


Are You Ready?

Knowledge and Understanding

1. Figure 1 shows the motion of a car along a straight road. The images are
taken at time intervals of 1.0 s. Describe the motion of the car using your
vocabulary of motion.

start stop
| |
Motion Figure 1

2. A playful dog runs along the path shown in Figure 2, starting at A and fol-
lowing through all arrows. The distance from A to B is 16 m, and the dis-
tance from B to C is 12 m. The total time the dog takes to go from A along
the path back to A again is 16 s.

(a) State the compass direction the dog is moving in during each part of
the run.

(b) Determine the total distance travelled by the dog.

(c) What is the net displacement of the dog over the entire path?

(d) Calculate the dog’s average speed of motion.

(e) What is the dog’s average velocity for the entire trip?

A 16m B

12m
D C
Figure 2

start

3. A “physics” golf ball, attached with a light
that flashes regularly with time, is
dropped in a dark room from shoulder
height to the floor. Which set of dots rep-
resenting the flashing of light in Figure 3
would you observe in a photograph of the
golf ball’s downward motion? Explain
your choice.

A
Figure 3
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4. Refer to Figure 4.
(a) Name all the forces on the diver at position A; at position B.

(b) Draw a sketch of the diving board with the diver on it, and label the 7\
following in your diagram: tension in the board, compression in the A
board, force of gravity on the diver, and force of the board acting on
the diver.

(c) Which of the forces you labelled in (b) is a non-contact force?
Explain how you can tell.

5. The scale used to draw the two geometric shapes in Figure 5 is
1.0 cm = 1.0 m. Determine the surface area of each shape.

6. The motions of three cars, L, M, and N, are illustrated by the graphs in
Figure 6. Compare the times of travel and average speeds of the three cars.

7. Calculate the slope of the line and the area under the line on the graph in
Figure 7. State what the slope and area represent.

Figure 4
Inquiry and Communication For question 4
8. Four groups of students perform an experiment to determine the density
of a liquid taken from the same container. Table 1 gives the calculated den-
sities from the four groups. A
(a) Which result is the most reasonable for the density of a liquid deter-
mined by such an experiment?
(b) Describe why the other three results are unacceptable in this case.
Figure 5
Table 1 For question 5
Group A B © D
Density | 0.76 g/mL | 0.757 786 g/mL | 1.3 g/mL | 0.76 g/L 80 -
N
9. You are asked to calculate the speed of a jogger who runs beside you along _ 501
a straight track. Describe how you would perform an experiment to calcu- %
late the required quantity. 2 40+
10. The results of a motion experiment can be communicated in various g M
forms. Given one form, as shown in Table 2 below, communicate the same 20 4
results using the following other forms: L
(a) a description
(b) agraph 0 5 10 5 2
(c) a calculation Time (s)
Table 2 Figure 6
For question 6
Time (s) 010|201 30| 40| 50
Distance (m)| 0 | 40 | 8.0 | 120 | 16.0 | 20.0 .
@ 4
R
Making Connections < ]
= 24
11. Draw three dollar-size circles so they are spread out on a piece of paper. % |
Within each circle, write one of these topics: transportation safety, space =
exploration, and sports applications. For each topic, write around the out- 0o é ' lll ' é ' é
side of the circle the physics concepts and other facts that you already Time (s)

know about the topic.
Figure 7

For question 7
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In this chapter, you will be
able to

define and describe motion con-
cepts, such as speed, velocity,
acceleration, scalar quantities,
and vector quantities

use motion-related units, such as
metres per second and kilometres
per hour for speed, in proper
context

describe and explain different
kinds of motion, including uni-
form motion and uniform acceler-
ation for both horizontal and
vertical motion, and apply equa-
tions relating the variables dis-
placement, velocity, acceleration,
and time interval

use vector diagrams to analyze
motion in two dimensions
interpret patterns observed on
motion graphs drawn by hand or
by computer, and calculate or
infer relationships among the
variables plotted on the graphs
evaluate the design of technolog-
ical solutions to transportation
needs

Chapter 1

Motion

Humans have climbed mountains, trekked to the North and South Poles,
explored the ocean floor, and walked on the Moon. The next frontier people may
explore is Mars, a planet whose properties resemble Earth’s most closely. If you
were part of a team planning a trip to Mars, what would you need to know in
order to determine how long the trip would take? How does the average speed of
the spacecraft you would use compare with the speeds of the spacecrafts in sci-
ence fiction movies that can travel faster than light (Figure 1)? The skill of ana-
lyzing the motion of these spacecraft will help you determine how realistic some
of the distances, velocities, and accelerations described in movies are. As you
study this chapter, your ability to estimate values such as time and average speeds
of moving objects will improve.

Only recently has our ability to measure time accurately been possible.
About 400 years ago, the first pendulum clock was invented. You can imagine
how difficult it was to determine seconds or fractions of a second using a
swinging pendulum. The accuracy of time measurement has improved tremen-
dously over the years. Many of today’s watches can measure time to the nearest
hundredth of a second (centisecond). This advancement in time measurement in
turn leads to more questions, experiments, and applications. For example, in a
mission to Mars, exact times of engine propulsions would be needed to ensure
that the spacecraft could land safely on Mars’ surface.

Reflecto earning

1. List all the terms regarding motion that you can recall from your earlier
studies. Write the metric units for the terms that are quantitative measures.

2. Describe how you would calculate the time required for a specific motion.
For example, calculate the time required for a spacecraft to travel from
Earth to Mars with this information: Earth’s distance from the Sun is
1.50 X 10® km, Mars’ average distance from the Sun is 2.28 x 108 km,
and a typical spacecraft that orbits Earth travels at an average speed of
3.00 x 10* km/h.

3. Suggest several reasons why the measurement of time is important in the
study of motion.

4. Reflect on your understanding of “uniform motion.” List five examples of
motion that you think demonstrate uniform motion.

Throughout this chapter, note any changes in your ideas as you learn new con-
cepts and develop your skills.




Try This

Activity

Comparing Speeds

Estimating quantities is a valuable skill, not only in physics, but also in
everyday life. It will help you to become a more aware consumer who is
able to analyze the truthfulness of numeric claims in advertisements. In
this activity, you can practise estimating the average speeds of various
interesting examples of motion.

(a)

(b)

In your notebook, arrange the following examples of motion

from the slowest average speed to the fastest. Beside each

description, write your best estimate of the average speed of

the moving object in kilometres per hour (km/h).

Motion examples:

A A migrating whale

B A passenger aircraft flying from Vancouver to Toronto

C Your index and middle fingers walking across the desk

D Mars travelling around the Sun

Use the information below to determine the average speed of

each motion in kilometres per hour (km/h). Remember that the

average speed equals total distance travelled divided by time of

travel.

A A migrating blue whale can travel from Baja California,
Mexico, to the Bering Sea near Alaska in about 2.5 months.

B Prevailing winds may increase the speed of aircraft flying
eastward.

C Devise and carry out a simple experiment to determine the
speed.

D Assume Mars orbits the Sun once each 687 (Earth) days.

Compare your estimates with your calculations. Comment on

how accurate your original estimates of speeds were. What could

you do to improve your skills in estimating average speeds?

Figure 1

Spacecraft in science fiction movies, such as
the Enterprise D, can travel at warp speeds.
How much faster is warp 9.6 than the speed
of light?




kinematics: the study of motion

uniform motion: movement at a
constant speed in a straight line

nonuniform motion: movement that
involves change in speed or direction or both

scalar quantity: quantity that has
magnitude, but no direction

base unit: unit from which other units are
derived or made up

Figure 1

The original metre was defined in terms of
the “assumed to be constant” distance from
the equator to the geographic North Pole.
The distance between two European cities,
Dunkirk and Barcelona, was measured by sur-
veyors. Calculations were then made to
determine the distance from the equator to
the North Pole. The resulting distance was
divided by 107 to obtain the length of one
metre.
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Motion in Our Lives

Everything in our universe is in a state of motion. Our solar system moves
through space in the Milky Way Galaxy. Earth revolves around the Sun while
rotating about its own axis. People, animals, air, and countless other objects
move about on Earth’s surface. The elementary particles that make up all matter,
too, are constantly in motion.

Scientists call the study of motion kinematics, a word that stems from the
Greek word for motion, kinema. (A “cinema” is a place where people watch
motion pictures.) Uniform motion is a movement at a constant speed in a
straight line. (It is presented in section 1.2.) However, most motions in our lives
are classified as nonuniform, which means the movement involves changes in
speed or direction or both. A roller coaster is an obvious example of such motion
—it speeds up, slows down, rises, falls, and travels around corners.

Practice

Understanding Concepts

1. Which of the motions described below are nonuniform? Explain your
choices.
(a) A rubber stopper is dropped from your raised hand to the floor.
(b) A car is travelling at a steady rate of 85 km/h due west.
(c) A rocket begins rising from the launch pad.
(d) A motorcycle rider applies the brakes to come to a stop.

Scalar Quantities

Speeds we encounter in our daily lives are usually given in kilometers per hour
(km/h) or metres per second (m/s). Thus, speed involves both distance and time.
Speed, distance, and time are examples of a scalar quantity, a quantity that has
magnitude (or size) only, but no direction. The magnitude is made up of a
number and often an appropriate unit. Specific examples of scalar quantities are
a distance of 2.5 m, a time interval of 15 s, a mass of 2.2 kg, and the grade of a
mountain highway of 0.11 or 11%. (Vectors, which have both magnitude and
direction, are described later in the chapter.)

Practice

Understanding Concepts

2. State which measurements are scalar quantities:
(a) 12ms (c) 3.2m [up] (e) 15cm?
(b) 500 MHz (d) 100 km/h [west] (f) 50 mL

3. (a) Name eight scalar quantities presented so far.
(b) What other scalar quantities can you think of?

Base Units and Derived Units

Every measurement system, including the SI (Systéme International), consists of
base units and derived units. A base unit is a unit from which other units are
derived or made up. In the metric system, the base unit of length is the metre
(m). The metre was originally defined as one ten-millionth of the distance from
the equator to the geographic North Pole (Figure 1). Then, in 1889, the metre



was redefined as the distance between two fine marks on a metal bar now kept in
Paris, France. Today, the length of one metre is defined as the distance that light
travels in 5557555 Of a second in a vacuum. This quantity does not change and is
reproducible anywhere in the world, so it is an excellent standard.

The base unit of time is the second (s). It was previously defined as 5457 of
the time it takes Earth to rotate once about its own axis. Now, it is defined as the
time for 9 192 631 770 cycles of a microwave radiation emitted by a cesium-133
atom, another unchanging quantity.

The kilogram (kg) is the base unit of mass. It has not yet been defined based
on any naturally occurring quantity. Currently the one-kilogram standard is a
block of iridium alloy kept in France. Copies of this kilogram standard are kept
in major cities around the world (Figure 2).

In addition to the metre, the second, and the kilogram, there are four other
base units in the metric system. All units besides these seven are called derived
units because they can be stated in terms of the seven base units. One example of
a derived unit is the common unit for speed, metres per second, or m/s; it is
expressed in terms of two SI base units, the metre and the second.

Practice

Understanding Concepts

4. Describe possible reasons why the original definitions of the metre
and the second were not precise standards.

5. Express the derived units for surface area and volume in terms of SI
base units.

Average Speed

Although everyone entering a race (Figure 3) must run the same distance, the
winner is the person finishing with the fastest time. During some parts of the
race, other runners may have achieved a greater instantaneous speed, the speed
at a particular instant. However, the winner has the greatest average speed.
Average speed is the total distance travelled divided by the total time of travel.
(The symbol for average speed, v, , is taken from the word “velocity.”) The equa-
tion for average speed is

y = itl where d is the total distance travelled in a total time ¢.

Sample Problem

A track star, aiming for a world outdoor record, runs four laps of a circular track
that has a radius of 15.9 m in 47.8 s. What is the runner’s average speed for this
motion?

Solution

The total distance run is four times the track circumference, C.
r=159m d=4C

t=478s = 4(27r)

y =2 = 8w (15.9 m)

av

d=4.00X10>m

1.1

Figure 2

The kilogram standard kept in France was
used to make duplicate standards for other
countries. Each standard is well protected
from the atmosphere. The one shown is the
Canadian standard kept in Ottawa, Ontario.

derived unit: unit that can be stated in
terms of the seven base units

Figure 3

Every runner covers the same distance, so
the person with the least time has the
greatest average speed.

instantaneous speed: speed at a par-
ticular instant

average speed: total distance of travel
divided by total time of travel

Motion 7



The average speed is

, _d
av t
_ 4.00X10°m
47.8 s
v = 8.36 m/s

The runner’s average speed is 8.36 m/s.

Practice

Understanding Concepts

Answers 6. Assume that the backwards running marathon record is
6. 3.01 m/s; 10.9 km/h 3 h 53 min 17 s. Determine the average speed of this 42.2 km race.
Express your answer in both metres per second and kilometres

7. 2.0 x 108 m/s

per hour.
7 3 e
9. 40x107s;1.2x 10" m; 75 s 7. Electrons in a television tube travel 38 cm from their source to the
10. 5.6 cm screen in 1.9 x 1077 s. Calculate the average speed of the electrons in
11. 26 h metres per second.

8. Write an equation for each of the following:
(a) total distance in terms of average speed and total time
(b) total time in terms of average speed and total distance

9. Copy Table 1 into your notebook and calculate the unknown values.

Table 1
Total distance (m) Total time (s) Average speed (m/s)
38x10° ? 95x 1073
? 25 480
1800 ? 24

10. In the human body, blood travels faster in the aorta, the largest blood
vessel, than in any other blood vessel. Given an average speed of
28 cm/s, how far does blood travel in the aorta in 0.20 s?

11. A supersonic jet travels once around Earth at an average speed of
1.6 X 103 km/h. The average radius of its orbit is 6.5 X 103 km. How
many hours does the trip take?

Measuring Time

Time is an important quantity in the study of motion. The techniques used today
are much more advanced than those used by early experimenters such as Galileo
Galilei, a famous Italian scientist from the 17th century (Figure 4). Galileo had
to use his own pulse as a time-measuring device in experiments.

In physics classrooms today, various tools are used to measure time. A stop-

Figure 4
Galileo Galilei (1564—1642), considered by
many to be the originator of modern science,

was the first to develop his theories using watch is a simple device that gives acceptable values of time intervals whose
the results of experiments he devised to test duration is more than 2 s. However, for more accurate results, especially for very
the hypotheses. short time intervals, elaborate equipment must be used.

8 Chapter 1



Most physics classrooms have instruments that measure time accurately for
demonstration purposes. A digital timer is an electronic device that measures
time intervals to a fraction of a second. An electronic stroboscope has a light,
controlled by adjusting a dial, that flashes on and off at regular intervals. The
stroboscope illuminates a moving object in a dark room while a camera records
the object’s motion on film. The motion is analyzed by using the known time
between flashes of the strobe (Figure 5). A computer with an appropriate sensor
can be used to measure time intervals. A video camera can record motion and
have it played back on a monitor; the motion can also be frozen on screen at spe-
cific times for analyzing the movement.

_I"

Two other devices, a spark timer and a ticker-tape timer, are excellent for stu-
dent experimentation. These devices produce dots electrically on paper at a set
frequency. A ticker-tape timer, shown in Figure 6, has a metal arm that vibrates
at constant time intervals. A needle on the arm strikes a piece of carbon paper
and records dots on a paper tape pulled through the timer. The dots give a record
of how fast the paper tape is pulled. The faster the motion, the greater the spaces
between the dots.

Some spark timers and ticker-tape timers make 60 dots each second. They
are said to have a frequency of 60 Hz or 60 vibrations per second. (The SI unit
hertz (Hz) is named after German physicist Heinrich Hertz, 1857-1894, and is
discussed in greater detail in Chapter 6, section 6.1.) Figure 7 illustrates why an
interval of six spaces produced by a spark timer represents a time of 0.10 s. The
period of vibration, which is the time between successive dots, is the reciprocal
of the frequency.

11

Figure 5

This photograph of a golf swing was taken
with a stroboscopic light. At which part of
the swing is the club moving the fastest?

Figure 6
A ticker-tape timer

Motion 9



Figure 7
Measuring time with a spark timer

Answers

12. (a) 0.0167 s
(b) 0.0333 s

13. 1.0 x 10" Hz

10 Chapter 1
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Calibrating a Ticker-Tape Timer

This activity will introduce you to the use of a ticker-tape timer. You will need a
stopwatch as well as the timer and related apparatus.

Before the activity, familiarize yourself with the operation of the ticker-tape
timer available.

Procedure

1. Obtain a piece of ticker tape about 200 cm long and position it in the
timer. With the timer off and held firmly in place on the lab bench, practise
pulling the tape through it so the motion takes about 3 s. Repeat until you
can judge what speed of motion works well.

2. Connect the timer to an electrical source, remembering safety guidelines.
As you begin pulling the tape through the timer at a steady rate, have your
partner turn on the timer and start the stopwatch at the same instant. Just
before the tape leaves the timer, have your partner simultaneously turn off
both the timer and the stopwatch.

Analysis

(a) Calibrate the timer by determining its frequency (dots per second) and period.

(b) Calculate the percent error of your measurement of the period of the
timer. Your teacher will tell you what the “accepted” value is. (To review
percentage error, refer to Appendix A.)

(c) What are the major sources of error that could affect your measurements
and calculation of the period? If you were to perform this activity again,
what would you do to improve the accuracy?

Practice

Understanding Concepts

12. Calculate the period of vibration of a spark timer set at (a) 60.0 Hz
and (b) 30.0 Hz.

13. Determine the frequency of a spark timer set at a period of 0.10 s.




N0 NS :NA A [VIotion in Our Lives

Uniform motion is movement at a constant speed in a straight line.
Most motions are nonuniform.

A scalar quantity has magnitude but no direction. Examples include
distance, time, and speed.

The Systeme International (SI) base units, the metre (m), the kilogram
(kg), and the second (s), can be used to derive other more complex units,
such as metres per second (m/s).

Average speed is the ratio of the total distance travelled to the total time,

orv _E
av t'

A ticker-tape timer is just one of several devices used to measure time
intervals in a school laboratory.

Section 1.1 Questions

Understanding Concepts

1. In Hawaii’s 1999 Ironman Triathlon, the winning athlete swam
3.9 km, biked 180.2 km, and then ran 42.2 km, all in an astonishing
8 h 17 min 17 s. Determine the winner’s average speed, in kilo-
metres per hour and also in metres per second.

2. Calculate how far light can travel in a vacuum in (a) 1.00 s and
(b) 1.00 ms.

3. Estimate, in days, how long it would take you to walk nonstop at
your average walking speed from one mainland coast of Canada
to the other. Show your reasoning.

Applying Inquiry Skills
4. Refer to the photograph taken with the stroboscopic light in
Figure 5.
(a) Describe how you could estimate the average speed of the
tip of the golf club.
(b) How would you determine the slowest and fastest instanta-
neous speeds of the tip of the club during the swing?

5. A student, using a stopwatch, determines that a ticker-tape timer
produces 138 dots in 2.50 s.
(a) Determine the frequency of vibration according to these
results.
(b) Calculate the percent error of the frequency, assuming that
the true frequency is 60.0 Hz. (To review percentage error,
refer to Appendix A.)

Making Connections

6. What scalar quantities are measured by a car’s odometer and
speedometer?

7. Figure 8 shows four possible ways of indicating speed limits on
roads. Which one communicates the information best? Why?

8. Find out what timers are available in your classroom and
describe their features. If possible, compare the features of old
and new technologies.

(a) (b)
MAXIMUM

SPEED

MAXIMUM
SPEED

60 km/h

Figure 8
For question 7

Motion 11



Figure 1

When traffic becomes this heavy, the vehi-
cles in any single lane tend to move at
approximately the same speed.

vector quantity: quantity that has both
magnitude and direction

position: the distance and direction of an
object from a reference point

displacement: change in position of an
object in a given direction

Figure 2

A person walks from a positiq\ 5’1 =

11 m [W] to another position d, = 22 m [E].
The displacement for this motion is
Ad=d,—d, =22m[E]-11m[W] =

22 m[E] + 11 m[E] = 33 m [E]. Thus, the
person’s displacement, or change of position,
for this motion is 33 m [E].

12 Chapter 1

Uniform Motion

On major urban highways, slow-moving traffic is common (Figure 1). One
experimental method to keep traffic moving is a totally automatic guidance
system. Using this technology, cars cruise along at the same speed with com-
puters controlling the steering and the speed. Sensors on the road and on all cars
work with video cameras to ensure that cars are a safe distance apart. Magnetic
strips on the road keep the cars in the correct lanes. Could this system be a fea-
ture of driving in the future?

The motion shown in Figure 1 and the motion controlled on a straight sec-
tion of an automated highway are examples of uniform motion, which is move-
ment at a constant speed in a straight line. Motion in a straight line is also called
linear motion. Learning to analyze uniform motion helps us understand more
complex motions.

Practice

Understanding Concepts

1. Give an example in which linear motion is not uniform motion.

Vector Quantities

In studying motion, directions are often considered. A vector quantity is one that
has both magnitude and direction. In this text, a vector quantity is indicated by
a symbol with an arrow above it and the direction is stated in square brackets
after the unit. A common vector quantity is position, which is the distance and
direction of an object from a reference point. For example, the position of a
friend in your class could be at a distance of 2.2 m and in the west direction rel-
ative to your desk. The symbol for this position is d = 2.2 m [W].

Another vector quantity is displacement, which is the change in position of
an object in a given direction. The symbol for displacement is Ad, where the
Greek letter delta “A” indicates change. Figure 2 illustrates a displacement that
occurs in moving from one position, d,, to another, d,, relative to an observer.

- -
di=11m[W] dh=22m [E]

reference point

-
Ad=33m[E]



1.2

Practice

Understanding Concepts

2. A curling rock leaves a curler’'s hand at a point 2.1 m from the end of Answers
the ice and travels southward [S]. What is its displacement from its 2.7.6mI[S]
point of release after it has slid to a point 9.7 m from the same edge? 3. 15.4 m [E]

4. (a) 4.4 m [fwd]
(b) 4.4 m [fwd]
(c) 8.8 m [fwd]

3. A dog, initially at a position 2.8 m west of its owner, runs to retrieve a
stick that is 12.6 m east of its owner. What displacement does the
dog need in order to reach the stick?

4. Table 1 gives the position-time data of a ball that has left a bowler's
hand and is rolling at a constant speed forward. Determine the dis-
placement between the times: Table 1

la) t=0sandt=10s Time (s) Position (m [fwd])
(b) t=1.0sandt=2.0s
(c) t=1.0sandt=3.0s 00 L
1.0 44
20 8.8
Average Velocity 30 132
Most people consider that speed, which is a scalar quantity, and velocity are the
same. However, physicists make an important distinction. Velocity, a vector quan-
tity, is the rate of change of position. The average velocity of a motion is velocity: the rate of change of position
the change of position divided by the time interval for that change. The
equation for average velocity is average velocity: change of position
_ AT divided by the time interval for that change

V= A, where Ad is the displacement (or change of position)
g At is the time interval

Sample Problem 1

The world’s fastest coconut tree climber takes only 4.88 s to climb barefoot
8.99 m up a coconut tree. Calculate the climber’s average velocity for this motion,
assuming that the climb was vertically upward.

Solution
Ad = 8.99 m [up]

At=4388s
T’av = ?
- Ad
Vav = E
_8.99m [up]
4.88 s
v,, = 1.84 m/s [up]

The climber’s average velocity is 1.84 m/s [up].

In situations when the average velocity of an object is given, but a different
quantity such as displacement or time interval is unknown, you will have to use
the equation for average velocity to find the unknown. It is left as an exercise to
write equations for displacement and time interval in terms of average velocity.

