a. What should the ammeter reading be? 
b. What should the voltmeter reading be? 
c. How much power is delivered to the resistor? 
d. How much energy is delivered to the resistor 

per hour? 

64. Refer to Figure 22-16 to answer the following
questions.
a. What should the ammeter reading be? 
b. What should the voltmeter reading be? 
c. How much power is delivered to the resistor?
d. How much energy is delivered to the resistor 

per hour? 

65. Toasters The current through a toaster that is
connected to a 120-V source is 8.0 A. What power 
is dissipated by the toaster?

66. Lightbulbs A current of 1.2 A is measured through
a lightbulb when it is connected across a 120-V
source. What power is dissipated by the bulb? 

67. A lamp draws 0.50 A from a 120-V generator.
a. How much power is delivered?
b. How much energy is converted in 5.0 min?

68. A 12-V automobile battery is connected to an electric
starter motor. The current through the motor is 210 A. 
a. How many joules of energy does the battery

deliver to the motor each second?
b. What power, in watts, does the motor use?

I

V
�

�
9.0 V

A

18 �

�

�
27 V

A

9.0 �

I

V

�

�
27 V

A

18 �

I

V

��

12 V

1.5 A

Motor
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■ Figure 22-14

■ Figure 22-16

■ Figure 22-15
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55. 50 W bulb; P � �
V
R

2
�, so 

R � ; Therefore, the lower P

is caused by a higher R.

56. If the resistance is doubled, the
current is halved.

57. No effect. V � IR, so I � V/R,
and if the voltage and the
resistance are both doubled, the
current will not change.

58. No. At 1.5 V, R � 3.3 � 104 �.
At 3.0 V, R � 120 �. A device
that obeys Ohm’s Law has a
resistance that is independent
of the applied voltage.

59. Yes, because the current is the
same everywhere in this circuit.

60. The wire with the smaller resist-

ance. P � �
V
R

2
�; smaller R pro-

duces larger power, P, dissi-
pated in the wire, which pro-
duces thermal energy at a faster
rate.

Mastering Problems
22.1 Currents and Circuits

Level 1
61. a. 18 W

b. 1.6�104 J

62. a. 1.5 A
b. 27 V
c. 41 W
d. 1.5�105 J

63. a. 3.0 A
b. 27 V
c. 81 W
d. 2.9�105 J

64. a. 0.50 A
b. 9.0 V
c. 4.5 W
d. 1.6�104 J

65. 9.6�102 W

V 2
�
P

66. 1.4�102 W

67. a. 6.0�101 W
b. 1.8�104 J

68. a. 2.5�103 J/s
b. 2.5�103 W

69. 19 A

70. a. 4.5 W
b. 3.0�103 J

71. 24 V

72. 6.0 V

73. 1.2�102

74. 5.0 A
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69. Dryers A 4200-W clothes dryer is connected to a
220-V circuit. How much current does the dryer draw?

70. Flashlights A flashlight bulb is connected across a
3.0-V potential difference. The current through the
bulb is 1.5 A. 
a. What is the power rating of the bulb? 
b. How much electric energy does the bulb convert

in 11 min? 

71. Batteries A resistor of 60.0 � has a current of 0.40
A through it when it is connected to the terminals
of a battery. What is the voltage of the battery?

72. What voltage is applied to a 4.0-� resistor if the
current is 1.5 A? 

73. What voltage is placed across a motor with a 15-�
operating resistance if there is 8.0 A of current? 

74. A voltage of 75 V is placed across a 15-� resistor.
What is the current through the resistor?

75. Some students connected a length of nichrome wire
to a variable power supply to produce between 0.00 V
and 10.00 V across the wire. They then measured
the current through the wire for several voltages.
The students recorded the data for the voltages used
and the currents measured, as shown in Table 22-2.
a. For each measurement, calculate the resistance. 
b. Graph I versus V. 
c. Does the nichrome wire obey Ohm’s law? If not,

for all the voltages, specify the voltage range for
which Ohm’s law holds. 

76. Draw a series circuit diagram to include a 16-�
resistor, a battery, and an ammeter that reads 1.75 A.
Indicate the positive terminal and the voltage of the
battery, the positive terminal of the ammeter, and
the direction of conventional current.