Motion 13



8.0

Answers
6. 2.96 m/s [fwd]
8. 34 cm [fwd]
9.856s
Table 2
Time (s) Position (m [W])
0.0 0
20 36
4.0 72
6.0 108
8.0 144
150
g 100
=
S
ng_ 50
0 T T T 1
20 4.0 6.0
Time (s)
Figure 3

A graph of uniform mation
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Practice

Understanding Concepts

5.

For objects moving with uniform motion, compare the average speed
with the magnitude of the average velocity.

. While running on his hands, an athlete sprinted 50.0 m [fwd] in a

record 16.9 s. Determine the average velocity for this feat.

. Write an equation for each of the following:

(a) displacement in terms of average velocity and time interval
(b) time interval in terms of average velocity and displacement

. At the snail racing championship in England, the winner moved at an

average velocity of 2.4 mm/s [fwd] for 140 s. Determine the winning
snail’s displacement during this time interval.

. The women'’s record for the top windsurfing speed is 20.8 m/s.

Assuming that this speed remains constant, how long would it take
the record holder to move 178 m [fwd]?

Try This

Activity

Attempting Uniform Motion

How difficult is it to move at constant velocity? You can find out in this
activity.

» Use a motion sensor connected to a graphics program to determine

how close to uniform motion your walking can be. Try more than one

constant speed, and try moving toward and away from the sensor.

(a) How can you judge from the graph how uniform your motion was?
(b) What difficulties occur when trying to create uniform motion?

* Repeat the procedure using a different moving object, such as a
glider on an air track or a battery-powered toy vehicle.

Graphing Uniform Motion

In experiments involving motion, the variables that can be measured directly are
usually time and either position or displacement. The third variable, velocity, is
often obtained by calculation.

In uniform motion, the velocity is constant, so the displacement is the same
during equal time intervals. For instance, assume that an ostrich, the world’s
fastest bird on land, runs 18 m straight west each second for 8.0 s. The bird’s
velocity is steady at 18 m/s [W]. Table 2 shows a position-time table describing
this motion, starting at 0.0 s.

Figure 3 shows a graph of this motion, with position plotted as the
dependent variable. Notice that, for uniform motion, a position-time graph
yields a straight line, which represents a direct variation.

Sample Problem 2

Calculate the slope of the line in Figure 3 and state what the slope represents.



Solution
L _Ad
At
144 m [W] — 0 m [W]
- 8.0s—0.0s
m = 18 m/s [W]

The slope of the line is 18 m/s [W]. Judging from the unit of the slope, the slope
represents the ostrich’s average velocity.

If the line on a position-time graph such as Figure 3 has a negative slope,
then the slope calculation yields a negative value, —18.0 m/s [W], for example.
Since “negative west” is equivalent to “positive east,” the average velocity in this
case would be 18 m/s [E].

The slope calculation in Sample Problem 2 is used to plot a velocity-time
graph of the motion. Because the slope of the line is constant, the velocity is con-
stant from ¢t = 0.0 s to ¢ = 8.0 s. Figure 4 gives the resulting velocity-time graph.

A velocity-time graph can be used to find the displacement during various
time intervals. This is accomplished by finding the area under the line on the
velocity-time graph (Sample Problem 3).

Sample Problem 3
Find the area of the shaded region in Figure 4. State what that area represents.

Solution
For a rectangular shape,
A=lw
= (A1)
= (18 m/s [W])(2.0 s)
A =36m [W]

The area of the shaded region is 36 m [W]. This quantity represents the ostrich’s
displacement from ¢ = 4.0 s to = 6.0 s. In other words, Ad = Tfav(At).

Practice

Understanding Concepts

10. Refer to the graph in Figure 3. Show that the slope of the line from
t=4.0stot=6.0sisthe same as the slope of the entire line found
in Sample Problem 2.

11. A military jet is flying with uniform motion at 9.3 X 102 m/s [S], the
magnitude of which is approximately Mach 2.7. At time zero, it passes
a mountain top, which is used as the reference point for this question.
(a) Construct a table showing the plane’s position relative to the
mountain top at the end of each second for a 12 s period.

(b) Use the data from the table to plot a position-time graph.

(c) Find the slope of two different line segments on the position-time
graph. Is the slope constant? What does it represent?

(d) Plot a velocity-time graph of the plane’s motion.

(e) Calculate the total area under the line on the velocity-time graph.
What does this area represent?

Velocity (m/s [W])

20 7

1.2

15

10

0 20 40

Time (s)

Figure 4

6.0

A velocity-time graph of uniform motion
(The shaded region is for Sample Problem 3.)

Answers
11. (c) 9.3 x 102 m/s [S]
(e) 1.1 x 10* m [S]

Motion
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Answers

12. (a) 1.5 x 102 m/s [E]
(b) 5.0 x 10" m/s [E]
(c) 5.0 x 10" m/s [W]

13. (a) 1.2 x 102 m [N]
(b) 1.2 x 102 m [N]
(c) 1.2 x 102 m [S]

DECISION MAKING SKILLS

12. Determine the average velocities of the three motions depicted in the
graph in Figure 5.

13. Determine the displacement for each motion shown in the graph in
Figure 6.

Position (m [E])

Velocity (m/s [N])

O Define the Issue O Analyze the Issue
O lIdentify O Defend the
Alternatives Proposition
O Research O Evaluate
20 7
15 fe)
(a)
10
(b)
5 —
Q T T T 1
0 01 02 03 04
Time (s)
Figure 5

For question 12

40

30

20

10

0

(a)
(b)

Time (s)

—-10 1

T 1
20 4.0 6.0 8.0

-20 -

Figure 6

(c)

For question 13
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Explore an

Issue
Tailgating on Highways

The Official Driver’s Handbook states that the minimum safe following
distance is the distance a vehicle can travel in 2.0 s at a constant speed.
People who fail to follow this basic rule, called “tailgaters,” greatly
increase their chances of an accident if an emergency occurs (Figure 7).

v=25m/s v=25m/s
eSO 4=9 Figure?7
< === How can you determine the safe
Y following distances knowing the
safe following distance = 50 m highway speed limit and
when the speed is 25 m/s or 90 km/h applying the two-second rule?

Take a Stand
Should tailgaters be fined for dangerous driving?

Proposition

People who drive behind another vehicle too closely should be consid-
ered dangerous drivers and fined accordingly.

There are arguments for fining tailgaters:

» Following another vehicle too closely is dangerous because there is
little or no time to react to sudden changes in speed of the vehicle
ahead.

» If an accident occurs, it is more likely to involve several other vehi-
cles if they are all close together.

» Large vehicles, especially transport trucks, need longer stopping dis-
tances, so driving too closely enhances the chance of a collision.

There are arguments against fining tailgaters:

« It is difficult to judge how close is “too close.” It could mean two car
lengths for a new car equipped with antilock brakes, or it could
mean five car lengths for an older car with weak or faulty brakes.

» Tailgaters should not be fined unless other drivers with unsafe
driving practices, such as hogging the passing lane, are also fined.

Forming an Opinion
* Read the arguments above and add your own ideas to the list.
* Find more information about the issue to help you form opinions to
support your argument. Follow the links for Nelson Physics 11, 1.2.

www.science.nelson.com

* In a group, discuss the ideas.

» Create a position paper in which you state your opinions and
present arguments based on these opinions. The “paper” can be a
Web page, a video, a scientific report, or some other creative way of
communicating.



1.2

N ENNE Uniform Motion

+ A vector quantity has both magnitude and direction. Examples are
position, displacement, and velocity.

» Position, d, is the distallce and direction of an object from a reference
point. Displacement, Ad, is the change in position of an object from a
reference point.

+ Average velocity is the ratio of the displacement to the time interval,

- Ad

orv,, = E .

¢ The straight line on a position-time graph indicates uniform motion and
the slope of the line represents the average velocity between any two times.

+ The area under a line on a velocity-time graph represents the displacement
between any two times.

Section 1.2 Questions

Understanding Concepts

1. State what each of the following represents:
(a) the slope of a line on a position-time graph
(b) the area under the line on a velocity-time graph

2. What is the relationship between the magnitude of the slope of
the line on a position-time graph and the magnitude of the
velocity of the motion?

3. A runner holds the indoor track record for the 50.0 m and 60.0 m
sprints.
(a) How do you think this runner’s average velocities in the two
events compare?
(b) To check your prediction, calculate the average velocities,
assuming that the direction of both races is eastward and the
record times are 5.96 s and 6.92 s, respectively.

4. To prove that ancient mariners could have crossed the oceans in
a small craft, in 1947 a Norwegian explorer named Thor
Heyerdahl and his crew of five sailed a wooden raft named the
Kon-Tiki westward from South America across the Pacific Ocean
to Polynesia. At an average velocity of 3.30 km/h [W], how long
did this journey of 8.00 x 103 km [W] take? Express your answer
in hours and days.

5. Determine the time to complete a hurdle race in which the dis-
placement is 110.0 m [fwd] and the average velocity is 8.50 m/s
[fwd]. (This time is close to the men’s record for the 110 m hurdle.)

6. To maintain a safe driving distance between two vehicles, the
“two-second” rule for cars and single motorcycles is altered for
motorcycle group riding. As shown in Figure 8, the leading rider
is moving along the left side of the lane, and is “two seconds”
ahead of the third rider. At a uniform velocity of 90.0 km/h [E],

what is the position of the second rider relative to the leading Figure 8

rider? (Express your answer in kilometres and metres, with a The Motorcycle Handbook suggests a stag-

direction.) gered format for group matorcycle riding.
(continued)

Motion 17



Figure 1

Any location on Earth’s surface can be deter-
mined using a global positioning receiver that
links to a minimum of three satellites making
up the Global Pasitioning System (GPS). The
GPS can also indicate the displacement to
some other position, such as the location of
an emergency.

18 Chapter 1

Applying Inquiry Skills

7. With the period of the spark timer on a horizontal air table set at
0.10 s, students set two pucks, A and B, moving in the same
direction. The resulting dots are shown in Figure 9.

(a) Which puck has a higher average velocity for the entire time
interval? How can you tell?

(b) Use a ruler to determine the data you will need to plot a
position-time graph of each motion. Enter your data in a
table. Plot both graphs on the same set of axes.

(c) Are the two motions over their entire time intervals examples
of uniform motion? How can you tell? What may account for
part of the motion that is not uniform?

(d) Use the information on the graph to determine the average
velocity of puck A for the entire time interval. Then plot a
velocity-time graph of that motion.

(e) Determine the area under the line for the entire time interval
on the velocity-time graph for puck A. What does this area
represent?

(f) Describe sources of error in this activity.

puck A X ° ° ° ° ° °
start
puck B \ ° ° ° ° ° °
start
Figure 9

The motions of pucks A and B

Two-Dimensional Motion

Suppose you are responsible for designing an electronic map that uses the Global
Positioning System to show a rescue worker the best route to travel from the
ambulance station to the site of an emergency (Figure 1). How would your
knowledge about motion in two dimensions help?

Although uniform motion, as discussed in the previous section, is the sim-
plest motion to analyze, it is not as common as nonuniform motion. A simple
change of direction renders a motion nonuniform, even if the speed remains
constant. In this section, you will explore motion in the horizontal plane, which,
like all planes, is two-dimensional.

Communicating Directions

Vector quantities can have such directions as up, down, forward, and backward.
In the horizontal plane, the four compass points, north, east, south, and west, can
be used to communicate directions. However, if a displacement or velocity is at
some angle between any two compass points, a convenient and consistent
method of communicating the direction must be used. In this text, the direction
of a vector will be indicated using the smaller angle measured from one of the
compass points. Figure 2 shows how a protractor can be used to determine a
vector’s direction.



(b)

Eof N NE

Nof E

Sof E

EofS SE
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13

North

68°
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/
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- vector
—
= 22
= East

start of vector

Practice

Understanding Concepts

1. Use a ruler and a protractor to draw these vectors. For (c), make up a
conve_pient scale.
(a) Ad, =3.7cm [25° S of E]

(b) Ad, = 41 mm [12° W of N]
(c) Ad; = 4.9 km [18° S of W]

Resultant Displacement in Two Dimensions

On a rainy day a boy walks from his home 1.7 km [E], and then 1.2 km [S] to get
to a community skating arena. On a clear, dry day, however, he can walk straight
across a vacant field to get to the same arena. As shown in Figure 3, the resultant
displacement is the same in either case. The resultant displacement, AZR, is the
vector sum of the individual displacements ( Ad, + Ad, + ...). Notice in Figure 3
that in order to add individual vectors, the tail of one vector must touch the head
of the previous vector. Sometimes, vectors on a horizontal plane have to be
moved in order to be added. A vector can be moved anywhere on the plane as
long as its magnitude and direction remain the same. That is, the vector in the
new position is parallel and equal in length to the original vector.

Sample Problem 1
A cyclist travels 5.0 km [E], then 4.0 km [S], and then 8.0 km [W]. Use a scale
diagram to determine the resultant displacement and a protractor to measure the
angle of displacement.

Solution

A convenient scale in this case is 1.0 cm = 1.0 km. Figure 4 shows the required
vector diagram using this scale. Since the resultant displacement in the diagram,
going from the initial position to the final position, indicates a length of 5.0 cm
and an angle of 37° west of the south direction, the actual resultant displacement
is 5.0 km [37° W of S].

Figure 2

(a) Directions can be labelled from either
side of the compass points N, E, S,
and W. Notice that NE means exactly
45° N of E or 45° E of N.

(b) To find the direction of a given vector,
place the base of the protractor along the
east-west (or north-south) direction with
the origin of the protractor at the starting
position of the vector. Measure the angle
to the closest compass point (N, E, S,
or W) and write the direction using that
angle. In this case, the direction is
22° N of E.

resultant displacement: vector sum of
the individual displacements

Ad, =17 km [E]

35

Ady=1.2km 8]
resultant

diiplacement,
Adg =2.1km[35° S of E]

scale: 1.0cm = 0.5 km

Figure 3
The resultant displacement of
1.7 km [E] + 1.2 km [S]is 2.1 km [35° S of E].

Motion 19



Figure 4

To determine the resultant displacement on a
vector diagram, the individual displacements
are added together, with the head of one
vector attached to the tail of the previous
one. A protractor can be used to measure the
angles in the diagram.

KNOW ?

Indicating Directions

Various ways can be used to communicate
directions between compass points. For
example, the direction 22° N of E can be
written as E22°N or N68°E. Another conven-
tion uses the north direction as the reference
with the angle measured clockwise from
north. In this case, 22° N of E is simply
written as 68°.

Answers
3. (a) close to 44 m [36° N of E]

20 Chapter 1

Adh = 5.0 km [E]

resultant Ady=40km[S]
displacement

Adr = 5.0 km [37° W of S]

end .
Ad3=8.0 km [W]

v

scale:1.0cm=1.0 km

In situations where finding the resultant displacement involves solving a
right-angled triangle, the Pythagorean theorem and simple trigonometric ratios

(sine, cosine, and tangent) can be used.

Sample Problem 2

Determine the resultant displacement in Figure 3 by applying the Pythagorean

theorem and trigonometric ratios.

Solution
The symbol Ad is used to represent the magnitude of a displacement.

The Pythagorean theorem can be used to determine the magnitude of the

resultant displacement.

Ad, = 1.7 km
Ad, = 1.2km
Ady =2

(Ady)? = (Ad))? + (Ad,)?
Ady = V(Ad)? + (Ad,)?
= V(1.7 km)? + (1.2 km)?

Adp =2.1km  (Use the positive root to two significant digits.)
)  Ad,
= tan~! —=
an Adl
. 1.2km
= tan
1.7 km

6 =35° (also to two significant digits)

The resultant displacement is 2.1 km [35° S of E].

Practice

Understanding Concepts

2. Show that the resultant displacement in Sample Problem 1 remains

the same when the vectors are added in a different order.

3. An outdoor enthusiast aims a kayak northward and paddles 26 m [N]
across a swift river that carries the kayak 36 m [E] downstream.
(a) Use a scale diagram to determine the resultant displacement of
the kayak relative to its initial position.



(b) Use an algebraic method (such as the Pythagorean theorem and
trigonometry) to determine the resultant displacement.

(c) Find the percentage difference between the angles you found in
(a) and (b) above. (To review percentage difference, refer to
Appendix A.)

Average Velocity in Two Dimensions

Just as for one-dimensional motion, the average velocity for two-dimensional

motion is the ratio of the displacement to the elapsed time. Since more than one

displacement may be involved, the average velocity is described using the
resultant displacement.

- Ady

Thus, Vov = T

Sample Problem 3

After leaving the huddle, a receiver on a football team runs 8.5 m [E] waiting for the
ball to be snapped, then he turns abruptly and runs 12.0 m [S], suddenly changes
directions, catches a pass, and runs 13.5 m [W] before being tackled. If the entire
motion takes 7.0 s, determine the receiver’s (a) average speed and (b) average velocity.

Solution

(a) d=85m+120m+135m = 34.0m

t=70s
Vy = ¢
, _d
av t
_ 34.0m
- 7.0s
v, =49m/s

av

The receiver’s average speed is 4.9 m/s.

(b) As shown in the scale diagram in Figure 5, Ad, = 13.0 m [23° W of S].
Adp
Vav = At
_ 13.0m [23°W of §]
7.0s

>
Vav

1.9 m/s [23° W of S]

The receiver’s average velocity is 1.9 m/s [23° W of S].

Practice

Understanding Concepts

4. To get to the cafeteria entrance, a teacher walks 34 m [N] in one
hallway, and then 46 m [W] in another hallway. The entire motion
takes 1.5 min. Determine the teacher’s
(a) resultant displacement (using trigonometry or a scale diagram)
(b) average speed
(c) average velocity

13

Answers
3. (b) 44 m [36° N of E]

Ad,=8.5m[E]

Ady=135m [W]

scale:1.0cm=3.0m

Figure 5
For Sample Problem 3

Answers
4. (a) 57 m [36° N of W]
(b) 53 m/min, or 0.89 m/s
(c) 38 m/min [36° N of W], or
0.64 m/s [36° N of W1
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Answers

5.(a) 7.7 m/s
(b) 4.9 m/s [E]

frame of reference: coordinate system
relative to which a mation can be observed

relative velocity: velocity of a body rela-
tive to a particular frame of reference

J/ boat
= i~
\\i passenger .
[ shore
-
VpB
A\
>
(\§

[
\\j( PB

y .
(\ il 74
VBE
\ - - - -
:J/ VBE VpE = VpB + VBE
(T

e

Figure 6

The velocity of the passenger is 3.0 m/s [S]
relative to the boat, but is 8.0 m/s [S] relative
to the shore.

KNOW ?

Alternative Communication

An alternative way of communicating the rel-
ative velocity equation is to place the symbol
for the observed object before the vand the
symbol for the frame of reference after the v.
In this way, the equation for the boat
example is written:

- - -

PE= P T8

Figure 7
The pattern in a relative velocity equation

22  Chapter 1

5. A student starts at the westernmost position of a circular track of
circumference 200 m and runs halfway around the track in 13 s.
Determine the student’s (a) average speed and (b) average velocity.
(Assume two significant digits.)

Relative Motion

Suppose a large cruise boat is moving at a velocity of 5.0 m/s [S] relative to the
shore and a passenger is jogging at a velocity of 3.0 m/s [S] relative to the boat.
Relative to the shore, the passenger’s velocity is the addition of the two
velocities, 5.0 m/s [S] and 3.0 m/s [S], or 8.0 m/s [S]. The shore is one frame of
reference, and the boat is another. More mathematically, a frame of reference is
a coordinate system “attached” to an object, such as the boat, relative to which
a motion can be observed. Any motion observed depends on the frame of
reference chosen.

The velocity of a body relative to a particular frame of reference is called
relative velocity. In all previous velocity discussions, we have assumed that Earth
or the ground is the frame of reference, even though it has not been stated. To
analyze motion with more than one frame of reference, we introduce the symbol
for relative velocity, v with two subscripts. In the cruise boat example above, if
E represents Earth’s frame of reference (the shore), B represents the boat, and P
represents the passenger, then

T/BE = the velocity of the boat B relative to Earth E (or relative to the shore)
vpp = the velocity of the passenger P relative to the boat B
Vpp = the velocity of the passenger P relative to Earth E (or relative to the shore)
Notice that the first subscript represents the object whose velocity is stated
relative to the object represented by the second subscript. In other words, the
second subscript is the frame of reference.
To relate the above velocities, we use a relative velocity equation. For this
example, it is

Vop = Vpp T Vg (Where “+” represents a vector addition)
= 3.0m/s [S] + 5.0 m/s [S]
Vpp = 8.0 m/s [S]

The velocity of the passenger relative to the shore (Earth) is 8.0 m/s [S], as
illustrated in Figure 6.

The relative velocity equation also applies to motion in two dimensions, in
which case it is important to remember the vector nature of velocity. Before
looking at examples of relative velocity in two dimensions, be sure you see the
pattern of the subscripts in the symbols in any relative velocity equation. In the
equation, the first subscript of the vector on the left side is the same as the first
subscript of the first vector on the right side, and the second subscript of the
vector on the left side is the same as the second subscript of the second vector on
the right side. This pattern is illustrated for the boat example as well as other
examples in Figure 7.

(a) (b) (c)

> > -> - > - > - ->
Vxz = Pxy + Vyy Vac = Vag + Vic Vpg = Vpp + Vgg
[ ] L |‘ Ll ] L |‘ [ ] L |‘

[ [
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Sample Problem 4 X

shore
Suppose the passenger in the boat example above is jogging at a velocity of AYY Vpg = 3.0 m/s [E]

3.0 m/s [E] relative to the boat as the boat is travelling at a velocity of 5.0 m/s [S] AR
relative to the shore. Determine the jogger’s velocity relative to the shore.

Vee =5.0 m/s [S]

Solution ) \

- X~ ! .

Vpg = 3.0 m/s [E] il

Ty = 5.0 m/s [S] =g

- (\& - - -

Vpg = ¢ VpE = VpB + VBE
. . . o o =58m/s [31°E of S]
vpr = Vpp T Vg (This is a vector addition.)

. . .. . . Figure 8
Figure 8 shows this vector addition. Using trigonometry, the Pythagorean the- The scale used to draw this vector diagram is
orem, or a scale diagram, we find that the magnitude of v, is 5.8 m/s. To find the 1.0cm=2.0m/s.

direction, we first find the angle 6.

_1 5.0m/s
3.0 m/s
0 =59°

0 = tan

T/PE =5.8m/s [31°E of S]

The jogger’s velocity relative to the shore is 5.8 m/s [31° E of S].

Practice

Understanding Concepts

6. Determine the velocity of a canoe relative to the shore of a river if the Answers
velocity of the canoe relative to the water is 3.2 m/s [N] and the 6. 3.9 m/s [36° E of N]
velocity of the water relative to the shore is 2.3 m/s [E]. 7. 27 km/h [34° S of E]

7. A blimp is travelling at a velocity of 22 km/h [E] relative to the air. A
wind is blowing from north at an average speed of 15 km/h relative
to the ground. Determine the velocity of the blimp relative to the
ground.

Making Connections
8. Is a passenger in an airplane more concerned about the plane’s “air
speed” (velocity relative to the air) or “ground speed” (velocity rela-
tive to the ground)? Explain.

ML ENAS Two-Dimensional Motion

+ In two-dimensional motion, the resultant displacement is the vector sum
of the individual displacements, AH)R = A?Jl)l + AH)Z.

+ The average velocity in two-dimensional motion is the ratio of the

ﬂ

At’

+ All motion is relative to a frame of reference. We usually use Earth as our
frame of reference. For example, the velocity of a train relative to Earth or
the ground can be written V..

+ When two motions are involved, the relative velocity equation is
Vac = Vap T Vg Which is a vector addition.

resultant displacement to the time interval, T/av =

Motion 23



Ad, =35 cm [E]

v

Ad,=15 cm [S]

Aﬁs =22 cm [E]
scale:1.0mm=10cm

Figure 9
For question 3

KNOW ?

Particle Accelerators

You have heard of particles such as protons,
neutrons, and electrons. Have you also heard
of quarks, muons, neutrinos, pions, and
kaons? They are examples of tiny elementary
particles that are found in nature. Physicists
have discovered hundreds of these types of
particles and are researching to find out more
about them. To do so, they study the proper-
ties of matter in particle accelerators. These
high-tech, expensive machines use strong
electric fields to cause the particles to reach
extremely high speeds and then collide with
other particles. Analyzing the resulting colli-
sions helps to unlock the mysteries of the
universe.

24 Chapter 1

Section 1.3 Questions

Understanding Concepts

1. (a) Can the magnitude of the displacement of an object from its
original position ever exceed the total distance moved?
Explain.

(b) Can the total distance moved ever exceed the magnitude of
an object’s displacement from its original position? Explain.

2. Cheetahs, the world’s fastest land animals, can run up to about
125 km/h. A cheetah chasing an impala runs 32 m [N], then sud-
denly turns and runs 46 m [W] before lunging at the impala. The
entire motion takes only 2.7 s.

(a) Determine the cheetah’s average speed for this motion.
(b) Determine the cheetah’s average velocity.

3. Air molecules travel at high speeds as they bounce off each other
and their surroundings. In 1.50 ms, an air molecule experiences
the motion shown in Figure 9. For this motion, determine the
molecule’s (a) average speed, and (b) average velocity.

4. How do v,z and v, compare?

5. An airplane pilot checks the instruments and finds that the
velocity of the plane relative to the air is 320 km/h [35° S of E]. A
radio report indicates that the wind velocity relative to the ground
is 75 km/h [E]. What is the velocity of the plane relative to the
ground as recorded by an air traffic controller in a nearby airport?

Making Connections

6. Highway accidents often occur when drivers are distracted by non-
driving activities such as talking on a hand-held phone, listening to
loud music, and reading maps. Some experts fear that the installa-
tion of new technology in cars, such as electronic maps created by
signals from the Global Positioning System (GPS), will cause even
more distraction to drivers. Research more on GPS and other new
technology. Follow the links for Nelson Physics 11, 1.3. Assuming
that money is not an obstacle, how would you design a way of
communicating location, map information, driving times, road con-
ditions, and other details provided by technological advances to
the driver in the safest way possible?

@ www.science.nelson.com

7. A wind is blowing from the west at an airport with an east-west
runway. Should airplanes be travelling east or west as they
approach the runway for landing? Why?

Uniform Acceleration

On the navy aircraft carrier shown in Figure 1, a steam-powered catapult system
can cause an aircraft to accelerate from speed zero to 265 km/h in only 2.0 s!
Stopping a plane also requires a high magnitude of acceleration, although in this
case, the plane is slowing down. From a speed of about 240 km/h, a hook
extended from the tail section of the plane grabs onto one of the steel cables
stretched across the deck, causing the plane to stop in about 100 m. Basic motion
equations can be used to analyze these motions and compare the accelerations of
the aircraft with what you experience in cars and on rides at amusement parks.



Comparing Uniform Motion and Uniformly
Accelerated Motion

You have learned that uniform motion occurs when an object moves at a steady
speed in a straight line. For uniform motion the velocity is constant; a velocity-
time graph yields a horizontal, straight line.

Most moving objects, however, do not display uniform motion. Any change
in an object’s speed or direction or both means that its motion is not uniform.
This nonuniform motion, or changing velocity, is called accelerated motion.
Since the direction of the motion is involved, acceleration is a vector quantity. A
car ride in a city at rush hour during which the car must speed up, slow down,
and turn corners is an obvious example of accelerated motion.

One type of accelerated motion, called uniformly accelerated motion,
occurs when an object travelling in a straight line changes its speed uniformly
with time. Figure 2 shows a velocity-time graph for a motorcycle whose motion
is given in Table 1. (In real life, the acceleration is unlikely to be so uniform, but
it can be close.) The motorcycle starts from rest and increases its speed by 6.0 m/s
every second in a westerly direction.

Table 1
Time (s) 0.0 1.0 2.0 3.0 40
Velocity (m/s [W]) 0.0 6.0 12.0 18.0 24.0

Uniform acceleration also occurs when an object travelling in a straight line
slows down uniformly. (In this case, the object is sometimes said to be deceler-
ating.) Refer to Table 2 below and Figure 3, which give an example of uniform
acceleration in which an object, such as a car, slows down uniformly from
24.0 m/s [E] to 0.0 m/s in 4.0 s.

Table 2
Time (s) 0.0 1.0 2.0 3.0 40
Velocity (m/s [E]) 24.0 18.0 12.0 6.0 0.0

Velocity (m/s [W])

Velocity (m/s [E])

1.4

Figure 1

Pilots of planes that take off from and land
on an aircraft carrier experience high magni-
tudes of acceleration.

accelerated motion: nonuniform motion
that involves change in an object’s speed or
direction or both

uniformly accelerated motion:
motion that occurs when an object travelling
in a straight line changes its speed uniformly
with time

24.0

20.0

16.0

12.0

8.0 1

4.0

{v’ T T T 1
3.0

0 1.0 2.0 40

Time (s)

Figure 2
Uniform acceleration

0 1.0

T
20 3.0 4.0

Time (s)

Figure 3
Uniformly accelerated motion for a car
slowing down
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Figure 4
Nonuniform acceleration

(a)
Velocity
Time
(b)
Velocity i
Time
(c)
Velocity
Time
Figure 5

For question 2
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3.0

4.0

If an object is changing its speed in a nonuniform fashion, its acceleration is
nonuniform. Such motion is more difficult to analyze than motion with uniform
acceleration, but an example of the possible acceleration of a sports car is given
in Table 3 below and Figure 4 for comparison purposes.

Table 3
Time (s) 0.0 1.0 2.0 3.0 4.0
Velocity (m/s [S]) 0.0 10.0 16.0 20.0 22.0

Practice

Understanding Concepts

1. Table 4 shows five different sets of velocities at times of 0.0 s, 1.0 s,
2.0 s, and 3.0 s. Which of them involve uniform acceleration with an
increasing velocity for the entire time? Describe the motion of the

other sets.

Table 4

Time (s) 0.0 1.0 2.0 3.0
(a) Velocity (m/s [E]) 0.0 8.0 16.0 24.0
(b) Velocity (cm/s [W]) 0.0 40 8.0 8.0
(c) Velocity (km/h [N]) 58 58 58 58
(d) Velocity (m/s [W]) 15 16 17 18
(e) Velocity (km/h [S]) 99 66 33 0

2. Describe the motion illustrated in each velocity-time graph shown in
Figure 5. Where possible, use terms such as uniform motion, uniform
acceleration, and increasing or decreasing velocity. In (c), you can
compare the magnitudes.

Try This
Activity
Analyzing Motion Graphs

A cart is pushed so it travels up a straight ramp, stops for an instant,
and then travels back down to the point from which it was first pushed.
Consider the motion just after the force pushing the cart upward is
removed until the cart is caught on its way down. For this activity,
assume that “up the ramp” is the positive direction.

(a) Sketch what you think the d-t, v-t, and &t graphs would be for
the motion of the cart up the ramp.

(b) Repeat (a) for the motion of the cart down the ramp.

(c) Your teacher will set up a motion sensor or a “smart pulley” to
generate the graphs by computer as the cart undergoes the
motion described. Compare your predicted graphs with those
generated by computer.

Be sure the moving cart is caught safely as it completes its
downward motion.

O
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Calculating Acceleration

Acceleration is defined as the rate of change of velocity. Since velocity is a vector acceleration: rate of change of velocity
quantity, acceleration is also a vector quantity. The instantaneous acceleration is

the acceleration at a particular instant. For uniformly accelerated motion, the instantaneous acceleration: acceler-
instantaneous acceleration has the same value as the average acceleration. The ation at a particular instant

average acceleration of an object is found using the equation

average acceleration: change of
velocity divided by the time interval for that
change

) change of velocity
average acceleration = ——————
time interval
_Av
v Ay

a

Since the change of velocity (A7) of a moving object is the final velocity (v;)
minus the initial velocity (7:), the equation for acceleration can be written

Vi Y

a =

v Ar

Sample Problem 1

A motorbike starting from rest and undergoing uniform acceleration reaches a
velocity of 21.0 m/s [N] in 8.4 s. Find its average acceleration.

Solution
v, = 21.0 m/s [N]

v, = 0.0 m/s [N]
At=28.4s
Z21V = ?
- Y
aav = At
_ 21.0m/s [N] = 0.0 m/s [N]

84s
a,, = 2.5m/s? [N]

The bike’s average acceleration is 2.5 m/s? [N], or 2.5 (m/s)/s [N].

In Sample Problem 1, the uniform acceleration of 2.5 m/s?> [N] means that
the velocity of the motorbike increases by 2.5 m/s [N] every second. Thus, the
bike’s velocity is 2.5 m/s [N] after 1.0 s, 5.0 m/s [N] after 2.0 s, and so on.

If an object is slowing down, its acceleration is opposite in direction to the
velocity, which means that if the velocity is positive, the acceleration is negative.
This is illustrated in the sample problem that follows.

Sample Problem 2

A cyclist, travelling initially at 14 m/s [S], brakes smoothly and stops in 4.0 s.
What is the cyclist’s average acceleration?

Solution

Ve = 0m/s [S]

T/i = 14 m/s [S]
At=40s
a =7

av
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Ay = At
_ O0m/s [S] — 14 m/s [S]
4.0s
= —3.5m/s? [S]
a,, = 3.5m/s’ [N]

The cyclist’s average acceleration is 3.5 m/s> [N]. Notice that the direction
“negative south” is the same as the direction “positive north.”

The equation for average acceleration can be rearranged to solve for final
velocity, initial velocity, or time interval, provided that other variables are
known. Some of the following questions will allow you to practise this skill.

Practice

Understanding Concepts

Answers 3. Determine the magnitude of the average acceleration of the aircraft
3. 1.3 x 102 (km/h)/s that takes off from the aircraft carrier described in the first paragraph
f thi ion. - -
5. (a) 59 m/s [E] of this section v

4. Rewrite the equation a,, = to solve for the following:

(b) 75 m/s [E]

(c) 6.0 x 107 s (a) final velocity  (b) initial velocity  (c) time interval
6.2.9x%x102s 5. Calculate the unknown quantities in Table 5.
8. 22 m/s [up] Table 5
Acceleration Initial velocity Final velocity Time interval
(m/s? [E]) (m/s [E]) (m/s [E]) (s)

(a) 8.5 ? 93 40

(b) 0.50 15 ? 120

(c) —0.20 24 12 ?
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. In the second stage of a rocket launch, the rocket’s upward velocity

increased from 1.0 X 103 m/s to 1.0 X 10* m/s, with an average accel-
eration of magnitude 31 m/s2. How long did the acceleration last?

. A truck driver travelling at 90.0 km/h [W] applies the brakes to

prevent hitting a stalled car. In order to avoid a collision, the truck
would have to be stopped in 20.0 s. At an average acceleration of
—4.00 (km/h)/s [W], will a collision occur? Try to solve this problem
using two or three different techniques.

. When a ball is thrown upward, it experiences a downward accelera-

tion of magnitude 9.8 m/s2, neglecting air resistance. With what
velocity must a ball leave a thrower’s hand in order to climb for 2.2 s
before stopping?

Applying Inquiry Skills

9. (a) Estimate your maximum running velocity, and estimate the

average acceleration you undergo from rest to reach that velocity.

(b) Design an experiment to check your estimates in (a). Include the
equations you would use.

(c) Get your design approved by your teacher, and then carry it out.
Compare your results with your estimates.
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Activity
Student Accelerometers

Figure 6 illustrates various designs of an accelerometer, a device used to
determine horizontal acceleration.

(a) Based on the diagrams, what do you think would happen in
each accelerometer if the object to which it is attached acceler-
ated to the right? Explain why in each case.

(b) If you have access to a horizontal accelerometer, discuss its safe
use with your teacher. Then use it to test your answers in (a).
Describe what you discover.

(b)

(c) _ 7 _ (d)

coloured liquid

DID YOU KNOW ?

Electronic Accelerometers

Engineers who want to test their roller
coaster design attach an electronic
accelerometer to one of the coaster cars.
This type of accelerometer measures the
acceleration in three mutually perpendicular
directions. Electronic accelerometers with
computer interfaces are also available for
student use.

DID YOU KNOW ?

Accelerometers in Nature

Fish use hairs that are sensitive to pressure
change as accelerometers. In an attempt to
copy nature’s adaptations, scientists are
experimenting with hairs on the surfaces of
robots to detect changing conditions sur-
rounding them. Eventually, robotic vehicles
and even astronauts may apply the resulting
technology on Mars or the Moon.

Figure 6
Four examples of horizontal accelerometers 200 -
(a) stopper suspended from a protractor 0
(b) liquid in a clear container
(c) liquid in clear tubing 20.0
(d) beads in clear tubing
5 160
Using Velocity-Time Graphs to Find Acceleration = 120
o
You have learned that the slope of a line on a position-time graph indicates the 2 80
= 8

velocity. We use an equation to determine the slope of a line on a velocity-time

graph.
Consider the graph in Figure 7. The slope of the line is constant and is 40

m = A—T/ T T T T 1
At 0 200 40 60 80
240 m/s [E] — 0.0 m/s [E] Time (s)

80s—0.0s i
Figure 7

m = 3.0 m/s? [E] Velocity-time graph
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Velocity (m/s [S])

Velocity (m/s [E])

35

30

25

20

0 50 100 150 200 250
Time (s)

Figure 8
For Sample Problem 3

6.0
4.0
2.0 -
T T T 1
0 02 0.60 1.00 1.40
Time (s)
Figure 9

For question 10

Answers

10. (a) 2.0 m/s [E]; 1.0 m/s [E]
(b) 1.0 x 10" m/s2 [W]
(c) 5.0 m/s? [E]
(d) 5.0 m/s? [E]
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In uniformly accelerated motion, the acceleration is constant, so the slope of the
entire line represents the average acceleration. In equation form,

average acceleration = slope of velocity-time graph  (for uniform acceleration)
o w
Aoy = At
This equation is equivalent to the one used previously for average acceleration:
Ve— 7
f i

a =

av A t

Sample Problem 3

For the motion shown in Figure 8, determine the average acceleration in seg-
ments A, B, and C.

Solution D=7
(a) SegmentA: 4 = f v -
_ 30m/s [S] — 10 m/s [S]
50s—00s

a,, = 4.0 m/s? [S]

The average acceleration is 4.0 m/s? [S].

(b) S B =t
egmentB: g4 = A7
_ 30m/s [S] — 30 m/s [S]
15.0s — 5.0

a,, = 0.0 m/s> [S]

The average acceleration from 5.0 s to 15.0 s is zero.

. T’f B T’i
(c) SegmentC: g4, = A
_0 m/s [S] — 30 m/s [S]
20.0s — 15.0s
a,, = —6.0 m/s? [S], or 6.0 m/s? [N]

The average acceleration is —6.0 m/s? [S], or 6.0 m/s? [N].

For nonuniform accelerated motion, the velocity-time graph for the motion
is not a straight line and the slope changes. In this case, the slope of the graph at
a particular instant represents the instantaneous acceleration.

Practice

Understanding Concepts

10. Use the velocity-time graph in Figure 9 to determine the following:
(a) the velocity at 0.40 s and 0.80 s
(b) the average acceleration between 0.0 s and 0.60 s
(c) the average acceleration between 0.60 s and 1.40 s
(d) the average acceleration between 0.80 s and 1.20 s



11. Sketch a velocity-time graph for the motion of a car travelling south
along a straight road with a posted speed limit of 60 km/h, except in a
school zone where the speed limit is 40 km/h. The only traffic lights are
found at either end of the school zone, and the car must stop at both
sets of lights. (Assume that when t = 0.0 s, the velocity is 60 km/h [S].)

12. The data in Table 6 represent test results on a recently built,
standard transmission automobile. Use the data to plot a fully
labelled, accurate velocity-time graph of the motion from t = 0.0 s to
t = 35.2 s. Assume that the acceleration is constant in each time seg-
ment. Then use the graph to determine the average acceleration in
each gear and during braking.

Table 6

Acceleration mode Change in velocity Time taken for
(km/h [fwd]) the change (s)

first gear 0.0to48 40

second gear 48 to 96 8.9

third gear 96 to 128 17.6

braking 128 10 0.0 47

Using Position-Time Graphs to Find Acceleration

Assume that you are asked to calculate the acceleration of a car as it goes from
0.0 km/h to 100.0 km/h [W]. The car has a speedometer that can be read directly, so
the only instrument you need is a watch. The average acceleration can be calculated
from knowing the time it takes to reach maximum velocity. For instance, if the time
taken is 12 s and if we assume two significant digits, the average acceleration is

G A
v Af
~100.0 km/h [W] — 0.0 km/h [W]
B 12's
a_ = 8.3 (km/h)/s [W]

av

In a science laboratory, however, an acceleration experiment is not so simple.
Objects that move (for example, a cart, a ball, or a metal mass) do not come
equipped with speedometers, so their speeds cannot be found directly. (Motion
sensors can indicate speeds, but they are not always available or convenient.)

One way to solve this problem is to measure the position of the object from
its starting position at specific times. Then a position-time graph can be plotted
and a mathematical technique used to calculate the average acceleration. To
begin, consider Figure 10, which shows a typical position-time graph for a skier

16.0 -

— 120 -

=

1S

g 80- .

= tangent | Ad=50m[l]

o

e 4004 0 oz J'
c T T T 1
0 1.0 20 3.0 4.0

Time (s)

1.4

Answers

12. 12 (km/h)/s [fwd];
5.4 (km/h)/s [fwd];
1.8 (km/h)/s [fwd];
—-27 (km/h)/s [fwd]

Figure 10
Position-time graph of uniform acceleration

Motion 31



tangent technique: a method of deter-
mining velocity on a position-time graph by

drawing a line tangent to the curve and cal-
culating the slope

tangent: a straight line that touches a
curve at a single point and has the same
slope as the curve at that point

instantaneous velocity: velocity that
occurs at a particular instant

Figure 11

Graphing uniform acceleration
(a) Position-time graph

(b) Velocity-time graph

(¢) Acceleration-time graph

32 Chapter 1

starting from rest and accelerating downbhill [{]. Notice that the skier’s displace-
ment in each time interval increases as time increases.

Since the slope of a line on a position-time graph indicates the velocity, we
perform slope calculations first. Because the line is curved, however, its slope
keeps changing. Thus, we must find the slope of the curved line at various times.
The technique we use is called the tangent technique. A tangent is a straight line
that touches a curve at a single point and has the same slope as the curve at that
point. To find the velocity at 2.5 s, for example, we draw a tangent to the curve at
that time. For convenience, the tangent in our example is drawn so that its At
value is 1.0 s. Then the slope of the tangent is

L _Ad
At
_50m 4]
1.0s
m=5.0m/s [{]

That is, the skier’s velocity at 2.5 s is 5.0 m/s L.

This velocity is known as an instantaneous velocity, one that occurs at a
particular instant. Refer to Figure 11(a), which shows the same position-time
graph with some tangents drawn and velocities shown.

In Figure 11(b), the instantaneous velocities calculated from the position-
time graph are plotted on a velocity-time graph. Notice that the line is extended
to 4.0 s, the same final time as that found on the position-time graph. The slope
of the line on the velocity graph is then calculated and used to plot the accelera-
tion-time graph, shown in Figure 11(c).

(a)
16.0

slope at3.5s

Ad =70m[l] Vass = 7.0m/s [L]

12.0

______ 1 Vyss =5.0m/s[U]

=
1S
‘g' 8.0 - slope at2.5s =
E= ) IAd =50m[l] .
3 Ad=10m[}] Slopeatl5s | Vise =3.0m/s[1]
w0t N o
slope at0.5s IAd =3.0m[l] .
______ | Voss =1.0m/s [{]
{:_V______l T T 1
0 1.0 20 3.0 4.0
Time (s)
(b)
8.0
— 60
=
@
£ 401
=y
[&]
=]
2 20
(‘ T T T 1
0 1.0 20 3.0 4.0
Time (s)
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Acceleration
(m/s2 [1])

T
0 1.0 20 3.0 4.0
Time (s)

An acceleration-time graph can be used to find the change of velocity during
various time intervals. This is accomplished by determining the area under the
line on the acceleration-time graph.

A=lw
= a, (A1)
=(2.0m/s2[1])(2.0s)
A=40m/s [{]

The area of the shaded region in Figure 11(c) is 4.0 m/s [{]. This quantity rep-
resents the skier’s change of velocity from ¢ = 1.0 s to t = 3.0 s. In other words,

AV =13, (At)

In motion experiments involving uniform acceleration, the velocity-time
graph should yield a straight line. However, because of experimental error, this
might not occur. If the points on a velocity-time graph of uniform acceleration
do not lie on a straight line, draw a straight line of best fit, and then calculate its
slope to find the acceleration.

Practice

Understanding Concepts

13. Table 7 shows a set of position-time data for uniformly accelerated

motion.

(a) Plot a position-time graph.

(b) Find the slopes of tangents at appropriate times.

(c) Plot a velocity-time graph.

(d) Plot an acceleration-time graph.

(e) Determine the area under the line on the velocity-time graph and
then on the acceleration-time graph. State what these two areas
represent.

Attempting Uniform Acceleration

Various methods are available to gather data to analyze the position-time
relationship of an object in the laboratory. For example, you can analyze the dots
created as a puck slides down an air table raised slightly on one side, or the dots
created by a ticker-tape timer on a paper strip attached to a cart rolling down an
inclined plane (Figure 12). A computer-interfaced motion sensor can also be
used to determine the positions at pre-set time intervals as a cart accelerating
down an inclined plane moves away from the sensor. Or a picket fence mounted

1.4

Table 7
Time (s) Position (m [N])
0.0 0.0
2.0 8.0
40 32.0
6.0 72.0
8.0 128.0
Answers

13. (e) 1.3 x 102 m [N]; 32 m/s [N]

INQUIRY SKILLS

O Questioning
O Hypothesizing
O Predicting

O Planning

© Conducting

© Recording
© Analyzing
Q Evaluating
© Communicating
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Figure 12
Using a ticker-tape timer to determine accel-
eration in the laboratory
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on the cart can be used with a photogate system. Yet another method involves the
frame-by-frame analysis of a videotape of the motion. The following investiga-
tion shows analysis using a ticker-tape timer, but this investigation can be easily
modified for other methods of data collection. If you choose to use a picket fence
with the photogate method, you may want to look ahead to Investigation 1.5.1,
where the procedure for analysis using this equipment is given.

Question

What type of motion (uniform motion, uniform acceleration, or nonuniform
acceleration) is experienced by an object moving down an inclined plane?

Hypothesis/Prediction

(a) Make a prediction to answer the Question.

Try to provide some reasoning for your prediction. Ask yourself questions such
as: What causes acceleration? How can you make something accelerate at a
greater rate? at a lower rate? What effect will friction have? Relate these ideas to
the inclined plane example. Be sure to do this step before starting so that you will
have something to compare your results with.

Materials

ticker-tape timer and ticker tape
dynamics cart or smooth-rolling toy truck
one 2-m board

bricks or books

clamp

masking tape

Procedure

1. Set up an inclined plane as shown in Figure 12. Clamp the timer near the
top of the board. Set up a fixed stop at the bottom of the board.

2. Obtain a length of ticker tape slightly shorter than the incline. Feed the tape
through the timer and attach the end of the tape to the back of the cart.