77. A lamp draws a 66-mA current when connected to 
a 6.0-V battery. When a 9.0-V battery is used, the
lamp draws 75 mA.
a. Does the lamp obey Ohm’s law?
b. How much power does the lamp dissipate when

it is connected to the 6.0-V battery?
c. How much power does it dissipate at 9.0 V? 

78. Lightbulbs How much energy does a 60.0-W
lightbulb use in half an hour? If the lightbulb
converts 12 percent of electric energy to light
energy, how much thermal energy does it generate
during the half hour?

79. The current through a lamp connected across 120 V
is 0.40 A when the lamp is on. 
a. What is the lamp’s resistance when it is on? 
b. When the lamp is cold, its resistance is 1/5 as

great as it is when the lamp is hot. What is the
lamp’s cold resistance? 

c. What is the current through the lamp as it is
turned on if it is connected to a potential
difference of 120 V?

80. The graph in Figure 22-17 shows the current
through a device called a silicon diode.
a. A potential difference of �0.70 V is placed across

the diode. What is the resistance of the diode?
b. What is the diode’s resistance when a �0.60-V

potential difference is used?
c. Does the diode obey Ohm’s law?

81. Draw a schematic diagram to show a circuit
including a 90-V battery, an ammeter, and a
resistance of 45 � connected in series. What is 
the ammeter reading? Draw arrows showing the
direction of conventional current.

22.2 Using Electric Energy

82. Batteries A 9.0-V battery costs $3.00 and will
deliver 0.0250 A for 26.0 h before it must be
replaced. Calculate the cost per kWh.
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en
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Current in a Diode
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Table 22-2

Voltage, V
(volts)

Current, I
(amps)

Resistance, R � V/I
(amps)

2.00

4.00

6.00

8.00

10.00

�2.00

�4.00

�6.00

�8.00

�10.00

0.0140

0.0270

0.0400

0.0520

0.0630

�0.0140

�0.0280

�0.0390

�0.0510

�0.0620

_______________

_______________

_______________

_______________

_______________

_______________

_______________

_______________

_______________

_______________

■ Figure 22-17
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Level 2
75. a. R � 143 �, R � 148 �, R �

150 �, R � 154 �, R � 159 �,
R � 143 �, R � 143 �, R �
154 �, R � 157 �, R � 161 �
b. See Solutions Manual.
c. The resistance of the
nichrome wire increases some-
what as the magnitude of the
voltage increases, so the wire
does not quite obey Ohm’s law.

76. V � 28 V; See Solutions Manual.

77. a. No. The voltage is increased 

by a factor of �
9
6
.
.
0
0
� � 1.5, but the 

current is increased by a factor 

of �
6
7
6
5
� � 1.1

b. 0.40 W
c. 0.68 W

78. 1.08�105 J; 9.5�104 J

79. a. 3.0�102 �

b. 6.0�101 �

c. 2.0 A

Level 3
80. a. 32 �

b. 1.2�102 �

c. No. Resistance depends on
voltage.

81. I � 2 A; See Solutions Manual.

22.2 Using Electricity

Level 1
82. $510/kWh

83. 0.15 A

84. 1.2�106 J

Level 2
85. a. 1.1 A

b. 45 V

86. $216

87. 12.9 A

88. a. $18/kWh
b. $0.02

Mixed Review
Level 1
89. 200 h

90. 2.2�104 J

91. a. 2.5 A
b. 2.3�104 J

Level 2
92. a. 3.0 A

b. 12 A
c. The instant it is turned on.

93. The range is 10 � to 600 �.

Level 3
94. a. 5.0 A

b. 40%
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83. What is the maximum current allowed in a 5.0-W,
220-� resistor? 

84. A 110-V electric iron draws 3.0 A of current. How
much thermal energy is developed in an hour?

85. For the circuit shown in Figure 22-18, the maximum
safe power is 50 W. Use the figure to find the
following:
a. the maximum safe current
b. the maximum safe voltage

86. Utilities Figure 22-19 represents an electric
furnace. Calculate the monthly (30-day) heating bill
if electricity costs $0.10 per kWh and the thermostat
is on one-fourth of the time.

87. Appliances A window air conditioner is estimated
to have a cost of operation of $50 per 30 days. This
is based on the assumption that the air conditioner
will run half of the time and that electricity costs
$0.090 per kWh. Determine how much current the
air conditioner will take from a 120-V outlet.