3. Turn on the timer and allow the cart to roll down the incline for at least
1.0 s. Have your partner stop the cart.

4. Record the time intervals for the dots on the tape.

5. Choose a clear dot at the beginning to be the reference point at a time of
0.00 s. The timer likely makes dots at a frequency of 60 Hz. The time

interval between two points is therefore é s. For convenience, mark off
intervals every six dots along the tape so that each interval represents 0.10 s.

6. Measure the position of the cart with respect to the reference point after
each 0.10 s, and record the data in a position-time table.



Analysis

(b) Plot the data on a position-time graph. Draw a smooth curve that fits the
data closely.

(c) Use the tangent technique to determine the instantaneous velocity of the
cart every 0.20 s at five specific times. Use these results to plot a velocity-
time graph of the motion.

(d) If the velocity-time graph is a curve, use the tangent method to determine
acceleration values every 0.20 s and plot an acceleration-time graph. If the
velocity-time graph is a straight line, what does this reveal about the
motion? How can you determine the acceleration of the cart?

(e) Calculate the area under the line on the velocity-time graph and state what
that area represents. Compare this value with the actual measured value.

(f) Use your results to plot an acceleration-time graph and draw a line of
best fit.

(g) What type of motion do your results show? If any aspect of the motion is
constant, state the corresponding numerical value.

Evaluation

(h) What evidence is there to support your answer to the Question? Refer to
the shapes of your three graphs.

(i) Do your results reflect an object experiencing uniform acceleration? How
can you tell?

(j) Describe any sources of error in this experiment. (To review errors, refer to
Appendix A.)

(k) If you were to perform this experiment again, what would you do to
improve the accuracy of your results?

Synthesis

In this investigation, graphing is suggested for determining the acceleration.
However, it is possible to apply the defining equation for average acceleration to
determine the acceleration of the moving object.

(1) Describe how you would do this, including the assumption(s) that you
must make to solve the problem. (Hint: How would you obtain a fairly
accurate value of v?)

Analysis for Other Methods of Data Gathering

Motion Sensor

If a motion sensor is used, the position-time graph will be constructed using the
computer. Tangent tools can be used to determine the instantaneous velocities.
Depending on the experiment template used, interfacing software can be used to
plot all or part of the data automatically.

Video Analysis

If a videotape of the motion is used, it can be analyzed either using a software
program designed for this purpose or manually by moving frame by frame
through the videotape and making measurements on a projection. Depending
on the instructions, data obtained manually from the projected images can be
analyzed as above or using a computer graphing program. For either method, be
sure to accurately scale the measurements in order to get correct results.

Motion

1.4
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(a)

Position
0 Time
(b)
Position
0 Time
(c) _
Velocity
0 Time
Figure 13
For question 1
Table 8
Time (s) Position (mm [W])
0.0 0.0
0.10 3.0
0.20 12.0
0.30 27.0
0.40 48.0
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NS ENAE Uniform Acceleration

+ Uniformly accelerated motion occurs when an object, travelling in a
straight line, changes its speed uniformly with time. The acceleration can

be one that is speeding up or slowing down. . -7
. . A ¥ - _ 't i
* The equation for average acceleration is a,, = Ve Ay

+ On a velocity-time graph of uniform acceleration, the slope of the line
represents the average acceleration between any two times.

+ A position-time graph of uniform acceleration is a curve whose slope
continually changes. Tangents to the curve at specific times indicate the
instantaneous velocities at these times, which can be used to determine the
acceleration.

* You should be able to determine the acceleration of an accelerating object
using at least one experimental method.

Section 1.4 Questions

Understanding Concepts

1.
2.

Describe the motion in each graph in Figure 13.

State what each of the following represents:

(a) the slope of a tangent on a position-time graph of
nonuniform motion

(b) the slope of a line on a velocity-time graph

(c) the area under the line on an acceleration-time graph

. Under what condition can an object have an eastward velocity

and a westward acceleration at the same instant?

. The world record for motorcycle acceleration occurred when it

took a motorcycle only 6.0 s to go from rest to 281 km/h [fwd].
Calculate the average acceleration in

(a) kilometres per hour per second
(b) metres per second squared

. One of the world’s fastest roller coasters has a velocity of

8.0 km/h [fwd] as it starts its descent on the first hill. Determine
the coaster’s maximum velocity at the base of the hill, assuming
the average acceleration of 35.3 (km/h)/s [fwd] lasts for 4.3 s.

. With what initial velocity must a badminton birdie be travelling if

in the next 0.80 s its velocity is reduced to 37 m/s [fwd],
assuming that air resistance causes an average acceleration of
-46 m/s? [fwd]?

. Table 8 is a set of position-time data for uniform acceleration.

(a) Plot a position-time graph.

(b) Determine the instantaneous velocity at several different
times by finding the slopes of the tangents at these points on
the graph.

(c) Plot a velocity-time graph.

(d) Plot an acceleration-time graph.

(e) Determine the area under the line on the velocity-time graph
and then on the acceleration-time graph.



8. Figure 14 shows three accelerometers attached to carts that are
in motion. In each case, describe two possible motions that
would create the condition shown.

(a) (b) (c)

stopper coloured liquid
Figure 14

Making Connections
9. During part of the blastoff of a space shuttle, the velocity of the
shuttle changes from 125 m/s [up] to 344 m/s [up] in 2.30 s.
(a) Determine the average acceleration experienced by the
astronauts on board during this time interval.

(b) This rate of acceleration would be dangerous if the
astronauts were standing or even sitting vertically in the
shuttle. What is the danger? Research the type of training
that astronauts are given to avoid the danger.

Reflecting

10. Describe the most common difficulties you have in applying the
tangent technique on position-time graphs. What do you do to
reduce these difficulties?

11. Think about the greatest accelerations you have experienced.
Where did they occur? Did they involve speeding up or slowing
down? What effects did they have on you?

Acceleration Near Earth’s Surface

Amusement park rides that allow passengers to drop freely toward the ground
attract long lineups (Figure 1). Riders are accelerated toward the ground until a
braking system causes the cars to slow down over a small distance.

If two solid metal objects of different masses, 20 g and 1000 g, for example,
are dropped from the same height above the floor, they land at the same time.
This fact proves that the acceleration of falling objects near the surface of Earth
does not depend on mass.

It was Galileo Galilei who first proved that, if we ignore the effect of air
resistance, the acceleration of falling objects is constant. He proved this
experimentally by measuring the acceleration of metal balls rolling down a ramp.
Galileo found that, for a constant slope of the ramp, the acceleration was con-
stant—it did not depend on the mass of the metal ball. The reason he could not
measure vertical acceleration was that he had no way of measuring short periods
of time accurately. You will appreciate the difficulty of measuring time when you
perform the next experiment.

15

Figure 1

The Drop Zone at Paramount Canada’s
Wonderland, north of Toronto, allows the
riders to accelerate toward the ground freely
for approximately 3 s before the braking
system causes an extreme slowing down.
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acceleration due to gravity: the
vector quantity 9.8 m/s? [down], represented
by the symbol g

w 0g

j",'l-a

Figure 2
A typical vertical accelerometer for
student use

Answers

1. (a) 29 m/s []
(b) 59 m/s [{]

2. (a) 18 m/s [{]
(b) 26 m/s [{]
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Had Galileo been able to evaluate the acceleration of freely falling objects
near Earth’s surface, he would have measured it to be approximately 9.8 m/s?
[down]. This value does not apply to objects influenced by air resistance. It is an
average value that changes slightly from one location on Earth’s surface to
another. It is the acceleration caused by the force of gravity.

The vector quantity 9.8 m/s? [down], or 9.8 m/s2 [{], occurs so frequently in
the study of motion that from now on, we will give it the symbol g which repre-
sents the acceleration due to gravity. (Do not confuse this g with the g used as
the symbol for “gram.”) More precise magnitudes of g are determined by scien-
tists throughout the world. For example, at the International Bureau of Weights
and Measures in France, experiments are performed in a vacuum chamber in
which an object is launched upwards by using an elastic. The object has a system
of mirrors at its top and bottom that reflect laser beams used to measure time
of flight. The magnitude of g obtained using this technique is 9.809 260 m/s?.
Galileo would have been pleased with the precision!

In solving problems involving the acceleration due to gravity, a,, = 9.8 m/s?
[down] can be used if the effect of air resistance is assumed to be negligible.
When air resistance on an object is negligible, we say the object is “falling freely.”

Try This _
Activity
A Vertical Accelerometer

Vertical accelerometers, available commercially in kit form, can be used
to measure acceleration in the vertical direction (Figure 2).
(a) Predict the reading on the accelerometer if you held it and
* kept it still
* moved it vertically upward at a constant speed
* moved it vertically downward at a constant speed
(b) Predict what happens to the accelerometer bob if you
* thrust the accelerometer upward
» dropped the accelerometer downward
(c) Use an accelerometer to test your predictions in (a) and (b).
Describe what you discover.
(d) How do you think this device could be used on amusement park
rides?

Practice

Understanding Concepts

1. In a 1979 movie, a stuntman leaped from a ledge on Toronto’s CN
Tower and experienced free fall for 6.0 s before opening the safety
parachute. Assuming negligible air resistance, determine the
stuntman’s velocity after falling for (a) 3.0 s and (b) 6.0 s.

2. A stone is thrown from a bridge with an initial vertical velocity of
magnitude 4.0 m/s. Determine the stone’s velocity after 2.2 s if the
direction of the initial velocity is (a) upward and (b) downward.
Neglect air resistance.




Acceleration Due to Gravity

As with Investigation 1.4.1, there are several possible methods for obtaining
position-time data of a falling object in the laboratory. The ticker-tape timer, the
motion sensor, and the videotape were suggested before. In this investigation, a
picket fence and photogate can also be used to get very reliable results. If possible,
try to use a different method from that used in the previous investigation. Here,
the analysis will be shown for the picket fence and photogate method. If other
methods of data collection are used, refer back to Investigation 1.4.1 for analysis.

Question
What type of motion is experienced by a free-falling object?

Hypothesis/Prediction

(a) How will this motion compare with that on the inclined plane studied in
Investigation 1.4.1? Make a prediction with respect to the general type of
motion and the quantitative results.

Also, think about how the motion will differ if the mass of the object is altered.

Materials

picket fence with photogate
computer interfacing software

light masses to add to the picket fence
masking tape

Procedure
1. Open the interface software template designed for use with a picket fence.

2. Obtain a picket fence and measure the distance between the leading edges
of two bands as shown in Figure 3. Enter this information into the appro-
priate place in the experimental set-up window.

3. Before performing the experiment, become familiar with the picket fence
and the software to find out how the computer obtains the values shown.

4. Enable the interface and get a pad ready for the picket fence to land on.

5. Hold the picket fence vertically just above the photogate. Drop the picket
fence straight through the photogate and have your partner catch it.

6. After analyzing this trial, tape some added mass to the bottom of the picket
fence and repeat the experiment.

Analysis

(b) The position-time data should appear automatically on the computer
screen. Look at the position-time graph of the data collected. What type of
motion is represented by the graph?

(c) Look at the velocity-time graph. What type of motion does it describe?

(d) Determine the average acceleration from the velocity-time graph.

(e) What type of motion is experienced by a free-falling object? State the
average acceleration of the picket fence. How did the acceleration of the
heavier object compare with that of the lighter one?

15

INQUIRY SKILLS

| O Questioning

O Recording
O Hypothesizing O Analyzing
O Predicting Q Evaluating
O Planning © Communicating

© Conducting

Figure 3

A picket fence is a clear strip of plastic with
several black wide bands marked at regular
intervals along the length. The black bands
interrupt the beam of the photogate. As each
band interrupts the beam, it triggers a clock
to measure the time required for the picket
fence to travel a distance equal to the
spacing between the leading edges of two
successive bands. Picket fences can be used
with computer software applications or with
stand-alone timing devices.

Motion 39



DID YOU KNOW ?

Escape Systems

One area of research into the effect of accel-
eration on the human body deals with the
design of emergency escape systems from
high-performance aircraft. In an emergency,
the pilot would be shot upward away from
the damaged plane from a sitting position
through an escape hatch. The escape system
would have to be designed to produce a high
enough acceleration to quickly remove a pilot
from danger, but not too high that the accel-
eration would cause injury to the pilot.

Figure 4
This 1941 photograph shows W.R. Franks in
the “anti-gravity” suit he designed.

Figure 5
An astronaut participates in a launch simula-
tion exercise as two crew members assist.
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Evaluation

(f) Explain how the computer calculates the velocity values. Are these average
or instantaneous velocities?

(g) What evidence is there to support your answer to the Question? Refer to
shapes of three graphs.

(h) Look back in this text for the type of motion that a free-falling object
should experience and the accepted value for the acceleration due to
gravity on Earth’s surface. How do your results compare with the accepted
value? Determine the percentage error between the experimental value for
the acceleration due to gravity and the accepted value.

(i) Are your results the same as what you predicted? If not, what incorrect
assumption did you make?

(j) Identify any sources of error in this investigation. Do they reasonably
account for the percentage error for your results?

(k) How does the mass of an object affect its acceleration in a free-fall
situation?

(I) If you were to repeat the investigation, what improvements could you make
in order to increase the accuracy of the results?

Applications of Acceleration

Galileo Galilei began the mathematical analysis of acceleration, and the topic has
been studied by physicists ever since. However, only during the past century has
acceleration become a topic that relates closely to our everyday lives.

The study of acceleration is important in the field of transportation.
Humans undergo acceleration in automobiles, airplanes, rockets, amusement
park rides, and other vehicles. The acceleration in cars and passenger airplanes is
usually small, but in a military airplane or a rocket, it can be great enough to
cause damage to the human body. A person can faint when blood drains from the
head and goes to the lower part of the body. In 1941, a Canadian pilot and
inventor named W.R. Franks designed an “anti-gravity” suit to prevent pilot
blackouts in military planes undergoing high-speed turns and dives. The suit had
water encased in the inner lining to prevent the blood vessels from expanding
outwards (Figure 4).

Modern experiments have shown that the maximum acceleration a human
being can withstand for more than about 0.5 s is approximately |30§| (the
vertical bars represent the magnitude of the vector, in this case, 294 m/s?).
Astronauts experience up to | 10:g)| (98 m/s?) for several seconds during a rocket
launch. At this acceleration, if the astronauts were standing, they would faint
from loss of blood to the head. To prevent this problem, astronauts must sit hor-
izontally during blastoft (Figure 5).

In our day-to-day lives, we are more concerned with braking in cars and
other vehicles than with blasting off in rockets. Studies are continually being
done to determine the effect on the human body when a car has a collision or
must stop quickly. Seatbelts, headrests, and airbags help prevent many injuries
caused by rapid braking (Figure 6).

In the exciting sport of skydiving, the diver jumps from an airplane and
accelerates toward the ground, experiencing free fall for the first while (Figure 7).
While falling, the skydiver’s speed will increase to a maximum amount called
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terminal speed. Air resistance prevents a higher speed. At terminal speed, the
diver’s acceleration is zero; in other words, the speed remains constant. For
humans, terminal speed in air is about 53 m/s or 190 km/h. After the parachute
opens, the terminal speed is reduced to between 5 m/s and 10 m/s.

Terminal speed is also important in other situations. Certain plant seeds,
such as dandelions, act like parachutes and have a terminal speed of about
0.5 m/s. Some industries take advantage of the different terminal speeds of var-
ious particles in water when they use sedimentation to separate particles of rock,
clay, or sand from one another. Volcanic eruptions produce dust particles of dif-
ferent sizes. The larger dust particles settle more rapidly than the smaller ones.
Thus, very tiny particles with low terminal speeds travel great horizontal dis-
tances around the world before they settle. This phenomenon can have a serious
effect on Earth’s climate.

Practice

Understanding Concepts

3. Sketch the general shape of a velocity-time graph for a skydiver who
accelerates, then reaches terminal velocity, then opens the parachute
and reaches a different terminal velocity. Assume that downward is
positive.

NS NNE Acceleration Near Earth’s Surface

+ On average, the acceleration due to gravity on Earth’s surface is
g = 9.8 m/s? [{]. This means that in the absence of air resistance,
an object falling freely toward Earth accelerates at 9.8 m/s? [{].
+ Various experimental ways can be used to determine the local value of g.
+ The topic of accelerated motion is applied in various fields, including
transportation and the sport of skydiving.

15

Figure 6

As the test vehicle shown crashes into a bar-
rier, the airbag being researched expands
rapidly and prevents the dummy’s head from
striking the windshield or steering wheel.
After the crash, the airbag deflates quickly so
that, in a real situation, the driver can
breathe.

terminal speed: maximum speed of a
falling object at which point the speed
remains constant and there is no further
acceleration

Figure 7

This skydiver experiences “free fall” immedi-
ately upon leaving the aircraft, but reaches
terminal speed later.

Motion 41
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Section 1.5 Questions

Understanding Concepts
1. An apple drops from a tree and falls freely toward the ground.

Sketch the position-time, velocity-time, and acceleration-time
graphs of the apple’s motion, assuming that (a) downward is
positive, and (b) upward is positive.

. An astronaut standing on the Moon drops a feather, initially at

rest, from a height of over 2.0 m above the Moon's surface. The
feather accelerates downward, just as a ball or any other object
would on Earth. In using frame-by-frame analysis of a videotape
of the falling feather, the data in Table 1 are recorded.

Table 1
Time (s) 0.000 0.400 0.800 1.200 1.600
Position (m [down]) 0.0 0.128 0.512 1.512 2.050

(a) Use the data to determine the acceleration due to gravity on
the Moon.

(b) Why can a feather accelerate at the same rate as all other
objects on the Moon?

. Give examples to verify the following statement: “In general,

humans tend to experience greater magnitudes of acceleration
when slowing down than when speeding up.”

. Sketch an acceleration-time graph of the motion toward the

ground experienced by a skydiver from the time the diver leaves
the plane and reaches terminal speed. Assume downward is
positive.

. During a head-on collision, the airbag in a car increases the time

for a body to stop from 0.10 s to 0.30 s. How will the airbag
change the magnitude of acceleration of a person travelling ini-
tially at 28 m/s?

Applying Inquiry Skills
6. Two student groups choose different ways of performing an

experiment to measure the acceleration due to gravity. Group A
chooses to use a ticker-tape timer with a mass falling toward the
ground. Group B chooses to use a motion sensor that records the
motion of a falling steel ball. If both experiments are done well,
how will the results compare? Why?

. Describe how you would design and build an accelerometer that

measures vertical acceleration directly using everyday materials.

Making Connections
8. Today's astronauts wear an updated version of the anti-gravity

suit invented by W.R. Franks. Research and describe why these
suits are required and how they were developed. Follow the links
for Nelson Physics 11, 1.5.

www.science.nelson.com



Solving Uniform Acceleration
Problems

Now that you have learned the definitions and basic equations associated with
uniform acceleration, it is possible to extend your knowledge so that you can
solve more complex problems. In this section, you will learn how to derive and
use some important equations involving the following variables: initial velocity,
final velocity, displacement, time interval, and average acceleration. Each equa-
tion derived will involve four of these five variables and thus will have a different
purpose. It is important to remember that these equations only apply to uni-
formly accelerated motion.
The process of deriving equations involves three main stages:

1. State the given facts and equations.
2. Substitute for the variable to be eliminated.

3. Simplify the equation to a convenient form.

The derivations involve two given equations. The first is the equation that

- -

Vf -

At
applying the fact that the area under the line on a velocity-time graph indicates
the displacement. Figure 1 shows a typical velocity-time graph for an object that
undergoes uniform acceleration from an initial velocity (T/i) to a final velocity (T/f)
during a time (A¢). The shape of the area under the line is a trapezoid, so the area
is Ad = (v, + v)At (The area of a trapezoid is the product of the average length
of the two parallel sides and the perpendicular distance between them.)

Notice that the defining equation for the average acceleration has four of the
five possible variables (Ad is missing), and the equation for displacement also has
four variables (a,, is missing). These two equations can be combined to derive
three other uniform acceleration equations, each of which involves four vari-
ables. (Two such derivations are shown next, and the third one is required in a
section question.)

To derive the equation in which 7; is eliminated, we rearrange the defining
equation of acceleration to get

i

defines average acceleration, a,, = . A second equation can be found by

Ve= v+ a At

Substituting this equation into the equation for displacement eliminates ;.
- 1 - >
Ad = B (v, + vpAt
— LG 4543 a0
=7 (v, + v, + a, ADAL

= % (v, + a, AnAt
a, (A2

Ad = At +
Next, we derive the equation in which At is eliminated. This derivation is
more complex because using vector notation would render the results invalid.
(We would encounter mathematical problems if we tried to multiply two vec-
tors.) To overcome this problem, only magnitudes of vector quantities are used,

1.6

7
>
z area 2
2 >
o VT
>

area 1
Time

Figure 1

A velocity-time graph of uniform acceleration

KNOW ?

An Alternative Calculation

In Figure 1, the area can also be found by
adding the area of the triangle to the area

of the rectangle beneath it.
Ad = area 1 + area 2

= Iw + 3bh
= VAL + 3 — )AL

= VAL + ;v At — VAL

Ad= (% + WAt

Motion
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and directions of vectors involved will be decided based on the context of the
situation. This resulting equation is valid only for one-dimensional, uniform
acceleration. From the defining equation for average acceleration,

Ve —

V.
At =———  which can be substituted into the equation for displacement

aav

Ad = (v + WAt

Ve — V.
£ ‘) (v + v) and (v; — v,) are factors

1
=—(nt+ V-)(
2 ' av

of the difference of two squares

Therefore, v;2 = v? + 2a, Ad
The equations for uniform acceleration are summarized for your conven-

ience in Table 1. Applying the skill of unit analysis to the equations will help you
check to see if your derivations are appropriate.

Table 1 Equations for Uniformly Accelerated Motion

Variables involved General equation Variable eliminated
- il -
G Vi Vi At av = At Ad
S . L G lA -
Ad, v, a,, At Ad=vAt+ 2 7
Ad ¥, ¥, At Ad=T, At or EN
- 1 -
Ad= E(Vi + V)AL
V., 3, Ad v? =v2+2a,Ad At
. Lo G AR -
Ad, v, At a,, Ad=VyAt-—" v

Sample Problem 1

Starting from rest at t = 0.0 s, a car accelerates uniformly at 4.1 m/s? [S]. What
is the car’s displacement from its initial position at 5.0 s?

Solution

a. =4.1m/s?[S]
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- - 1 - 2
Ad = vAt + B a, At

= (0.0 m/s)(5.0s) + %(4.1 m/s2[S])(5.0 5)?
Ad=51m][S]

The car’s displacement at 5.0 s is 51 m [S].

In Sample Problem 1, as in many motion problems, there is likely more than
one method for finding the solution. Practice is necessary to help you develop
skill in solving this type of problem efficiently.

Sample Problem 2

An Olympic diver falls from rest from the high platform. Assume that the fall is
the same as the official height of the platform above water, 10.0 m. At what
velocity does the diver strike the water?

Solution

Since no time interval is given or required, the equation to be used involves v?,
so we will not use vector notation for our calculation. Both the acceleration and
the displacement are downward, so we choose downward to be positive.

v, = 0.0 m/s
Ad= +10.0m
a,, = +9.8 m/s?
=1

vf2 = viz + 2a,, Ad
(0.0 m/s)? + 2(9.8 m/s2)(10.0 m)
vf2 = 196 m?/s?

+ 14 m/s

Ve

The diver strikes the water at a velocity of 14 m/s 1.

Human Reaction Time

Earth’s acceleration due to gravity can be used to determine human reaction time
(the time it takes a person to react to an event that the person sees). Determine
your own reaction time by performing the following activity. Your partner will
hold a 30 cm wooden ruler or a metre stick at a certain position, say the 25 cm
mark, in such a way that the ruler is vertically in line with your thumb and index
finger (Figure 2). Now, as you look at the ruler, your partner will drop the ruler
without warning. Grasp it as quickly as possible. Repeat this several times for
accuracy, and then find the average of the displacements the ruler falls before you
catch it.

Figure 2
Determining reaction time

<

1.6
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(a) Knowing that the ruler accelerates from rest at 9.8 m/s? [{] and the
displacement it falls before it is caught, calculate your reaction time using
the appropriate uniform acceleration equation.

(b) Compare your reaction time with that of other students.
(c) Assuming that your leg reaction time is the same as your hand reaction
time, use your calculated value to determine how far a car you are driving

at 100 km/h would travel between the time you see an emergency and the
time you slam on the brakes. Express the answer in metres.

(d) Repeat the procedure while talking to a friend this time. This is to simulate
distraction by an activity, such as talking on a hand-held phone, while
driving.

S OVIIEVAEY Solving Uniform Acceleration Problems

+ Starting with the defining equation of average acceleration, 4, VI

and a velocity-time graph of uniform acceleration, equations involving
uniform acceleration can be derived. The resulting equations, shown in
Table 1, can be applied to find solutions to a variety of motion problems.

Section 1.6 Questions

Understanding Concepts

1. In an acceleration test for a sports car, two markers 0.30 km apart
were set up along a road. The car passed the first marker with a
velocity of 5.0 m/s [E] and passed the second marker with a
velocity of 33.0 m/s [E]. Calculate the car’s average acceleration
between the markers.

2. A baseball travelling at 26 m/s [fwd] strikes a catcher’s mitt and
comes to a stop while moving 9.0 cm [fwd] with the mitt.
Calculate the average acceleration of the ball as it is stopping.

3. A plane travelling at 52 m/s [W] down a runway begins acceler-
ating uniformly at 2.8 m/s2 [W].
(a) What is the plane’s velocity after 5.0 s?
(b) How far has it travelled during this 5.0 s interval?

4. A skier starting from rest accelerates uniformly downhill at
1.8 m/s? [fwd]. How long will it take the skier to reach a point
95 m [fwd] from the starting position?

5. For a certain motorcycle, the magnitude of the braking accelera-
tion is | 4g|. If the bike is travelling at 32 m/s [S],
(a) how long does it take to stop?
(b) how far does the bike travel during the stopping time?

6. (a) Use the process of substitution to derive the uniform acceler-

ation equation in which the initial velocity has been omitted.
(b) An alternative way to derive the equation in which the initial

velocity, T/i, is eliminated is to apply the fact that the area on
a velocity-time graph indicates displacement. Sketch a
velocity-time graph (like the one in Figure 1 of section 1.6)
and use it to derive the equation required. (Hint: Find the
area of the large rectangle on the graph, subtract the area of
the top triangle, and apply the fact that v; — v, = aAt.)
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7. A car travelling along a highway must uniformly reduce its
velocity to 12 m/s [N] in 3.0 s. If the displacement travelled during
that time interval is 58 m [N], what is the car’s average accelera-
tion? What is its initial velocity?

Applying Inquiry Skills
8. Make up a card or a piece of other material such that, when it is
dropped in the same way as the ruler in Activity 1.6.1, the calibra-

tions on it indicate the human reaction times. Try your calibrated
device.

9. Design an experiment to determine the maximum height you can
throw a ball vertically upward. This is an outdoor activity,
requiring the use of a stopwatch and an appropriate ball, such as
a baseball. Assume that the time for the ball to rise (or fall) is half
the total time. Your design should include the equations you will
use and any safety considerations. Get your teacher’s approval
and then perform the activity. After you have calculated the
height, calculate how high you could throw a ball on Mars. The
maghnitude of the acceleration due to gravity on the surface of
Mars is 3.7 m/s2.

Making Connections

10. How could you use the device suggested in question 8 as a way
of determining the effect on human reaction time of taking a cold
medication that causes drowsiness?

Reflecting

11. This chapter involves many equations, probably more than any
other chapter in this text. Describe the ways that you and others
in your class learn how to apply these equations to solve
problems.

12. Visual learners tend to like the graphing technique for deriving
acceleration equations, and abstract learners tend to like the sub-
stitution technique. Which technique do you prefer? Why?

Motion 47



Chapter 1

Key Expectations

Throughout this chapter, you have had
opportunities to

define and describe concepts and units related to
motion (e.g., vector quantities, scalar quantities, dis-
placement, uniform motion, instantaneous and average
velocity, uniform acceleration, and instantaneous and
average acceleration); (1.1, 1.2, 1.3, 1.4, 1.5, 1.6)
describe and explain different kinds of motion, and
apply quantitatively the relationships among displace-
ment, velocity, and acceleration in specific contexts,
including vertical acceleration; (1.2, 1.3, 1.4, 1.5, 1.6)
analyze motion in the horizontal plane in a variety of
situations, using vector diagrams; (1.2, 1.3)

interpret patterns and trends in data by means of
graphs drawn by hand or by computer, and infer or cal-
culate linear and non-linear relationships among vari-
ables (e.g., analyze and explain the motion of objects,
using position-time graphs, velocity-time graphs, and
acceleration-time graphs); (1.2, 1.4, 1.5, 1.6)

evaluate the design of technological solutions to trans-
portation needs (e.g., the safe following distances of

vehicles); (1.2,1.3,1.5)

Key Terms

kinematics

uniform motion
nonuniform motion
scalar quantity

base unit

derived unit
instantaneous speed
average speed
vector quantity
position
displacement
velocity

average velocity
resultant displacement
frame of reference

48 Chapter 1

Summary

relative velocity

accelerated motion

uniformly accelerated
motion

acceleration

instantaneous
acceleration

average acceleration

tangent technique

tangent

instantaneous velocity

acceleration due to
gravity

terminal speed

Make a

Summary

Almost all the concepts in this chapter can be repre-
sented on graphs or by scale diagrams. On a single
piece of paper, draw several graphs and scale dia-
grams to summarize as many of the key words and
concepts in this chapter as possible. Where appro-
priate, include related equations on the graphs and
diagrams.

Reflecty earning

Revisit your answers to the Reflect on Your Learning questions

at the beginning of this chapter.

+ How has your thinking changed?
+ What new questions do you have?



Review

Chapter 1

Understanding Concepts

1. Describe the differences between uniform and non-
uniform motion. Give a specific example of each type
of motion.

2. Laser light, which travels in a vacuum at 3.00 X 103 m/s,
is used to measure the distance from Earth to the Moon
with great accuracy. On a clear day, an experimenter
sends a laser signal toward a small reflector on the Moon.
Then, 2.51 s after the signal is sent, the reflected signal is
received back on Earth. What is the distance between
Earth and the Moon at the time of the experiment?

3. The record lap speed for car racing is about 112 m/s
(or 402 km/h). The record was set on a track 12.5 km in
circumference. How long did it take the driver to com-
plete one lap?

4. A fishing boat leaves port at 04:30 A.M. in search of the
day’s catch. The boat travels 4.5 km [E], then 2.5 km [S],
and finally 1.5 km [W] before discovering a large school
of fish on the sonar screen at 06:30 A.M.

(a) Draw a vector scale diagram of the boat’s motion.
(b) Calculate the boat’s average speed.
(c) Determine the boat’s average velocity.

5. State what is represented by each of the following

calculations:

(a) the slope on a position-time graph

(b) the area on a velocity-time graph

(c) the area on an acceleration-time graph

6. Table 1 shows data recorded in an experiment involving
motion.

Table 1
Time (s) 000 010 020 030 040 050 060
Position (cm[W]) 0 25 50 75 75 75 0

(a) Use the data to plot a position-time graph of the
motion. Assume that the lines between the points
are straight.

(b) Use the graph from (a) to find the instantaneous
velocity at times 0.10 s, 0.40 s, and 0.55 s.

(c) Plot a velocity-time graph of the motion.

(d) Find the total area between the lines and the time-
axis on the velocity-time graph. Does it make sense
that this area indicates the resultant displacement?

7. A ferry boat is crossing a river that is 8.5 x 10> m wide.
The average velocity of the water relative to the shore is
3.8 m/s [E] and the average velocity of the boat relative
to the water is 4.9 m/s [S].

(a) Determine the velocity of the ferry boat relative to
the shore.

10.

11.

12.

13.

(b) How long does the crossing take?
(c) Determine the displacement of the boat as it
crosses from the north shore to the south shore.

. (a) Is it possible to have zero velocity but non-zero

acceleration at some instant in a motion? Explain.
(b) Is it possible to have zero acceleration but non-zero
velocity at some instant in a motion? Explain.

. A ball is thrown vertically upward. What is its

acceleration

(a) after it has left the thrower’s hand and is travelling
upward?

(b) at the instant it reaches the top of its flight?

(c) on its way down?

(a) If the instantaneous speed of an object remains
constant, can its instantaneous velocity change?
Explain.

(b) If the instantaneous velocity of an object remains
constant, can its instantaneous speed change?
Explain.

(c) Can an object have a northward velocity while
experiencing a southward acceleration? Explain.

Show that (cm/s)/s is mathematically equivalent to
cm/s.

A cyclist on a ten-speed bicycle accelerates from rest to
2.2 m/s in 5.0 s in third gear, then changes into fifth
gear. After 10.0 s in fifth gear, the cyclist reaches 5.2 m/s.
Assuming that the direction of travel remains the same,
calculate the magnitude of the average acceleration in
the third and fifth gears.

For the graph shown in Figure 1, determine the following:
(a) velocity at 1.0s,3.0s,and 5.5 s
(b) acceleration at 1.0's, 3.0 s, and 5.5 s

16.0
14.0
12.0
10.0

8.0 1

6.0 1

Velocity (m/s [W])

4.0

2.0

T T T T
0 10 20 30 40 50 60
Time (s)

Figure 1
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14. A student throws a baseball vertically upward, and 2.8 s
later catches it at the same level. Neglecting air resis-
tance, calculate the following:

(a) the velocity at which the ball left the student’s hand
(Hint: Assume that, when air resistance is ignored,
the time it takes to rise equals the time it takes to
fall for an object thrown upward.)

(b) the height to which the ball climbed above the stu-
dent’s hand.

15. An arrow is accelerated for a displacement of 75 cm [fwd]
while it is on the bow. If the arrow leaves the bow at a
velocity of 75 m/s [fwd], what is its average acceleration
while on the bow?

16. An athlete in good physical condition can land on the

ground at a speed of up to 12 m/s without injury.
Calculate the maximum height from which the athlete can

jump without injury. Assume that the takeoff speed is zero.

17. Two cars at the same stoplight accelerate from rest

when the light turns green. Their motions are shown by

the velocity-time graph in Figure 2.

(a) After the motion has begun, at what time do the
cars have the same velocity?

(b) When does the car with the higher final velocity
overtake the other car?

(c) How far from the starting position are they when
one car overtakes the other?
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18. (a) Discuss the factors that likely affect the terminal
speed of an object falling in Earth’s atmosphere.
(b) Is there a terminal speed for objects falling on the
Moon? Explain.
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19. Describe the motion represented by each graph in
Figure 3.

(a)

Position
O Time
(b) _
Velocity
0 Time
(c) Acceleration
1
0 —|—I Time
|
| I

Figure 3

(a) Position-time graph

(b) Velocity-time graph

(¢) Acceleration-time graph

20. At a certain location the acceleration due to gravity is
9.82 m/s? [down]. Calculate the percentage error of the
following experimental values of g at that location:

(a) 9.74 m/s? [down]
(b) 9.95 m/s? [down]

21. You can learn to estimate how far light travels in your
classroom in small time intervals, such as 1.0 ns,

4.5 ns, etc.

(a) Verify the following statement: “Light travels the
length of a 30.0 cm ruler (about one foot in the
Imperial system) in 1.00 ns.”

(b) Estimate how long it takes light to travel from the
nearest light source in your classroom to your eyes.

22. The results of an experiment involving motion are sum-
marized in Table 2. Apply your graphing skills to gen-
erate the velocity-time and acceleration-time graphs of

the motion.
Table 2
Time (s) 0.0 1.0 2.0 3.0 40
Position (m [S]) 0 19 78 176 315




23. In a certain acceleration experiment, the initial velocity

is zero and the initial position is zero. The acceleration
is shown in Figure 4. From the graph, determine the
information needed to plot a velocity-time graph. Then,
from the velocity-time graph, find the information
needed to plot a position-time graph. (Hint: You should
make at least four calculations on the velocity-time
graph to be sure you obtain a smooth curve on the
position-time graph.)
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Applying Inquiry Skills

24. For experiments involving motion, state

25.

(a) examples of random error

(b) examples of systematic error

(c) an example of a measurement that has a high
degree of precision but a low degree of accuracy
(Make up a specific example.)

(d) an example of when you would calculate the per-
centage error of a measurement

(e) an example of when you would find the percentage
difference between two measurements

Small distances in the lab, such as the thickness of a
piece of paper, can be measured using instruments with
higher precision than a millimetre ruler. Obtain a
vernier caliper and a micrometer caliper. Learn how to
use them to measure small distances. Then compare
them to a millimetre ruler, indicating the advantages
and disadvantages.

Making Connections

26. Car drivers and motorcycle riders can follow the two-
second rule for following other vehicles at a safe dis-
tance. But truck drivers have a different rule. They must
maintain a distance of at least 60.0 m between their
truck and other vehicles while on a highway at any
speed above 60.0 km/h (unless they are overtaking and
passing another vehicle). In this question, assume two
significant digits.

(a) At 60.0 km/h, how far can a vehicle travel in 2.0 s?

(b) Repeat (a) for a speed of 100.0 km/h.

(c) Compare the two-second rule values in (a) and (b)
to the 60-m rule for trucks. Do you think the 60-m
rule is appropriate? Justify your answer.

(d) Big, heavy trucks need a long space to slow down or
stop. One of the dangerous practices of aggressive
car drivers is cutting in front of a truck, right into
the supposed 60.0-m gap. Suggest how to educate
the public about this danger.

27. Describe why the topic of acceleration has more appli-
cations now than in previous centuries.

Exploring

28. In this chapter, several world records of sporting and
other events are featured in questions and sample prob-
lems. But records only stand until somebody breaks
them. Research the record times for various events of
interest to you. Follow the links for Nelson Physics 11,
Chapter 1 Review. Calculate and compare the average
speeds or accelerations of various events.

@ www.science.nelson.com

29. Critically analyze the physics of motion in your
favourite science fiction movie. Describe examples in
which the velocities or accelerations are
exaggerated.
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Chapter

In
ab

this chapter, you will be
le to

define and describe concepts
related to force, such as types of
forces and their vector nature
develop skill in drawing diagrams
of single objects to analyze the
forces and determine the acceler-
ation of the objects

state Newton'’s three laws of
motion, and apply them to
explain the observed motion of
objects

analyze the mathematical rela-
tionship among the net force
acting on an object, its accelera-
tion, and its mass

interpret patterns observed on
force and acceleration graphs and
calculate or infer relationships
among the variables plotted on
the graphs

apply scientific principles to
explain the design of technolog-
ical solutions to transportation
needs, and evaluate the design
explain and analyze how an
understanding of forces and
motion combined with an under-
standing of societal issues (polit-
ical, economic, environmental,
and safety) leads to the develop-
ment and use of transportation
technologies and recreation and
sports equipment
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Forces and Newton’s
L aws of Motion

We constantly experience forces, such as the force of gravity pulling us, the force
of the wind pushing on us, and many other pulls and pushes. The paraglider in
Figure 1 must learn how to pull on the cords attached to the sail in order to con-
trol the direction that the wind pushes on the sail. The downward force on the
glider is a result of Earth’s force of gravity. If suddenly the glider became
detached from the cords, he would accelerate downward due to that force. It is
evident that forces influence motion.

You studied and analyzed accelerated motion in Chapter 1. In this chapter,
you will explore the forces that cause objects to accelerate. You will see how the
study of forces, analyzed scientifically by Galileo and another great scientist, Sir
Isaac Newton, has evolved to a sophisticated level. Data analysis and simulations
using computers help to apply the study of forces to the development of better
materials and equipment such as airbags in cars, tread patterns in car tires, and
braking systems for the safety of transportation vehicles.




Reflect Learning

1. Forces are everywhere. List several forces that you observe or experience,
indicating the direction of each force and naming the object on which the
force is acting.

2. When your family is on a car trip, why is it unsafe to pile small bags and
cases inside the car on the rear window shelf?

3. When each of three boats of different masses is driven by the same-size
motor at its maximum power, do you think the difference in mass has an
effect on the acceleration of the boats? Explain.

4. A skater on an ice rink is pushed by the coach with a force in the west
direction. How does the force of the skater on the coach, with respect to
magnitude and direction, compare with the pushing force?

Throughout this chapter, note any changes in your ideas as you learn new con-
cepts and develop your skills.

Try This
Activity
Measuring and Estimating Forces

For this activity, you will need either a force sensor or a spring scale cali-
brated in the Sl unit of force, the newton (N), shown in Figure 2. You will
also need various common objects that can be hung from the sensor or
the scale, graph paper, and the following masses: one 100-g mass, two
200-g masses, one 500-g mass. Be sure that the objects are not too
heavy for the force scale available.

» Carefully pull on the sensor or spring so that you can “feel” forces
of 1N, 2 N, and so on. Pick up various objects, one at a time, and
estimate the magnitude of the force in newtons required to suspend
the object vertically from the sensor or the scale. After each trial,
test your estimation so as to improve your skill at estimating the
next item.

(a) Pick up a 100-g mass and estimate the magnitude of the force
needed to hold it. Hang it from the sensor or the scale and
record the value.

(b) Measure and record the magnitude of the force needed to hold
each of these masses: 200 g, 300 g, 400 g, . . ., up to the max-
imum suggested by your teacher.

(c) Plot a graph of the magnitude of the force (on the vertical axis)
as a function of mass. Determine the slope of the line of best fit
on the graph.

(d) Based on the results you have found, apply your skills of inter-
polation and extrapolation to calculate the magnitude of the
force required to hold a mass of
(i) 350 g (ii) 1200 g (iii) 2.0 kg

* Use one or two more objects not used previously to determine
whether your skill at estimating force has improved.

@ Protect the masses from dropping or recoiling violently. Figure 2 ‘
Measuring force in newtons

(a) Using a force sensor
(b) Using a spring scale
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Figure 1

Scientists study examples of force in nature,
such as this gecko’s ability to cling to sur-
faces, in the hope of finding yet unknown
applications.

force: a push or a pull

fundamental forces: forces are classi-
fied into four categories—gravitational, elec-
tromagnetic, strong nuclear, and weak
nuclear

KNOW ?

Combining Fundamental Forces

Researchers have discovered that two of the
fundamental forces, the electromagnetic
force and the weak nuclear force, have a
common origin. The combined force is called
the electroweak force. Its effects can be veri-
fied in experiments performed using high-
energy collisions in particle accelerators.

As these accelerators become stronger,
researchers are hoping to observe evidence
of even more unification of forces, to verify
the Grand Unified Theory (GUT) and, eventu-
ally, the Theory of Everything (TOE). This will
help scientists understand more about what
occurred shortly after the “big bang” start of
the universe. At first, an unimaginably huge
force existed and particles were indistin-
guishable (TOE: all four forces were unified).
Then, the force of gravity separated from the
other three forces (GUT). Much later, as the
universe expanded and cooled, the forces all
separated, leaving matter as we know it.
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Forces in Nature

Forces are everywhere. If there were no forces in our universe, our Earth would
not be trapped in its orbit around the Sun; the uses of electricity would never
have been discovered; we would not be able to operate automobiles or even
walk — in fact, we would not exist, because objects need forces to keep their
shape. Figure 1 shows the underside of the foot of an animal called a gecko.
Geckos have the ability to climb up a glass wall and hang from one toe. Each
gecko foot has about half a million setae, or hairs, each split into hundreds of
ends. These setae exert a force of adhesion on materials such as glass, but they let
go if they are tipped at an angle of 30° or more from the surface. Researchers esti-
mate that this small creature could lift 40 kg of mass if all the setae operated
together.

In simple terms, a force is a push or a pull. Forces act on almost anything.
They speed things up, slow them down, push them around corners and up hills.
Forces can also distort matter by compressing, stretching, or twisting.

Force is a vector quantity. Like other vector quantities, its direction can be
stated in various ways, such as forward, up, down, east, northeast, and so on.

Practice

Understanding Concepts

1. State an everyday life example in which a force causes an object to
(a) decrease its speed; (b) become compressed; (c) become stretched.

2. You are facing eastward, standing in front of a gate that can swing. In
what direction is your force if you pull on the gate? push on the gate?

Applying Inquiry Skills
3. Assume you are given an empty matchbox, a magnet, a metal paper-
clip, an elastic, and a balloon. List ways you could make the
matchbox move with or without touching the matchbox with the
given materials. (Hint: You may place items in the box.)

The Four Fundamental Forces

There may seem to be many different types of forces around us, but physicists
have found that they are able to understand how objects interact with one
another by classifying forces into only four categories. The four fundamental
forces of nature are the gravitational force, the electromagnetic force, the strong
nuclear force, and the weak nuclear force. A comparison of these forces is shown
in Table 1.

Table 1 Comparing the Fundamental Forces

Force Relative strength Range Effect

(approx.)
gravitational 1 0 attraction only
electromagnetic 10% o0 attraction and repulsion
strong nuclear 10z less than 10> m attraction and repulsion

weak nuclear 10% less than 108 m attraction and repulsion




The gravitational force, or the force of gravity, is the force of attraction
between all objects in the universe. It is important for large objects such as stars,
planets, and moons. It holds them together and controls their motions in the
same way that it controls the motion of falling objects here on Earth. You can see
in Table 1 that the gravitational force is tiny compared with the other fundamental
forces. However, it has an important role in the universe because it exerts attrac-
tion only. The gravitational force is an example of an “action-at-a-distance”
force, in other words, a force that acts even if the objects involved are not
touching. The force of gravity between two objects is noticed only if at least one
of the objects has a large mass.

The electromagnetic force is the force caused by electric charges. It includes
both electric forces (such as static electricity) and magnetic forces (such as the
force that affects a magnetic compass). The electromagnetic force can exert either
an attraction or a repulsion (Figure 2), so on average, the forces tend to cancel
each other out. If this were not the case, then electromagnetic forces would com-
pletely overwhelm the force of gravity. It is the electromagnetic force that holds
atoms and molecules together, making diamonds hard and cotton weak. It tenses
muscles and explodes sticks of dynamite. In fact, most common forces that we
experience are electromagnetic in origin. Sometimes it is convenient to treat elec-
tric and magnetic forces separately, even though they are both caused by electric
charges.

There are strong and weak nuclear forces acting between the particles within
the nucleus of an atom. The nucleus contains positively charged particles and
neutral particles called protons and neutrons, respectively. The strong nuclear
force holds the protons and neutrons together, even though the protons are
influenced by the electric force of repulsion. This nuclear force is a short-range
force but is much stronger than the electromagnetic force. It is significant only
when the particles are close together.

Besides the proton and the neutron, there are many more “elementary” par-
ticles. The electron is but one of the others. Many of these particles, including the
neutron, are unstable and break up. The weak nuclear force is responsible for the
interactions involved. This type of force is noticed only at extremely small
distances.

Practice

Understanding Concepts

4. List the fundamental forces in order from the strongest to the
weakest.

5. In what way is gravitational force unique among the fundamental
forces?

6. Which of the fundamental forces do you notice most often in your
everyday activities? Give some examples to illustrate your answer.