88. Radios A transistor radio operates by means of a
9.0-V battery that supplies it with a 50.0-mA current.
a. If the cost of the battery is $2.49 and it lasts for

300.0 h, what is the cost per kWh to operate the
radio in this manner? 

b. The same radio, by means of a converter, is
plugged into a household circuit by a
homeowner who pays $0.12 per kWh. What does
it now cost to operate the radio for 300.0 h? 

Mixed Review
89. If a person has $5, how long could he or she play a

200 W stereo if electricity costs $0.15 per kWh?

90. A current of 1.2 A is measured through a 50.0-�
resistor for 5.0 min. How much heat is generated 
by the resistor? 

91. A 6.0-� resistor is connected to a 15-V battery. 
a. What is the current in the circuit?
b. How much thermal energy is produced in 

10.0 min? 

92. Lightbulbs An incandescent lightbulb with a
resistance of 10.0 � when it is not lit and a resistance
of 40.0 � when it is lit has 120 V placed across it.
a. What is the current draw when the bulb is lit? 
b. What is the current draw at the instant the bulb

is turned on?
c. When does the lightbulb use the most power? 

93. A 12-V electric motor’s speed is controlled by a
potentiometer. At the motor’s slowest setting, it uses
0.02 A. At its highest setting, the motor uses 1.2 A.
What is the range of the potentiometer?

94. An electric motor operates a pump that irrigates 
a farmer’s crop by pumping 1.0�104 L of water a
vertical distance of 8.0 m into a field each hour. 
The motor has an operating resistance of 22.0 �
and is connected across a 110-V source. 
a. What current does the motor draw?
b. How efficient is the motor?

95. A heating coil has a resistance of 4.0 � and operates
on 120 V. 
a. What is the current in the coil while it is

operating? 
b. What energy is supplied to the coil in 5.0 min? 
c. If the coil is immersed in an insulated container

holding 20.0 kg of water, what will be the
increase in the temperature of the water? Assume
100 percent of the heat is absorbed by the water.

d. At $0.08 per kWh, how much does it cost to
operate the heating coil 30 min per day for 
30 days?

96. Appliances An electric heater is rated at 500 W. 
a. How much energy is delivered to the heater in

half an hour? 
b. The heater is being used to heat a room

containing 50 kg of air. If the specific heat of air
is 1.10 kJ/kg�°C, and 50 percent of the thermal
energy heats the air in the room, what is the
change in air temperature in half an hour? 

c. At $0.08 per kWh, how much does it cost to
run the heater 6.0 h per day for 30 days?

�

�
240.0 V 4.80 �

Thermostat

�

�
V 40 �

I
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95. a. 3.0�101 A
b. 1.1�106 J
c. 13°C
d. $4.40

96. a. 9�105 J
b. 8°C
c. $7

Thinking Critically
97. See Solutions Manual. Voltage: 

V � �
8
c

� � � 5.0 V

Energy (area under curve): 

E � �
1
2

� (5.0 V)(5.0 C) � 13 J

No. Graphically, total charge
times final potential difference is
exactly twice the area under the
curve. Physically, it means that
each coulomb would require the
same maximum amount of
energy to place it on the capaci-
tor. Actually, the amount of
energy needed to add each
charge increases as charge
accumulates on the capacitor.

98. a. See Solutions Manual.

b. �
�

�

T
t

� � �
m
1
C
� �

�

�

Q
t
�

c. 0.78 °C/s
d. The kg unit cancels and the
J unit cancels, leaving °C/s.
e. It might be possible to find a
way to convert electrical energy
to radiation using a different
approach that would be more
efficient. It might be possible to
use a different frequency of
electromagnetic radiation to
improve conversion of
microwave to thermal energy.
f. The conversion from
microwave energy to thermal
energy is good for water. It is
not as good for other materials.
The containers and dishes
designed for use with
microwave ovens convert little
of the energy.

5.0 C
�
1.0 F

g. The empty oven means that the
microwave energy has to be dissipated in
the oven. This can lead to overheating of the
oven components and to their failure.