Forces We Experience Daily

We experience several types of forces daily. The most obvious one is the force of
gravity between Earth and objects at or near its surface. The direction of this
force is toward Earth’s centre, a direction referred to as vertically downward
(Figure 3).

2.1

gravitational force or force of
gravity: force of attraction between all
objects

electromagnetic force: force caused
by electric charges

Figure 2

The magnetic force of repulsion keeps this
magnetic levitation train separated from the
track. With a maximum speed of 450 km/h,
the train runs smoothly and quietly.

strong nuclear force: force that holds
protons and neutrons together in the nucleus
of an atom

weak nuclear force: force responsible
for interactions involving elementary particles
such as protons and neutrons

’
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downward S
direction e 7

Figure 3

The force of gravity between Earth and objects
at or near its surface is directed in a line to
Earth's centre. This direction defines what we
mean by vertical at any location on Earth.
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normal force: force perpendicular to the
surfaces of the objects in contact

friction: force between objects in contact
and parallel to contact surfaces

tension: force exerted by string, ropes,
fibres, and cables

normal force

force of gravity

Figure 4
The normal force is perpendicular to both
surfaces in contact.

Figure 5
Tension keeps this spider web together.

newton: (N) the Sl unit of force
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If your pen is resting on your desk, the force of gravity is pulling down on it,
but since it is at rest, it must also be experiencing a force of the desk pushing
upward. This force is called the normal force, which is a force that is perpendi-
cular to the surfaces of the objects in contact. In other words, normal means per-
pendicular in this context. (See Figure 4.)

Another force that we cannot live without is friction, which is a force
between objects in contact and parallel to the contact surfaces. If you push your
pen across your desk, it soon comes to rest as the force of friction between the
desktop and the pen causes the pen to slow down. Friction on an object acts in a
direction opposite to the direction of the object’s motion or attempted motion.

Another common force is tension, which is a force exerted by string, ropes,
fibres, and cables. A spider web (Figure 5) consists of numerous fine strands that
pull on one another. We say that the strands are under tension. Muscle fibres of
our body experience tension when they contract.

The normal force, friction, and tension are all contact forces, in other words,
forces that exist when objects are in direct contact with each other. They are
caused by the interaction of particles on the contact surfaces and are thus a result
of the electromagnetic force. More details about these forces as well as the force
of gravity are presented throughout the rest of this unit.

Practice

Understanding Concepts

7. Draw a sketch to show the force of gravity, the normal force, tension,
and friction in each case.
(a) A toboggan is on a horizontal surface being pulled by a rope that
is also horizontal.
(b) A toboggan is being pulled by a rope up a hill with the rope par-
allel to the hillside.

8. Describe, with examples, the difference between a “contact” force
and an “action-at-a-distance” force.

Measuring Force

The title of this chapter refers to one of the greatest scientists in history, Sir Isaac
Newton (Figure 6). Many of Newton’s brilliant ideas resulted from Galileo’s dis-
coveries. Since Newton developed important ideas about force, it is fitting that
the unit of force is called the newton (N).

The newton is a derived SI unit, which means that it can be expressed as a
combination of the base units of metres, kilograms, and seconds. For the
remainder of your study of forces and motion, it is important that you perform
calculations to express distance in metres, mass in kilograms, and time in sec-
onds. In other words, all units must conform to the preferred SI units of metres,
kilograms, and seconds.

Two devices used to measure force in the laboratory are the spring scale and
the force sensor, both introduced in the chapter opener activity. The spring scale
has a spring that extends under tension. Attached to the spring is a needle that
points to a graduated scale to indicate the force. The force sensor uses an elec-
tronic gauge to measure force, with a digital readout or a graph of the forces
when interfaced with a computer. Force sensors, especially the high-quality ones,
measure force with a high degree of accuracy.



Drawing Force Diagrams

In order to analyze forces and the effects they have on objects, the skill of drawing
force diagrams is essential. Two types of force diagrams, “system diagrams” and
“free-body diagrams,” are useful.

A system diagram is a sketch of all the objects involved in a situation. A
free-body diagram (FBD) is a drawing in which only the object being analyzed
is drawn, with arrows showing all the forces acting on the object. Figure 7 shows
three examples of each type of diagram. Notice the following features of the
FBDs: the force vectors are drawn with their lengths proportional to the magni-
tudes of the forces; each force vector is labelled with the symbol F, with a sub-
icript (for example_,) ?g is the force of gravity, }")N is the normal force, ?f is friction,
F is tension, and F, is the applied force); and positive directions are indicated,
such as +y for the vertical direction. (The positive direction in any FBD is chosen
for convenience and must be adhered to carefully in a specific situation of
problem solving.)

Practice

Understanding Concepts

9. For each situation described below, draw a system diagram and an

FBD. Be careful when deciding what forces are acting on each object.

If you cannot think of a cause for the force, the force may not even

exist.

(a) Your textbook is resting on your desk.

(b) A tennis ball is falling through the air from the server’s hand.
Neglect air resistance.

(c) A fully loaded dog sled, moving slowly along a flat, snowy trail,
is being pushed horizontally by the sled owner while being pulled
horizontally by dogs attached to it by rope.

(b) the system
diagram the FBD

(a) the system
diagram the FBD
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(c) the system diagram the FBD
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Figure 6

Sir Isaac Newton (1642—1727) was both an
eccentric and a genius. He had a difficult
childhood and in his adult life cared little for
his personal appearance and social life. By
the age of 26, he had made profound discov-
eries in mathematics, mechanics, and optics.
His classic book, Principia Mathematica,
written in Latin, appeared in 1687. It laid the
foundations of physics that still apply today.
In 1705, he became the first scientist to be
knighted. In his later years, he turned his
attention to politics and theology and
became the Official Master of England’s mint.

system diagram: sketch of all the
objects involved in a situation

free-body diagram: (FBD) drawing in
which only the object being analyzed is
drawn, with arrows showing all the forces
acting on the object

Figure 7

Examples of system diagrams and free-body

diagrams.

(a) A fish is held by a fishing line. (The only
direction labelled is +y because there are
no horizontal forces.)

(b) A volleyball is held by a hand.

(c) A book is pushed across a desk by a
horizontal applied force.
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Forces on Springs
In this activity, you will predict what you will observe in a demonstration of
forces. Then, you will check your predictions.

Figure 8 shows four identical springs, A, B, C, and D, arranged in two dif-
ferent ways to hold a 1.0-kg mass. The readings are not shown on the spring scales.

G Activity 2.1.1
C

(a) Name the force that is pulling downward on the 1.0-kg mass and the force

) exerted by the spring.
@ G (b) Assume that each spring scale has a negligible mass. Predict the readings
on all four spring scales.
(c) Now assume that the spring scales have mass that cannot be ignored.
0 Predict the readings on all four spring scales. Explain your reasoning.
A B

(d) Set up the demonstration to check your predictions. Describe what you
discover.

(e) Draw a system diagram and an FBD of each of the following items:
(i) the 1.0-kg mass held by springs A and B (Show three forces.)
(ii) the 1.0-kg mass held by springs C and D (Show two forces.)
(iii) spring D (Show two forces.)
(iv) spring C (Show three forces.)

100907 V:N8'@ Forces in Nature

Figure 8 + A force, which is a push or a pull, is a vector quantity; its SI unit is the
Predicting scale readings on four spring newton (N).
scales + The fundamental forces responsible for all forces are gravitational,

electromagnetic, strong nuclear, and weak nuclear.
+ Some common forces we experience are friction, tension, and the normal
force.

+ Drawing free-body diagrams is an important skill that helps in solving
problems involving forces.

Section 2.1 Questions

Understanding Concepts

1. State the direction of the named force acting on the object in

italics.

(a) A puck experiences friction on rough ice as it slides
northward.

(b) The force of gravity exerts a force on a falling /eaf.

(c) The gravitational force acts on the Moon, keeping it in orbit
around Earth.

(d) The force of the wind is pushing against a cyclist who is
cycling westward.

2. Name the fundamental force that is responsible for
(a) preventing protons from flying apart in the nucleus of an
atom
(b) keeping stars in huge groups called galaxies
(c) the function of a magnetic compass
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3. Explain why friction and tension are not classified as
fundamental forces.

4. Assuming that you are not allowed to jump, estimate the max-
imum force you think you could exert on a strong rope attached
firmly to
(a) the ceiling
(b) the floor

Applying Inquiry Skills

5. (a) Estimate the force in newtons required to hold up this
physics book.
(b) How would you test your estimation?

6. Draw a system diagram and an FBD for each object named in
italics.
(a) A golfer is holding a pail of golf balls.
(b) A cue ball is slowing down as it rolls in a straight line on a
billiard table.
(c) A batter tips a baseball and the ball is rising vertically in the
air. (Neglect air resistance.)

Newton’s First Law of Motion

Each year in Canada there are more than 150 000 traffic collisions resulting in
over 200 000 injuries and almost 3000 deaths. Of these deaths, the greatest
number in any single age category is the 15-to-25-year-old group. Although the
average number of deaths on Canada’s highways has decreased in the past 20
years, there is still a great demand for improvement on safety.

Sadly, many of the deaths and injuries could have been prevented so easily,
simply by wearing seatbelts or by using airbags. Understanding Newton’s first law
of motion will help you appreciate how wearing a seatbelt could improve safety.

You learned about kinematics, the study of motion, in Chapter 1. Here you
will study dynamics, the branch of physics that deals with the causes of motion.
The word “dynamics” stems from the Greek word dynamis, which means power.

Galileo’s View of Force and Motion

Prior to the 1600s, most natural philosophers (early scientists) held a simplistic
view of motion. They believed that a constant force was needed to produce con-
stant velocity. Increasing the force caused increased velocity. Decreasing the force
caused decreased velocity. Removing the force caused the velocity to become
zero. Galileo, the Renaissance physicist, questioned this view. Galileo performed
real experiments with a ball rolling down and up sloped ramps. He also per-
formed virtual experiments (thought experiments) to try to explain his ideas.
Galileo’s virtual experiments are illustrated in Figure 1.

In Figure 1(a), he reasoned that a ball speeds up as it rolls down a slope, then
moves with constant velocity along the horizontal surface, and finally rolls up the
far slope to the same level it started from. Of course, when he performed the real
experiment, he observed that the ball rolling along the horizontal surface
stopped without rolling up the far slope. However, he was able to assume cor-
rectly that the ball slowed down to zero velocity because of friction.

2.2

dynamics: the study of the causes of
motion
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Figure 1

Galileo's virtual experiments

(a) The ascending ramp has a steep slope.
(b) The ascending ramp has a low slope.
(¢) The ascending ramp is removed.

inertia: the property of matter that causes
a body to resist changes in its state of
motion

KNOW ?

Changing Influences

A major shift in the relationship between sci-
ence and society occurred during and after
the Renaissance. Up to the end of Galileo’s
time, society influenced scientific thought.
Galileo had to overcome the prejudices of
society as he performed experiments to test
hypotheses of scientific principles. Newton
was born in the same year that Galileo died,
and during his time, reasoning and logic grew
in importance as scientific endeavours gained
credibility. Thus, by the end of the 17th
century, science influenced society rather
than the other way around.
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(a) (b)

Ball starts Ball stops
here. here. Ball starts Ball stops
________ here. here.
N Y,
/ — \
descending ascending
ramp ramp

(c)  Ball starts here.

In the second virtual experiment, shown in Figures 1(b) and 1(c), Galileo
reasoned that if the slope of the rising plane was decreased to make it less steep
than the descending slope, the ball would roll farther along this slope, stopping
when it reached the height from which it was released on the first slope. The fact
that the ball did not quite reach that height he attributed, once again, to friction.
He concluded, logically, that if the slope of the second plane was zero, the ball,
once rolling, would continue forever with no loss of speed, in an attempt to reach
its original height.

We now have the technology to illustrate what Galileo could only visualize.
There are devices available that can slide along a smooth surface with almost no
friction. For example, you may have used an air table or an air track in previous
investigations. Both devices have air pumped between the moving object and the
surface to virtually eliminate the effect of friction.

Once an object, such as an almost frictionless air puck, is moving, it needs
almost no force to keep it moving, as long as no other force acts on it. Galileo
explained his theory of motion by stating that every object possesses a property
that Newton later called inertia. Inertia is the property of matter that causes a
body to resist changes in its state of motion. Suppose, for example, you are
standing in the aisle of a stationary bus. As the bus starts to move, your body
wants to stay at rest because of its inertia. As a result you may fall toward the rear
of the bus unless you brace yourself. When the bus reaches a uniform velocity,
you will have no trouble standing in the aisle because you are also moving with
uniform velocity. Suppose the bus driver suddenly applies the brakes. The bus
will slow down. Your body, however, has a tendency to keep moving because of
its inertia. Again, you will need to brace yourself or you will fall toward the front
of the bus. The amount of inertia an object possesses depends directly on its
mass: the greater the mass, the greater the inertia the body possesses.

Practice

Understanding Concepts

1. What is a virtual experiment?

2. (a) Assuming the following objects are at rest, rank their inertia in
order from the least to the greatest: a school bus, a small child,
a compact car, and yourself.
(b) Repeat (a) assuming all the objects are moving at the same
velocity.




Free-Body Diagrams and Resultant Forces

To study the effects of forces acting on any object, we can apply the skill of
drawing force diagrams. Since force is a vector quantity, the vector sum of all the
forces acting on an object is the resultant force. The resultant force can also be
called the net force. These two terms can be used interchangeably. They will be
represented by the same symbol, F_, in this text.

Sample Problem 1

A weight lifter holds a weight above his head by exerting a force of 1.6 kN [T].
The force of gravity acting on the weight is 1.6 kN [l]. Draw a system diagram
and an FBD of the weight, and state the net force on the weight at that instant.

Solution

The required diagrams are shown in Figure 2. The upward force exerted by the
weight lifter can be called a normal force or an applied force. The net force at the
instant shown is zero.

Sample Problem 2

As an arrow leaves a bow, the string exerts a force of 180 N [fwd] on the arrow.
Draw a system diagram and an FBD of the arrow as the string is applying the
force to it. (Neglect any vertical forces because the force of gravity on the arrow
is so small that it will not show up in the diagram.)

Solution
Figure 3 shows the required diagrams. At the instant shown, the net force on the
arrow is 180 N [fwd].

Try This
Activity
Observing Objects at Rest
and in Motion

Your teacher will set up demonstrations of objects initially at rest and
others initially in motion. In each case, predict what you think will
happen. Then, observe carefully the result of each motion and
summarize your observations in tabular form using these headings:

Observed
result

Predicted
result

Initial
state

Object
observed

Tendency
of object

In the last column, indicate whether the object observed tends to remain
at rest or moves at a constant velocity.

Practice

Understanding Concepts

3. Calculate the net force when each of the following sets of forces acts
on the same object:
(a) 2.4 N[NJ], 1.8 N[N], and 8.6 N [S]
(b) 65 N [down], 92 N [up], and 54 N [up]

2.2

resultant force or net force: the vector

sum of all the forces acting on an object

(a) the system diagram

(b) the FBD

Fy

Fnet=’_'-)N+'E;
_ =16KN[]+16kNL
Fnet=0

Figure 2
Force diagrams for Sample Problem 1

(a) the system diagram
i

(b) the FBD
Fa +X
Fnet = ?A

Fret = 180 N [fwd]

Figure 3
Force diagrams for Sample Problem 2

dl
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Answers
3. (a) 4.4 N [S]
(b) 81 N [up]
4. 1.1 N [W]

first law of motion: if the net force
acting on an object is zero, the object will
maintain its state of rest or constant velocity

heavy mass O

force on
lower thread

Figure 4
For question 5

Figure 5

Comparing seat designs

(a) Seats in older car designs had no support
for the head, so neck injuries were difficult
to avoid.

(b) Current seat designs include a headrest
that helps to keep the head, neck, and
body moving together, thus reducing the
chance of whiplash.
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4. A store clerk pushes a parcel on the counter toward a customer with
a force of 7.6 N [W]. The frictional resistance on the parcel is 6.5 N [E],
and both the force of gravity and the normal force have a magnitude
of 9.9 N. Draw an FBD of the parcel and determine the net force
acting on it.

Newton’s First Law of Motion: The Law of Inertia

Galileo published his ideas about motion early in the 17th century. Newton sum-
marized his own work and that of Galileo in his book Principia Mathematica. In
the book, Newton described what Galileo had discovered about inertia much the
same way Galileo had described it. Because it was included with Newton’s other
laws of motion, it is often referred to as Newton’s first law of motion.

First Law of Motion

If the net force acting on an object is zero, the object will maintain its
state of rest or constant velocity.

This law has several important implications.

+ An external force is required to change the velocity of an object. Internal
forces have no effect on an object’s motion. For example, a driver pushing
on the car’s dashboard does not cause the car’s velocity to change.

+ To cause a change in velocity, the net force on an object must not be zero;
that is, two equal opposing forces acting on an object will not change its
velocity.

+ Objects at rest remain at rest unless acted upon by a net external force
greater than zero.

+ Moving objects continue to move in a straight line at a constant speed
unless acted upon by a net external force greater than zero.

Practice

Understanding Concepts

5. A thread supports a mass hung from the ceiling; another thread of
equal dimension is suspended from the mass (Figure 4). Which
thread is likely to break if the bottom thread is pulled slowly? quickly?
Use the concept of inertia to explain your answer.

Examples of the First Law

Examples of Newton’s first law of motion will help clarify its meaning. Consider this
example of objects initially at rest. A carefully constructed vintage car, without many
of the safety features of today’s cars, is stopped at an intersection when a truck
crashes into the rear of the car. Both the driver’s head and the passenger’s head are
initially at rest, and tend to remain there as the seats push their bodies forward.
Severe whiplash occurs as the head jerks backward relative to the body. Modern car
seats have headrests designed to reduce this type of injury. Figure 5 shows the two
different types of seat designs.

Next consider an object in uniform motion. It will continue with constant
speed and direction unless a net external force acts on it.

A car approaching a curve on an icy highway has the tendency to continue
in a straight line, thus failing to follow the curve. This explains why drivers must



pay special attention when driving on slippery roads. A stapler being pushed
across a table at a constant velocity has four forces acting on it, as illustrated in
Figure 6. In the vertical direction, the force of gravity downward is equal in mag-
nitude to the normal force exerted upward by the desk. In the horizontal direc-
tion, the backward force of moving friction is equal in magnitude to the forward
applied force on the stapler. Thus, the net external force on the stapler is zero, and
the stapler does not accelerate.

Let us summarize Newton’s first law of motion by stating four important
results of it:

(a) Objects at rest tend to remain at rest.

(b) Objects in motion tend to remain in motion.

(c) If the velocity of an object is constant, the net external force acting on it
must be zero.

(d) If the velocity of an object is changing in either magnitude or direction or
both, the change must be caused by a net external force acting on the object.
This fact sets the stage for experimentation in dynamics (section 2.3).

Practice

Making Connections

6. Astronauts are placed horizontally in their space capsule during
blastoff from the launching pad. Explain why this is a good example
of Newton'’s first law of motion.

7. Explain how it would be possible to apply the first law of motion
when trying to get a heap of snow off a shovel. Try to give more than
one solution.

Explore an
Issue

Transportation Safety Technologies

As our population grows and the number of vehicles on the roads
increases, people are becoming more aware of how important transporta-
tion safety is. Using research, automobile manufacturers know that car
buyers place a high priority on safety systems. Governments, together
with institutions such as the police force, create and enforce transporta-
tion safety laws. Insurance companies also influence transportation safety
by charging rates based on the safety designs of vehicles.

Despite new technologies and safety laws, each year thousands of
people are killed and injured in traffic mishaps in Canada. In one crash at a
low speed, a driver was killed by a rapidly expanding airbag while sitting
close to the steering wheel without a seatbelt on. In some other cases, tod-
dlers have been injured because parents do not follow closely the instruc-
tions for how to place infants in the child restraint system (Figure 7).

Improving Technologies

Automobile companies perform thousands of tests each year in an effort
to improve the technologies of seatbelts and airbags (Figure 8). Many
other safety features are available and others are being researched.

(continued)

2.2

(a) the system diagram

ey

(b) the FBD
P
- - +y
Ft Fa T
< -
— +X
Fo
Figure 6

The net external force on the stapler is zero;
since it is already moving, it remains moving
with a constant velocity.

DECISION MAKING SKILLS

O Define the Issue Q Analyze the Issue

O Identify O Defend the
Alternatives Proposition

O Research O Evaluate

Figure 7

Studies reveal that many parents do not
secure their infants in their car seats according
to instructions. What is the advantage of
having the child face the rear of the car?
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Figure 8

Front-end collisions using crash-test dummies
are among the many tests performed by auto-
mobile manufacturers to try to improve safety
features. In such a test, computers analyze
the effectiveness of seatbelts and airbags.

KNOW ?

The Interaction of Science and
Technology

The invention and use of airbags provides a
typical example of the interaction of science
and technology in our society. A problem in
society, in this case injuries and deaths in
traffic mishaps, leads to research by scien-
tists, which in turn leads to technological
development. But then, more problems are
identified that are a result of the initial solu-
tion to the problem—the use of airbags
causes injuries and deaths in certain
instances. Thus, the process of scientific
research starts again, followed by more
technological development.
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Side airbags and safety screens that drop from above the windows help
prevent injuries during side collisions or roll-overs. Shatter-resistant
glass has a clear laminated layer that prevents the glass from breaking,
at least on first impact. Steering control systems and antilock brakes
help keep the vehicle going in the right direction, even under extreme
conditions of reacting to an emergency. Night-vision systems allow
drivers to see from three to five times farther ahead than their regular
headlights allow. And on-board communication systems allow drivers to
contact emergency and information services quickly.

The Issue

Since transportation safety affects everyone, a fair question we can
explore is “To what extent should government agencies be involved in
transportation safety?” Should they bring in more legislation to force
auto companies to create newer and better technologies? Should they
offer more financial aid to scientific researchers? Should they enforce
the safety laws, such as the use of seatbelts, more rigidly? Should they
create new laws regarding seatbelts for public transportation vehicles,
such as school buses? Should they do nothing more than try to educate
the public about safety and leave the innovations to private industry?
As you can see, several aspects of the safety issue can be discussed.

Understanding the Issue

1. Even if every vehicle were 100% safe and if the weather conditions
were always perfect, there would still be many deaths caused by
collisions. Explain why.

2. What role does physics play in researching transportation safety
technologies?

3. Some car manufacturers are installing passenger airbags that can
be switched on or off. Describe situations in which switching the
airbag mechanism off would be (a) advantageous and (b) unwise.

Take a Stand
How involved should government agencies be in transportation safety?

Proposition
Governments should do more to promote safety in transportation.

There are points in favour of more government intervention:

» There have been some serious cases in which the irresponsible
action of a private company has resulted in many deaths and
injuries. Without government checks, this might happen more often.

* Injuries to people who do not obey the law (for example, by not
wearing their seatbelts) cost the entire society money for health
care, rehabilitation, and lost productivity.

There are points in favour of less government intervention:

* The automobile industry is very competitive and will create new
safety technologies without government intervention.

» Every new technology costs money to develop and manufacture, so
if governments force more features, costs to the consumer will rise.

Forming an Opinion
* Read the points above and add your own ideas to the list.
» Find information to help you understand more about the issue.

Follow the links for Nelson Physics 11, 2.2.
www.science.nelson.com
* In a group, discuss the ideas.
» Communicate your opinions and arguments in a creative way.



2.2

MO :N A Newton’s First Law of Motion

+ Galileo’s real and virtual experiments led the way for Newton to formulate
his three laws of motion. R

+ The net force acting on an object, F .18 the vector sum of all the forces
acting on the object.

» Newton’s first law of motion, often called the law of inertia, states that if
the net force acting on an object is zero, the object will maintain its state of
rest or uniform velocity.