99. a. In the case of heating a cup of water, an
immersion heater uses resistance for energy
conversion and is nearly 100 percent effi-
cient. A microwave oven uses two energy
conversions (electricity to microwave radia-

tion to heat) and is typically around 50 per-
cent efficient.
b. In the case of heating a potato, a
microwave oven heats mostly the potato
and is more efficient than an electric oven
or skillet, which also heats the air, cabinets,
racks, and so on.
c. “It can be true but it depends on the
specific application.”
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Thinking Critically
97. Formulate Models How much energy is stored in

a capacitor? The energy needed to increase the
potential difference of a charge, q, is represented
by E � qV. But in a capacitor, V � q/C. Thus, as
charge is added, the potential difference increases.
As more charge is added, however, it takes more
energy to add the additional charge. Consider a
1.0-F “supercap” used as an energy storage device
in a personal computer. Plot a graph of V as the
capacitor is charged by adding 5.0 C to it. What is
the voltage across the capacitor? The area under
the curve is the energy stored in the capacitor.
Find the energy in joules. Is it equal to the total
charge times the final potential difference?
Explain.

98. Apply Concepts A microwave oven operates at
120 V and requires 12 A of current. Its electric
efficiency (converting AC to microwave radiation)
is 75 percent, and its conversion efficiency from
microwave radiation to heating water is also 
75 percent.
a. Draw a block power diagram similar to the

energy diagram shown in Figure 22-2b on 
page 593. Label the function of each block
according to total joules per second. 

b. Derive an equation for the rate of temperature
increase (�T/s) from the information presented
in Chapter 12. Solve for the rate of temperature
rise given the rate of energy input, the mass,
and the specific heat of a substance.

c. Use your equation to solve for the rate of
temperature rise in degrees Celsius per second
when using this oven to heat 250 g of water
above room temperature.

d. Review your calculations carefully for the units
used and discuss why your answer is in the
correct form.

e. Discuss, in general terms, different ways in
which you could increase the efficiency of
microwave heating.

f. Discuss, in efficiency terms, why microwave
ovens are not useful for heating everything.

g. Discuss, in general terms, why it is not a good
idea to run microwave ovens when they are
empty.

99. Analyze and Conclude A salesclerk in an
appliance store states that microwave ovens are the
most electrically efficient means of heating objects.
a. Formulate an argument to refute the clerk’s

claim. Hint: Think about heating a specific object.
b. Formulate an argument to support the clerk’s

claim. Hint: Think about heating a specific object.
c. Formulate a diplomatic reply to the clerk. 

100. Apply Concepts The sizes of 10-� resistors range
from a pinhead to a soup can. Explain.

101. Make and Use Graphs The diode graph shown
in Figure 22-17 on page 612 is more useful than a
similar graph for a resistor that obeys Ohm’s law.
Explain. 

102. Make and Use Graphs Based on what you have
learned in this chapter, identify and prepare two
parabolic graphs. 

Writing in Physics
103. There are three kinds of equations encountered 

in science: (1) definitions, (2) laws, and 
(3) derivations. Examples of these are: (1) an
ampere is equal to one coulomb per second, (2)
force is equal to mass times acceleration, (3)
power is equal to voltage squared divided by
resistance. Write a one-page explanation of where
“resistance is equal to voltage divided by current”
fits. Before you begin to write, first research the
three categories given above.

104. In Chapter 13, you learned that matter expands
when it is heated.  Research the relationship
between thermal expansion and high-voltage
transmission lines.

Cumulative Review
105. A person burns energy at the rate of about

8.4�106 J per day. How much does she increase
the entropy of the universe in that day? How does
this compare to the entropy increase caused by
melting 20 kg of ice? (Chapter 12)

106. When you go up the elevator of a tall building,
your ears might pop because of the rapid change
in pressure. What is the pressure change caused 
by riding in an elevator up a 30-story building
(150 m)? The density of air is about 1.3 kg/m3

at sea level. (Chapter 13)

107. What is the wavelength in air of a 17-kHz sound
wave, which is at the upper end of the frequency
range of human hearing? (Chapter 15)

108. Light of wavelength 478 nm falls on a double slit.
First-order bright bands appear 3.00 mm from the
central bright band. The screen is 0.91 m from 
the slits. How far apart are the slits? (Chapter 19)

109. A charge of �3.0�10�6 C is 2.0 m from a second
charge of �6.0�10�5 C. What is the magnitude 
of the force between them? (Chapter 20)
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100. The physical size of a resistor
is determined by its power rat-
ing. Resistors rated at 100 W
are much larger than those
rated at 1 W.

101. The volt-ampere graph for a
resistor obeying Ohm’s law is a
straight line and is seldom
necessary.

102. Voltage-power and current-
power; see Solutions Manual.

Writing in Physics
103. The student’s answer should

include the idea that, for
devices obeying Ohm’s law,
the voltage drop is propor-
tional to current through the
device and that the formula
R � V/I, the definition of
resistance, is a derivation from
Ohm’s law.

104. Answers will vary, but students
should determine that trans-
mission lines can become hot
enough to expand and sag
when they have high currents.
Sagging lines can be danger-
ous if they touch objects
beneath them, such as trees or
other power lines.

Cumulative Review
105. 2.7�104 J/K; melting ice:

2.4�104 J/K
106. 1.9 kPa or about 2/100 of the

total air pressure

107. 2.0 cm

108. 1.4�10�4 m

109. 0.41 N

Use ExamView® Pro Testmaker CD-ROM to:
■ Create multiple versions of tests.
■ Create modified tests with one mouse click for struggling students.
■ Edit existing questions and add your own questions.
■ Build tests based on national curriculum standards.
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1. A 100-W lightbulb is connected to a 120-V
electric line. What is the current that the
lightbulb draws?

0.8 A 1.2 A

1 A 2 A

2. A 5.0-� resistor is connected to a 9.0-V battery.
How much thermal energy is produced in 
7.5 min?

1.2�102 J 3.0�103 J

1.3�103 J 7.3�103 J

3. The current in the flashlight shown below 
is 0.50 A, and the voltage is the sum of the
voltages of the individual batteries. What is the
power delivered to the bulb of the flashlight?

0.11 W 2.3 W

1.1 W 4.5 W

4. If the flashlight in the illustration above is left
on for 3.0 min, how much electric energy is
delivered to the bulb?

6.9 J 2.0�102 J

14 J 4.1�102 J

5. A current of 2.0 A flows through a circuit
containing a motor with a resistance of 12 �.
How much energy is converted if the motor
runs for one minute? 

4.8�101 J 2.9�103 J

2.0�101 J 1.7�105 J

6. What is the effect on the current in a simple
circuit if both the voltage and the resistance are
reduced by half?

divided by 2 multiplied by 2

no change multiplied by 4

7. A 50.0-� resistance causes a current of 5.00 mA
to flow through a circuit connected to a battery.
What is the power in the circuit?

1.00�10�2 W 1.25�10�3 W

1.00�10�3 W 2.50�10�3 W

8. How much electric energy is delivered to a 
60.0-W lightbulb if the bulb is left on for 
2.5 hours?

4.2�10�2 J 1.5�102 J

2.4�101 J 5.4�105 J

Extended Answer
9. The diagram below shows a simple circuit

containing a DC generator and a resistor. The
table shows the resistances of several small
electric devices. If the resistor in the diagram
represents a hair dryer, what is the current in
the circuit? How much energy does the hair
dryer use if it runs for 2.5 min?

I

120 V
DC

generator

Device Resistance (�)

Hair dryer 8.5 �

Heater 10.0 �

Small motor 12.0 �

1.5 V 1.5 V 1.5 V

Multiple Choice

More Than One Graphic

If a test question has more than one table, graph,
diagram, or drawing with it, use them all. If you
answer based on just one graphic, you probably 
will miss an important piece of information.
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Multiple Choice
1. A
4. D
7. C

2. D
5. C
8. D

3. C
6. B

Extended Answer
9. I � 14 A; E � 2.5�105 J

Points Description

4 The student demonstrates a
thorough understanding of 
the physics involved. The
response may contain minor
flaws that do not detract from
the demonstration of a thor-
ough understanding.

3 The student demonstrates 
an understanding of the 
physics involved. The re-
sponse is essentially correct
and demonstrates an essential
but less than thorough under-
standing of the physics.

2 The student demonstrates 
only a partial understanding 
of the physics involved.
Although the student may
have used the correct
approach to a solution or 
may have provided a correct
solution, the work lacks an
essential understanding of 
the underlying physical 
concepts.

1 The student demonstrates a
very limited understanding of
the physics involved. The
response is incomplete and
exhibits many flaws.

0 The student provides a 
completely incorrect solution
or no response at all.

Rubric
The following rubric is a sample
scoring device for extended
response questions.

Extended Response
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