+ The first law of motion is observed and applied in many situations,
including the need for restraint systems in automobiles.

Section 2.2 Questions

Understanding Concepts

1. State the net force acting on an object that is (a) at rest and
(b) moving with constant velocity.

2. You are helping a friend move furniture. The friend asks you to
stand inside the back of a pickup truck to hold a piano because
there is no rope available to tie it to the truck. Explain why you
should refuse this request. Your answer should show that you
understand the reasoning used by Galileo and Newton.

3. A badminton birdie is struck by the racket so that the birdie goes
vertically upward, stops, and falls downward. Draw a system dia-
gram and an FBD for each case below.

(a) The racket is in contact with the birdie.

(b) The birdie is rising in the air just above the racket.

(c) The birdie is stopped for a brief instant at the top of its flight.

(d) The birdie is beginning to fall, so air resistance exists but has
not reached maximum value.

Applying Inquiry Skills
4. Describe how you would demonstrate both parts of the first law
of motion (objects initially at rest; objects initially in motion) to a
class of elementary school students using your favourite toys or
recreation device (scooter, skateboard, in-line skates, ice skates,
etc.). Include safety considerations.

5. Describe how you would set up a safe classroom demonstration
to show that an object moving in a circle travels with uniform KNOW ?
velocity when the force keeping it moving in a circle is removed. .

Making Connections Pedestrian Airbags

Airbags have greatly reduced deaths and
injuries for people inside cars. Now, a

. L . L European manufacturer is testing airbags that
7. Describe why the application of Newton's first law of motion is reduce deaths and injuries of pedestrians

important in transportation safety.

6. Explain how modern technology makes it easier to demonstrate
Galileo’s virtual experiments than in his time.

struck by cars. Similar to interior airbags, the

8. Some thrill rides at exhibitions or fairs create sensations that may exterior ones are computer-controlled. As the
be explained using the first law of motion. Describe two such car approaches a pedestrian, an infrared
rides and how the law applies to them. detector senses the heat radiating from the

human body. A front-end airbag deploys at a

Reflecting speed that depends on the car’s speed rela-
9. If you were designing the “ultimate” safe automobile, what tive to the pedestrian. If needed, a second
features would it have? Consider the safety of the occupants, airbag on the car's hood deploys, softening
pedestrians, and other vehicles. the pedestrian’s landing.
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Figure 1

Launching a space vehicle, such as this
shuttle, requires a huge upward thrust larger
in magnitude than the downward force of
gravity.

(b)

Figure 2

The recurve bow can apply only about half the
force on an arrow that a compound bow can.
(a) the recurve bow

(b) the compound bow.
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Investigating Force, Mass,
and Acceleration

During the launch of a space shuttle (Figure 1), a huge net force is needed to
cause the entire mass to accelerate upward. How does the acceleration of the
shuttle relate to the net or resultant force provided by the rocket engines and the
shuttle’s entire mass being blasted off the ground?

Knowing the relationship among acceleration, net force, and mass helps in
the design and use of numerous devices. Engineers decide how powerful they
should make the rocket engines needed to lift a space vehicle off the launch pad.
Other engineers design tires, motors, and many other components of vehicles, as
well as the highways, to maximize the acceleration potential of a variety of vehi-
cles, from motorcycles to cars, trucks, airplanes, ships, and spacecraft. They also
design brakes, bumpers, and restraint systems to improve the chances of people
surviving extreme braking and collisions.

Practice

Understanding Concepts

1. Draw an FBD of the rocket and shuttle system shown in Figure 1 just
after it lifts off the pad in a successful launch.

Making Connections
2. The text describes examples of applying the knowledge of accelera-
tion, force, and mass to transportation. How do you think this
knowledge can be applied to sports activities?

Acceleration and Net Force

In the sport of archery (Figure 2), two types of bows are used. One is the simple
recurve bow that can typically apply a force of magnitude 150 N to the arrow.
The other is the compound bow that can typically apply a force of magnitude
300 N. Assuming the arrows shot from these bows have the same mass, how will
their accelerations compare? It is logical that the arrow shot from the compound
bow will undergo greater acceleration than the one shot from the simple bow. A
similar argument can be given for the acceleration of objects of the same mass
with different net forces applied.

Practice

Understanding Concepts

3. In order to compare the effects of a changing net force on
acceleration, what must be kept constant?

4. Sketch a graph in which you show how you think the acceleration of
a particular object (vertical axis) depends on the net force applied to
the object.




Acceleration and Mass

In the discus throw (Figure 3), the minimum discus mass for the female compe-
tition is 1.0 kg and and that for the male competition is 2.0 kg. Assuming that a
person is able to exert the same net force in throwing both discuses, how will
their accelerations compare? It is logical that the acceleration during the throw
would be greater for the discus of lower mass. The same argument can be given
for the acceleration of objects of different masses with the same net force applied.

Practice

Understanding Concepts

5. In order to compare the effect of changing the mass on acceleration,
what must be kept constant?

6. Sketch a graph in which you show how you think the acceleration of

an object (vertical axis) depends on the mass of the object, with a
constant resultant force applied to the object.

Designing a Controlled Experiment

To discover the relationship among three variables, a controlled experiment must
be carried out. This means that there is only one independent variable at a time.
For example, to discover how the acceleration of an object depends on the net
force on the object, the mass of the object must remain constant. Then, to dis-
cover how the acceleration of an object depends on the mass of the object, the
net force must be kept constant. (To review the steps of a controlled experiment,
refer to Appendix A.)

Imagine that the experiment is performed using racing cars. The mass of one
of the cars, with the driver included, must remain constant while determining
the acceleration of the car using three different engines with different powers,
such that three different net forces can be applied to the car: a small force, a
medium force, and a large force. In the second part of the experiment, you can
use the same engine in three different race cars of different masses, say small,
medium, and large mass. Again, you will determine the acceleration of each car.
After finding out how the acceleration depends on the net force and mass, you
try to express the relationships in a single statement, both in written words and
in mathematical form.

Practice

Understanding Concepts

7. Name the dependent and independent variables in the virtual investi-
gation involving the racing cars.

Applying Inquiry Skills
8. (a) How could you determine the acceleration of a cart in a physics
laboratory using position-time data? (Assume there is uniform
acceleration.)

(b) How could you apply a uniform acceleration equation involving
average acceleration, position, and time interval to determine the
acceleration of a cart undergoing uniform acceleration in the lab-
oratory? (Assume the initial velocity is zero.)

(c) Which method would you prefer to use? Why?

Figure 3
A discus throw
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INQUIRY SKILLS

O Questioning © Recording
O Hypothesizing © Analyzing
O Predicting Q Evaluating
O Planning © Communicating

© Conducting

(a)

(b)

ticker-tape
timer tape pulley and clamp
100-g masses arrangement
14
string
v J010kg
1.0N

Figure 4
Two possible designs of the investigation
involving acceleration, net force, and mass
(a) Using a specially designed cart accelera-
tion apparatus
(b) Using a system with a cart, pulley,
and clamp
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The Relationship Involving Acceleration,
Net Force, and Mass

The instructions for this experiment are based on the assumption that you have
performed motion experiments previously using sensors, a spark timer, a ticker-
tape timer, or some other common device. In whichever method you choose to
use, you must determine the acceleration of the object tested under the condi-
tions of changing the net force, and then changing the mass. Since force is
expressed in the SI unit of newtons, you must express mass in kilograms and
acceleration in metres per second squared.

Question

How does the acceleration of a cart depend on the resultant force acting on the
cart and the mass of the cart, and how can this relationship be expressed in a
single equation?

Hypothesis/Prediction

(a) Communicate in various ways (such as words, graphs, and mathematical
variation statements) your answer to the first part of the Question. Then
provide reasons for your prediction.

Design

As in Investigation 1.4.1 in Chapter 1, there are various ways to perform this
investigation. Figure 4 shows two of the ways in which a constant force can be
applied to a cart. In both cases, the force of gravity pulls on a falling mass, and
the mass is connected by a low-friction string to the cart. With a known mass
hung vertically, the magnitude of the force of gravity on the mass is known, and
thus the magnitude of the force causing the acceleration of the entire system is
known. For example, if the mass is 100 g, the magnitude of the force of gravity is
0.98 N, or about 1.0 N. However, the mass of the system has to be carefully con-
trolled: the total mass being accelerated includes the cart, the mass on the cart,
and the suspended mass. When you want to keep the force constant and change
the mass being accelerated, you add other masses to the cart.

Decide with your group how you will determine the acceleration of each trial
(using a computer, photogates, a uniform acceleration equation, position-time
and velocity-time graphs, or some other appropriate technique). Also discuss
safety issues, such as how you will safely stop any moving object. Then design
and set up an appropriate data table to record the observations and calculations
for the trials you perform.

Materials

dynamics cart

three 100-g masses (or other suitable sizes)

two 1.0-kg masses

string

pulley

clamp

ticker-tape timer and related apparatus

beam balance, spring balance, or heavy-duty electronic balance



Procedure
Part A: Acceleration and Net Force
1. Verify that the equipment you intend to use is functioning properly.
2. Measure the mass of the cart.
3. Set up the apparatus so that the least net force will act on the cart (based

on Figure 4 or another method of your choice). Allow the motion to occur
and obtain the data required to find the acceleration a,.

4. Repeat the procedure with an increased net force. For example, you can
transfer one of the 100-g masses from the cart to the string hanging over
the pulley. This allows the mass of the system to remain constant, as shown
in Figure 5(a). Determine the data for Zz-

5. Repeat the procedure with the highest net force to determine the data for
a, as in Figure 5(b).
Part B: Acceleration and Mass

6. Use the data for 53 as the first set of data in this part of the experiment.
Call the acceleration a,.

7. Keep the net force constant at the highest value (such as 3.0 N), but add a
1.0-kg mass to the cart, as illustrated in Figure 6(a). Perform the trial to
obtain the data for 21)5.

8. Add another 1.0-kg mass, as in Figure 6(b). Repeat the step to determine
the data for a.

(a) 1.0-kg mass (b)
2 ) ?
| &N, I LN
. . / . /

30N
Observations

(b) For each trial, use an appropriate technique you have chosen to determine
the acceleration of the cart. Summarize all your data in your table.

Analysis

(c) For each trial, calculate the ratio of the net force to the total mass of the
system, expressing your answer to the appropriate number of significant
digits in N/kg, and enter the calculations in your table.

(d) Plot a graph of the acceleration (vertical axis) as a function of the net force
for the trials in which the mass remained constant. Draw a line of best fit
and calculate its slope. What does the graph indicate about the relationship
between acceleration and net force?

(e) Plot a graph of the acceleration (vertical axis) as a function of the mass of
the system for the trials in which the net force was kept constant.
(Theoretically, the graph is a smooth curve.) What does the graph indicate
about the relationship between acceleration and mass?

2
1
. . /
J] PI}OZOkg
i
20N
(b)
. . /
i
)
] {0.30kg
)
i
30N
Figure 5

O

2.3

Changing the net force (The total mass must
remain constant.)

(a) A net force of medium magnitude

(b) The maximum net force

Be sure to set up the appa-
ratus such that the cart and
the moving masses can be
stopped safely.

Figure 6

Changing the mass (The net force must be
kept constant.)

(a) A total mass of medium value

(b) Maximum mass
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(f) Plot a graph of acceleration (vertical axis) as a function of the reciprocal of
the mass (%) for a constant net force. Draw a line of best fit and calculate
its slope. What does the slope represent?

(g) From the observation table, compare the calculated acceleration in each

F,
case to the ratio %ﬁ Derive an equation relating all three variables in

this experiment. 7
(h) Plot a graph of acceleration as a function of the ratio %et What do you
discover?

(i) Answer the Question posed at the beginning of this investigation.

Evaluation

(j) Comment on the accuracy of your prediction.

(k) How could you determine whether friction had an effect on the results of
this investigation?

() Identify systematic, random, and human errors in this investigation.
(To review errors, refer to Appendix A.)

Synthesis

(m) Do you think the equation you derived in question (g) of Analysis applies
to Newton’s first law of motion? Explain your answer.

N1 NN'E Force, Mass, and Acceleration

+ To determine the relationship among three variables, a controlled investi-
gation can be performed in which one independent variable is kept con-
stant while the other independent variable is varied, and vice versa.

+ A controlled investigation can be performed to determine how the acceler-
ation of an object depends on the mass of the object and the net force
acting on the object.

Section 2.3 Questions

Understanding Concepts

1. Compare the direction of the acceleration of an object to the
direction of the resultant force acting on it.

2. Determine the false statements below and rewrite them to make

them true.

(a) The acceleration of an object is inversely proportional to the
resultant force applied to the object.

(b) The acceleration of an object is proportional to the mass of
the object.

(c) The acceleration of an object is proportional to the ratio of
the resultant force to the mass.

Applying Inquiry Skills

3. When an acceleration experiment is performed using a cart, fric-
tion occurs and can affect the results. Describe what you can do
so that the effect of friction is eliminated or at least is accounted
for. (Try to describe more than one way.)

4. How many significant digits are appropriate in the calculation of
forces and accelerations in investigations? Justify your answer.
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Newton’s Second Law of Motion

In recent tests of different vehicles, the minimum time for each one to accelerate
from zero to 96.5 km/h [fwd] was measured. The results are shown in Table 1. It
is evident from the table that the acceleration of a vehicle depends greatly on the
power of the engine causing the acceleration and the mass of the vehicle.
Logically, the magnitude of acceleration increases as the engine power increases
and decreases as the mass increases.

Table 1 Data for Vehicles Accelerating from Zero to 96.5 km/h (60.0 mi/h)

Vehicle Mass (kg) Engine power (kW) | Time to accelerate (s)
Chevrolet Camaro 1500 239 5.5
Rolls-Royce 2300 240 8.2
Cadillac Seville 1800 224 6.8
Lamborghini Diablo 1800 410 3.6
Volkswagen Beetle 1260 86 10.6
Suzuki Bandit Bike 245 74 2.8

You observed a similar relationship in Investigation 2.3.1, although the vari-
ables you tested were net force and mass. These observations led to Newton’s
second law of motion.

Newton’s first law of motion deals with situations in which the net external
force acting on an object is zero, so no acceleration occurs. His second law deals
with situations in which the net external force acting on an object is not zero, so
acceleration occurs in the direction of the net force. The acceleration increases as
the net force increases, but decreases as the mass of the object increases.

Newton’s second law of motion states:

Second Law of Motion

If the net external force on an object is not zero, the object accelerates in
the direction of the net force. The magnitude of the acceleration is pro-
portional to the magnitude of the net force and is inversely proportional
to the object’s mass.

Using mathematical notation, we can derive an equation for the second law
of motion.

acc F_  when m is constant

- 1 = .
ao — when F__ is constant
m net

-

- t
Thus, 7 o« —2<X,
m

Now, we insert a proportionality constant, k, to create the equation relating
all three variables:

-

F

Z:k net

m

24

second law of motion: if the net
external force on an object is not zero, the
object accelerates in the direction of the net
force, with magnitude of acceleration propor-
tional to the magnitude of the net force and
inversely proportional to the object’s mass
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If the units on both sides of the equation are consistent, with newtons for
force and the preferred SI units of metres, kilograms, and seconds for the
acceleration and mass, the value of k is 1. Thus, the final equation for Newton’s
second law of motion is

E net
m

a= Acceleration equals net force divided by mass.

This equation is often written in rearranged form:

F . =ma  Net force equals mass times acceleration.

net = Ma

As stated earlier, the unit for force is the newton. We can use the second law
equation to define the newton in terms of the SI base units.

Therefore, 1 N = 1 kg.m/s?.

Thus, we can define one newton as the magnitude of the net force required
to give a 1.0 kg object an acceleration of magnitude 1.0 m/s?.

Newton’s second law of motion is important in physics. It affects all particles
and objects in the universe. Because of its mathematical nature, the law is applied
in finding the solutions to many problems and questions.

Sample Problem 1

A net force of 58 N [W] is applied to a water polo ball of mass 0.45 kg. Calculate
the ball’s acceleration.

Solution
F _ =58N[W]

m = 0.45 kg
G=2
- _ Fnet'
a =
m
~ 58N [W]
0.45 kg
58 kgem/s? [W]

0.45 kg
a=1.3%x10%m/s? [W]

The ball’s acceleration is 1.3 x 10> m/s [W].

Sample Problem 2

In an extreme test of its braking system under ideal road conditions, a Toyota
Celica, travelling initially at 26.9 m/s [S], comes to a stop in 2.61 s. The mass of
the car with the driver is 1.18 X 10° kg. Calculate (a) the car’s acceleration and
(b) the net force required to cause that acceleration.



2.4

Solution
(a) 7=0.0 m/s [S]
v, =26.9 m/s [S]

At=2.61s
a=7
- _ T/f_T/i
T
_ 0.0 m/s [S] —26.9 m/s [S]

2.61s
a=-10.3 m/s? [S]

The car’s acceleration is —10.3 m/s? [S], or 10.3 m/s? [N].

m =1.18 x 10° kg
Fnet:?

Fnet =ma

= (1.18 x 10 kg)(10.3 m/s? [N])
F  =122x10*N [N]

net

The net force is 1.22 x 10* N [N].

Does Newton’s second law agree with his first law of motion? According to

- Fnet . . .
the second law, a= 50 the acceleration is zero when the net force is zero.

This is in exact agreement with the first law. In fact, the first law is simply a spe-
cial case (F, ,, = 0) of the second law of motion.

Practice

Understanding Concepts

1. Calculate the acceleration in each situation. Answers
(a) A net force of 27 N [W] is applied to a cyclist and bicycle having a 1. (a) 0.43 m/s2 [W]
total mass of 63 kg. (b) 2.4 m/s2 [fwd]
(b) A bowler exerts a net force of 18 N [fwd] on a 7.5-kg bowling ball. (c) 3.4 x 102 m/s? [up]

(c) A net force of 32 N [up] is applied to a 95-g model rocket. 2. (a) 2.5 % 10* N [fwd]

2. Find the magnitude and direction of the net force in each situation. (b) 7.0 x 10" N [E]

(a) A cannon gives a 5.0-kg shell a forward acceleration of (c) 1.9 x 105 N [S]
5.0 x 102 m/s? before it leaves the muzzle. 440k

(b) A 28-g arrow is given an acceleration of 2.5 x 103 m/s? [E]. - +UKY

(c) A 500-passenger Boeing 747 jet (with a mass of 1.6 x 10° kg) 6.2.1x 102N

undergoes an acceleration of 1.2 m/s2 [S] along a runway.

3. Write an equation expressing the mass of an accelerated object in
terms of its acceleration and the net force causing that acceleration.

4. Determine the mass of a regulation shot in the women'’s shot-put
event (Figure 1) if a net force of 7.2 x 102 N [fwd] is acting on the
shot, giving the shot an average acceleration of 1.8 x 102 m/s? [fwd].

5. Derive an equation for net force in terms of mass, final velocity, initial
velocity, and time.

6. Assume that during each pulse a mammalian heart accelerates 21 g
of blood from 18 cm/s to 28 cm/s during a time interval of 0.10 s.
Calculate the magnitude of the force (in newtons) exerted by the Figure 1
heart muscle on the blood. For question 4
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NN A Newton’s Second Law of Motion

+ Newton’s second law of motion relates the acceleration of an object to the
mass of the object and the net force acting on it. The equation is

-

F

net T .=
or Fnet— ma.

Ny

m

+ Newton’s second law is applied in many problem-solving situations.

Section 2.4 Questions

Understanding Concepts

1. When the Crampton coal-fired train engine was built in 1852, its
mass was 48.3t (1.0 t = 1.0 x 103 kg) and its force capability was
rated at 22.4 kN. Assuming it was pulling train cars whose total
mass doubled its own mass and the total friction on the engine
and cars was 10.1 kN, what was the magnitude of the accelera-
tion of the train?

2. Determine the net force needed to cause a 1.31 x 103-kg sports
car to accelerate from zero to 28.6 m/s [fwd] in 5.60 s.

3. As you have learned from Chapter 1, the minimum safe distance
between vehicles on a highway is the distance a vehicle can
travel in 2.0 s at a constant speed. Assume that a 1.2 x 103-kg car
is travelling 72 km/h [S] when the truck ahead crashes into a
northbound truck and stops suddenly.

(a) If the car is at the required safe distance behind the truck,
what is the separation distance?

(b) If the average net braking force exerted by the car is
6.4 x 103 N [N], how long would it take the car to stop?

(c) Determine whether a collision would occur. Assume that the
driver’s reaction time is an excellent 0.09 s.

Newton’s Third Law of Motion

When astronauts go for a “space walk” outside the International Space Station
(the ISS), they travel along with the station at a speed of about 30 000 km/h rel-
ative to Earth’s surface. (You should be able to use the first law of motion to

¢ explain why: since the station and the astronaut are both in motion, they remain
in motion together.) However, to move around outside the station to make
repairs, the astronaut must be able to manoeuvre in different directions relative
| to the station. To do so, the astronaut wears a special backpack called a mobile
. - manoeuvring unit, or MMU (Figure 1), a device that applies another important
Figure 1 principle named after Sir Isaac Newton.
The astronaut is wearing a manoeuvring unit Newton’s first law of motion is descriptive and his second law is mathemat-
(the backpack) that illustrates an application ical. In both cases, we consider the forces acting on only one object. However,
of the third law of motion. Expanding gases when your hand pushes on the desk in one direction, you feel a force of the desk
expelled from the unit propel the astronaut in pushing back on your hand in the opposite direction. This brings us to the third
a direction opposite to the direction of the > . L. . .
expelled gases. law, which considers forces acting in pairs on two objects.
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Newton’s third law of motion, often called the action-reaction law, states:

Third Law of Motion

For every action force, there is a reaction force equal in magnitude, but
opposite in direction.

To illustrate the third law, imagine a ball shot horizontally out of the tube of
a toy cart on wheels, as shown in Figure 2. When the ball is pushed into the cart,
a spring becomes compressed. Then, when the spring is released, the spring (and
thus the cart) pushes forward on the ball. We call this force the action force. At the
same instant, the ball pushes backward on the spring (and thus the cart). We call
this the reaction force of the ball on the cart. The action and reaction forces are
equal in size but opposite in direction, and act on different objects. (Do not
worry if you have difficulty deciding which of an action-reaction force pair is the
action force and which is the reaction force. Both forces occur at the same time,
so either way works.)

Sample Problem

Draw an FBD of the ball shown in Figure 2 while it is still pushed by the spring.

Solution

The FBD is shown in Figure 3. The force of the

spring on the ball is to the right. While the ball +y
is still in the tube, the normal force exerted by

the tube is equal in magnitude to the force of En T
gravity on the ball. Notice that there are no 2
action-reaction pairs of forces in the diagram

because an FBD is a drawing of a single object, S
not two objects, and an FBD shows only the
forces exerted on the object, not any forces
that the object might exert on something else.

Figure 3

Try This
Activity

Demonstrating Newton’s Third Law

Your teacher will set up demonstrations of the third law of motion. In each
case, predict what you think will occur, then observe what happens, and
finally summarize your observations in tabular form using these headings:

Object Predicted Observed Description  Description Diagram of
observed result result of the action  of the reaction the action-
force(s) force(s) reaction
pair(s)

Do action-reaction forces exist on stationary objects? Yes, they do, but they
might not seem as obvious as the example of the ball being shot out of the toy
cart. Consider, for instance, an apple hanging in a tree, as in Figure 4. The force
of gravity on the apple pulling downward is balanced by the upward force of the
stem holding the apple. However, these two forces act on the same object
(the apple), so they are not an action-reaction pair. In fact, there are two action-

25

third law of motion: for every action
force, there is a reaction force equal in
magnitude, but opposite in direction

L1 ball

Jdd

Figure 2

When the spring is released, it exerts a for-
ward force on the ball, and simultaneously
the ball exerts a force on the spring (and cart)
in the opposite direction. The ball moves for-
ward and the cart moves backward.

(a)

)

ch of stem on apple

‘L 7—"9 (force of Earth

on apple)

(b)

A

%e of stem on apple
force of apple on stem

)
4

(c)

l?g (force |4 force of
of Earth apple
onapple)  onEarth

Figure 4

(a) The downward force of gravity on the
apple is balanced by the upward force
exerted by the stem. (This is not an
action-reaction pair of forces.)

(b) One action-reaction pair of forces exists
where the stem and apple are attached.

(e) A second action-reaction pair exists
between Earth and the apple.
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DID YOU KNOW ?

Observing Newton’s Third Law
Electronically

You can observe verification of Newton's
third law of motion by using simulation soft-
ware or by accessing the Nelson science
Web site. Follow the links for Nelson Physics
11, 2.5. Alternatively, if the interfacing tech-
nology is available, your teacher can demon-
strate the third law using force sensors
mounted on two dynamics carts. When the
carts collide, the magnitude of the force each
cart exerts on the other can be measured.
The law for various mass combinations and
initial velocities can be observed.

@ www.science.nelson.com

Figure 5
The design of a turbo jet engine

76 Chapter 2

reaction pairs in this example. One is the downward force of the apple on the
stem, equal in size but opposite in direction to the force of the stem on the apple.
The other is the downward force of Earth’s gravity, equal in size but opposite in
direction to the upward force of the apple on Earth. Of course, if the stem breaks,
the apple accelerates toward Earth, and Earth also accelerates toward the apple.
However, because Earth has such a large mass, and acceleration is inversely pro-
portional to mass, Earth’s acceleration is extremely small.

Practice

Understanding Concepts

1. Draw an FBD of the cart in Figure 2 when the spring is released.

2. Draw an FBD of the apple hanging from the stem in Figure 4. Are
there any action-reaction pairs of forces in your diagram?

Applying the Third Law of Motion

The third law of motion has many interesting applications. As you read the fol-
lowing descriptions of some of them, remember there are always two objects to
consider. One object exerts the action force while simultaneously the other exerts
the reaction force. In certain cases, one of the “objects” may be a gas such as air.

(a) When someone is swimming, the person’s arms and legs exert an action
force backward against the water. The water exerts a reaction force forward
against the person’s arms and legs, pushing his or her body forward.

(b) A jet engine on an aircraft allows air to enter a large opening at the front of
the engine. The engine compresses the air, heats it, then expels it rapidly
out the rear (Figure 5). The action force is exerted by the engine backward
on the expelled air. The reaction force is exerted by the expelled air forward
on the engine, pushing the engine and, thus, the entire airplane in the
opposite direction.

fuel intake

Expanded gases
leave the nozzle
and exert a
reaction force

on the engine,
pushing the
airplane forward.

Compression ~ Combustion Spinning  nozzle
fans draw air ~ chamber: turbines
inand Fuel burns are used

compress it. continuously to drive the
in the air and compressor
the resulting fans.
hot gases
expand rapidly.

(c) A squid is a marine animal with a body size ranging from about 3 cm to 6 m.
It propels itself by taking in water and expelling it in sudden spurts.The
action force is applied by the squid backward on the discharged water.

The reaction force of the expelled water pushes the squid in the opposite
direction.
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Practice

Understanding Concepts

3. Explain each event described below in terms of Newton's third law of
motion.
(a) A space shuttle vehicle, like the one shown in the photograph in
Figure 1 of section 2.3, is launched.
(b) When a toy balloon is blown up and released, it flies erratically
around the room.

4. You are a passenger on a small rowboat. You are about to step from
the boat onto a nearby dock. Explain why you may end up in the
water instead.

5. According to Newton'’s third law, when a horse pulls on a cart, the
cart pulls back with an equal force on the horse. If, in fact, the cart
pulls back on the horse as hard as the horse pulls forward on the
cart, how is it possible for the horse to move the cart?

SUMMARY Newton’s Third Law of Motion

+ Newton’s third law of motion, which always involves two objects, states
that for every action force, there is a reaction force equal in magnitude, but
opposite in direction.

+ Action-reaction pairs of forces are applied in many situations, such as a
person walking, a car accelerating, and a rocket blasting off into space.

Section 2.5 Questions

Understanding Concepts

1. Use the third law of motion together with a diagram of the
action-reaction pair(s) to explain each situation.
(a) A person with ordinary shoes is able to walk on a sidewalk.
(b) A rocket accelerates in the vacuum of outer space.

2. (a) A certain string breaks when a force of 225 N is exerted on it.
If two people pull on opposite ends of the string, each with a
force of 175 N, will the string break? Explain.

(b) Draw a diagram of the situation in (a) showing all the action-
reaction pairs of forces.

Making Connections

3. What is meant by the term “whiplash” in an automobile colli-
sion? Explain how and why whiplash occurs by applying
Newton’s laws of motion.

4. An “ion propulsion system” is a proposed method of space travel
using ejected charged particles (Figure 6). Locate information on
this system and analyze how it relates to the third law of motion. :

Follow the links for Nelson Physics 11, 2.5. Figure 6
www.science.nelson.com The space probe, Deep Space 1, was launched
in 1998 to observe the asteroid Braille. The

Reflecting probe used ions ejected from the exhaust
5. How important are diagrams in helping you solve problems grid (the grey disk) to propel itself forward.
involving forces and motion? This successful mission will help scientists

develop ion propulsion systems for the future.
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Careers in Forces and Motion

There are many different types of careers that involve the study of forces and
motion in one form or another. Have a look at the careers described on this
page and find out more about one of them or another career in forces and
motion that interests you.

Civil Engineer

It takes about four years at university to com-
plete a civil engineering degree. Qualified civil
engineers help to plan and design buildings,
foundations, roads, sewage systems, and
bridges. These engineers work with architects
and use computer programs to design structures.
Some work for private construction companies
and government agencies, while others work as
private consultants to businesses or the govern-
ment. All civil engineers must be members of the
Assaciation of Professional Engineers.

Kinesiologist

Practice

CAREER

Mechanical Engineer

Mechanical engineering is a four-year university
degree course. Upon completion of their studies,
many mechanical engineers obtain work in the manu-
facturing sector, in the areas of safety and quality
control. The work done by mechanical engineers can
vary from designing heating and cooling systems to
overseeing assembly line work in car manufacturing.
This line of work often requires extensive use of
computers. A mechanical engineer must be a
member of the Association of Professional Engineers.

Kinesiologists must study for about four years to obtain a bachelor's degree in
science, majoring in kinesiology. To obtain entry into this course, good marks in
high school mathematics, physics, and biology are essential. Most of the time,
kinesiologists work with their hands and with computers. They also use elec-
tromyography instruments that measure the electrical activity in muscles to
treat and diagnose physical problems. These professionals often work in
clinics and hospitals. Increasingly, kinesiologists may be found waorking as
ergonomic consultants, in offices and factories, and teaching people how to
work safely with various forms of technology.

Making Connections

www.science.nelson.com

1. ldentify several careers that require knowledge about forces and
motion. Select a career you are interested in from the list you made
or from the careers described above. Imagine that you have been
employed in your chosen career for five years and that you are
applying to work on a new project of interest.

(a) Describe the project. It should be related to some of the new
things you learned in this unit. Explain how the concepts from
this unit are applied in the project.

(b) Create a résumé listing your credentials and explaining why you
are qualified to work on the project. Include in your résumé
» your educational background — what university degree or

diploma program you graduated with, which educational insti-
tute you attended, post-graduate training (if any);
» your duties and skills in previous jobs; and
» your salary expectations.
Follow the links for Nelson Physics 11, 2.5.
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Chapter 2

Key Expectations

Throughout this chapter, you have had
opportunities to

define and describe concepts and units related to force
(e.g., applied force and net force); (2.1, 2.4, 2.5)
identify and describe the fundamental forces of nature;
(2.1)

analyze and describe the forces acting on an object,
using free-body diagrams, and determine the accelera-
tion of the object; (2.4)

state Newton’s laws, and apply them to explain the
motion of objects in a variety of contexts; (2.2, 2.4, 2.5)
analyze in quantitative terms, using Newton’s laws, the
relationships among the net force acting on an object,
its mass, and its acceleration; (2.4)

carry out experiments to verify Newton’s second law of
motion; (2.3)

interpret patterns and trends in data by means of
graphs drawn by hand or by computer, and infer or cal-
culate linear and non-linear relationships among vari-
ables (e.g., analyze data related to the second law
experiments); (2.3)

analyze the motion of objects, using vector diagrams,
free-body diagrams, uniform acceleration equations,
and Newton’s laws of motion; (2.4)

explain how the contributions of Galileo and Newton
revolutionized the scientific thinking of their time and
provided the foundation for understanding the rela-
tionship between motion and force; (2.1, 2.2)

evaluate the design of technological solutions to trans-
portation needs and, using scientific principles, explain
the way they function (e.g., evaluate the design and
explain the operation of airbags in cars); (2.2)

analyze and explain the relationship between an under-
standing of forces and motion and an understanding of
political, economic, environmental, and safety issues in
the development and use of transportation technologies
(including terrestrial and space vehicles) and recreation
and sports equipment; (2.2, 2.4, 2.5)

identify and describe science and technology-based
careers related to forces and motion; (career feature)

Summary

Key Terms

force
fundamental forces

system diagram
free-body diagram

gravitational force (FBD)

force of gravity dynamics
electromagnetic force inertia

strong nuclear force resultant force
weak nuclear force net force

normal force first law of motion

friction second law of motion
tension third law of motion
newton
Make a
Summary

Imagine you have been chosen to join a team of
explorers to travel from Earth to the Moon. Make up
a “physics” story of your trip to the Moon, starting
from the launching pad and ending when you land
on the Moon'’s surface. You can use a written
description as well as diagrams, graphs, and equa-
tions. In your story, use as many of the key words
and concepts from this chapter as you can.

Reflecto earning

Revisit your answers on the Reflect on Your Learning questions

at the beginning of this chapter.

+ How has your thinking changed?
+ What new questions do you have?
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Chapter 2

Understanding Concepts

1. Describe briefly the four fundamental forces that can
account for all known forces.

2. Name the type(s) of force responsible for each of the
following:
(a) A nickel is attracted to a special steel bar.
(b) A coasting cyclist gradually comes to a stop.
(c) An electron in a hydrogen atom travels in an orbit
around a proton.
(d) A meteor accelerates toward Earth.
(e) The meteor in (d) begins to burn and give off light.
3. An airplane is travelling with constant speed, heading
east at a certain altitude. What forces are acting on the
airplane? What is the net force on the airplane?
4. The scale used to draw the forces in Figure 1 is
1.0cm =2.0 N.
(a) Find the net force acting on the cart.
(b) If the cart’s mass is 1.2 kg, what is its acceleration?

- -
Fft—", > fa

Figure 1

5. Apply Newton’s first law of motion to explain the
danger in travelling too quickly on a curve of an icy
highway.

6. A tractor pulls forward on a moving plow with a force
of 2.5 x 10* N, which is just large enough to overcome
friction.

(a) What are the action and reaction forces between
the tractor and the plow?

(b) Are these action and reaction forces equal in mag-
nitude but opposite in direction? Can there be any
acceleration? Explain.

7. A football player kicks a 410-g football, giving it an
acceleration of magnitude | 25§ | for 0.10 s.
(a) What net force is imparted to the ball?
(b) Name and state the magnitude of the reaction
force.

8. One of the world’s greatest jumpers is the flea. For a
brief instant a flea is estimated to accelerate with a mag-
nitude of 1.0 X 10° m/s?>. What is the magnitude of the
net force a 6.0 X 10~/-kg flea would need to produce
this acceleration?
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10.

11.

12.

13.

14.

15.

. A net force of magnitude 36 N gives a mass 7, an accel-

eration of magnitude 4.0 m/s?. The same net force gives
another mass 1, an acceleration of magnitude 12 m/s.
What magnitude of acceleration will this net force give
to the entire mass if 72, and m, are fastened together?

In an electronic tube, an electron of mass 9.1 x 107! kg

experiences a net force of magnitude 8.0 X 107> N over

a distance of 2.0 cm.

(a) Calculate the magnitude of the electron’s
acceleration.

(b) Assuming it started from rest, how fast would the
electron be travelling at the end of the 2.0-cm
motion?

A 1.2 X 10*-kg truck is travelling south at 22 m/s.

(a) What net force is required to bring the truck to a
stop in 330 m?

(b) What is the cause of this net force?

Calculate the acceleration of the cart shown in Figure 2,

given the following assumptions:

(a) No friction is acting on the cart.

(b) A frictional resistance of magnitude 2.0 N is acting
on the cart.

4.0kg frictionless pulley

. o /
‘ 2.0 kg

Figure 2

You are standing on the edge of a frozen pond where
friction is negligible. In the centre of the ice is a red
circle 1.0 m in diameter. A prize of a megadollar will be
offered if you can apply all three of Newton’s laws of
motion to get to the red circle and stop there. Describe
what you would do to win the prize.

A shuffleboard disk of mass 0.50 kg accelerates under
an applied force of 12.0 N [forward].
(a) If the magnitude of the frictional resistance is
8.0 N, find the magnitude of the disk’s acceleration.
(b) If the disk moves from rest for 0.20 s, how far does
it travel while accelerating?

Each of the four wheels of a car pushes on the road
with a force of 4.0 x 103 N [down]. The driving force
on the car is 8.0 x 103 N [W]. The frictional resistance
on the car is 6.0 x 103 N [E]. Calculate the following:
(a) the mass of the car

(b) the net force on the car

(c) the car’s acceleration



16. Draw a free-body diagram to determine the net force
acting on the object in italics in each of the following
situations:

(a) Two teenagers are pushing a dirt bike through a
freshly plowed field. One exerts a force of
390 N [W] on the bike while the other exerts a
force of 430 N [W]. Frictional resistance amounts
to 810 N.

(b) A water-skier is being pulled directly behind a
motorboat at a constant speed of 20.0 m/s. The
tension in the horizontal rope is 520 N.

(¢) An elevator, including passengers, has a mass of
1.0 X 10° kg. The cable attached to the elevator
exerts an upward force of 1.2 X 10* N. Friction
opposing the motion of the elevator is 1.5 X 10> N.

17. Use unit analysis to check the validity of this equation:

net At

. m(ve—7,)

Applying Inquiry Skills

18. A group performing an investigation uses a 100.0-g mass
to cause the acceleration of a cart. They record the force
of gravity on the mass as 1.0 N. Assuming the true
value of the force is 0.98 N, what is the percentage error
of their value?

19. (a) State at least one possible source of error when
using a spring scale to determine the force needed
to support an object.

(b) What would you do to account for that source of
error in an experiment?

20. Design a virtual experiment in which you test the
advantages of wearing a safety helmet while mountain
biking.

21. A student performs an experiment to study the rela-
tionship between applied force and acceleration on a
dynamics cart. After applying five different forces and
determining the resulting acceleration, the student plots
a graph of acceleration versus applied force and obtains
the result shown in Figure 3.

(a) Explain why the graph does not pass through the
origin.

(b) How would the graph change if the experiment
were repeated using a surface where friction
between the cart and the surface was greater?

(¢) What was the value of the frictional force (assumed
constant) that acted upon the cart when the stu-
dent carried out the experiment?

6.0 1

5.0 1

4.0

3.0 1

2.0 1

Acceleration (m/s? [fwd])

1.0 1

1%

0 20 40 60 80 100 120 140
Applied Force (N [fwd])

Figure 3

Making Connections

22. A car has a fuel consumption of 7.2 L/100.0 km on an
expressway and 9.5 L/100.0 km on city roads. Explain
why there is a difference.

23. List possible careers that apply the principles presented
in this chapter.

24. Explain these warnings found on the visor of a new
automobile:

“Children 12 and under should be seated in the rear
seat.”

“Never seat a rearward-facing child in the front.”

Exploring

25. Research the current progress toward a “unified field
theory” of forces. Follow the links for Nelson Physics
11, Chapter 2 Review. Use a concept map to summarize
your findings about the electroweak force, the Grand
Unified Theory (GUT), and the Theory of Everything
(TOE).

www.science.nelson.com

26. Many resources are available that depict the life and
contributions of Galileo and Newton, the two scientists
whose work has been featured frequently in this
chapter. Research some interesting aspects of either of
these scientists. Write a summary of what you discover.
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In this chapter, you will be
able to

define and describe concepts
related to the forces of friction
and gravity

describe and analyze the gravita-
tional force acting on an object
either at Earth’s surface or at a
known distance above Earth'’s
surface

design and carry out experiments
to identify how friction affects the
motion of a sliding object

use scientific principles to explain
the design of technological solu-
tions to transportation needs and
evaluate the design

explain and analyze how an
understanding of forces and
motion combined with an under-
standing of societal issues leads
to the development and use of
transportation technologies and
recreation and sports equipment
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Gravitational Force
and Friction

Which task would require you to apply a greater force, pushing a single textbook
across your desk, or pushing a pile of 10 of the same books across the desk? Of
course, you would have to apply a greater force to push the 10 books. The force
of gravity is greater on the 10 books and so is the force of friction that you must
overcome to move the books. Evidently, in this situation, friction is somehow
related to the force of gravity. Both forces were introduced in Chapter 2, and we
will discuss their properties in greater detail.

Without gravitational forces, Earth would not be trapped in its orbit around
the Sun. In fact, Earth would not even exist because gravitational forces between
particles were needed to form our planet. What causes the gravitational force,
and what properties of this force must be understood in order to control the
orbit of the International Space Station (Figure 1) or plan space travel to other
parts of the solar system? On Earth’s surface, do these forces have an effect on the
records set at sports events? Is there a mathematical relationship between gravi-
tational force and friction? These are some of the questions we will explore in
this chapter.

Friction is important in transportation. When friction between the tires and
the road becomes too small, such as in the case of a snowstorm or an ice storm,
vehicles can be out of the drivers’ control and can crash. Scientists and engineers
are continually researching better materials for manufacturing tires, constructing
roads, and building bridges to improve their properties in an effort to control
friction. Such research helps to improve transportation safety.

However, drivers, too, have great responsibility for transportation safety.
Those who know how to apply what they have learned about the physics of
motion and forces, whether or not they learned it in school, tend to be better
equipped to drive safely.

Reflecto) oarning

1. When you drop a book in your classroom, the book falls on the floor. Will
the book drop faster if it is heavier? Why or why not?

2. Would your weight be different on the top of a mountain than it is at sea
level? Why or why not?

3. Imagine that you are on Mars. Would you walk faster than you do on
Earth? How would this be related to the force of gravity?

4. List three ways in which friction is useful to you and three ways in which
friction is unwanted or not helpful. Explain.

5. When brakes are applied to stop a bicycle, what factors affect the stopping
distance?
Throughout this chapter, note any changes in your ideas as you learn new con-
cepts and develop your skills.



Try This
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Activity

Modelling an Important Relationship

When you apply a spray, such as window cleaner, spray paint, or hair
spray, you know that the farther the target is from the spray source, the
lower the concentration of the spray. This principle can be used to help
visualize the inverse square relationship, an important relationship in
nature. This relationship applies to the force of gravity (presented in this
chapter) and other physical situations.

To simplify the calculations in this activity, assume that the spray
nozzle is square rather than round, and it sprays 25 g of paint in each of
five trials, as depicted in Figure 2. In the first trial, the target is 10.0 cm
from the source; in the second trial, the target is 20.0 cm away; and so on.

paint R

source __ e Teel | uiataiunty | S ('
________ ==\ .____—_:__‘_—-_ T - — - - } 5.0cm
\‘ N

20.0cm

30.0cm

40.0cm

50.0 cm

Figure 2

For this activity, you will need graph paper and a calculator.

(a)
(b)

(c)

(d)

(e)

Sketch a graph of inverse square relationship y e 5.

XZ
Copy Table 1 into your notebook, and complete it by referring to
Figure 2.
Describe any pattern you observe in your completed table of
data and calculations.
Plot a graph of the mass of paint per unit area as a function of
the distance from the source. Compare this graph with the
sketch you drew in (a) above.
Describe in your own words the meaning of “inverse square
relationship.”
How do you think the inverse square relationship applies to the
gravitational forces surrounding Earth?

Figure 1

The International Space Station (ISS) is an
orbiting science laboratory with scientists living
aboard for several months at a time. To build
and maintain this technological marvel above
Earth's atmosphere requires a thorough under-
standing of the gravitational forces that keep
the ISS in orbit. Experiments conducted on the
ISS are unique because everything on board is
under free fall conditions.

Table 1

Trial 1 213 |4 5

Distance from
source (cm) 10.0
Side length of
target (cm) 1.0

Surface area of
target (cm?) 1.0

Mass of paint per
unit area (g/cm?) | 25
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Figure 1

Usually, a new Olympic record replaces the
old one by a small difference. In the 1968
Olympics, however, some records were shat-
tered by a large amount. The previous pole
vault record, for example, was exceeded by
30 cm in that year.

Figure 2

A plumb bob is a relatively large mass hung
on a cord. To be sure that fence posts, walls,
door and window frames, and strips of wall-
paper are vertical, a construction expert or an
interior decorator suspends a bob to check
whether the vertical lines are parallel to its
cord. To obtain a horizontal line, a 90° angle
can be drawn from the vertical.

force field: space surrounding an object in
which the object exerts a force on other
objects placed in the space

gravitational field strength: the
amount of force per unit mass acting on
objects in the gravitational field
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Gravitational Force on
Earth’s Surface

The Summer Olympic Games are held every four years in different cities around
the world. During each Olympic Games, many of the Olympic records, as well as
several world records, are broken. When the Olympic Games were held in Mexico
City in 1968, a higher than expected number of Olympic and world records were
broken, especially for track and field events (Figure 1). At the same time, the
results of certain other events were very poor. Which types of events were easier
in Mexico City, and which were more difficult? What factors do you think con-
tributed to these differences?

Mexico City is located in a mountainous region of central Mexico, at a latitude
of about 20° north of the equator and at an elevation of 2300 m above sea level.
These two factors—the proximity to the equator and the high elevation—con-
tributed to the results of the 1968 Olympics. Both factors affect the force of gravity
at a location, while the latter, the elevation above sea level, also affects the density
of the air. Thus, with a smaller force of gravity, track and field events, such as short
races, jumping events, and throwing events, are all easier to perform. However, an
approximate 30% reduction in oxygen in the low-density air makes events that
require great stamina, such as long-distance running, much more difficult.

The force of gravity affects much more than just sports events. The proper-
ties of this ever-present force have been applied in many ways, from designing
and making simple devices, such as a weigh scale or a plumb bob (Figure 2), to
developing and building more complex devices, such as rockets and space probes.

Earth’s Gravitational Field

A force field is a space surrounding an object in which the object exerts a force
on other objects placed in the space. Earth is surrounded by a gravitational force
field (Figure 3). This means that every mass, no matter how large or small, and
whether it is in the space on or above Earth’s surface, feels a force pulling it
toward Earth. The gravitational field strength is the amount of force per unit
mass acting on objects in the gravitational field. It is a vector quantity that has
the direction downward or toward Earth’s centre. Using SI units, gravitational
field strength is measured in newtons per kilogram (N/kg). The gravitational
field strength is not the same everywhere. It depends on how close the object is
to the centre of Earth—it is greater in valleys and smaller on mountaintops.

A simple way to measure the force of gravity acting on a mass is to suspend
the mass from a force sensor or a spring balance calibrated in newtons, as you did

Figure 3

This model illustrates the gravita-

tional force field surrounding Earth.
“ All the vectors point toward Earth's

i centre, and their magnitudes indicate

— i B that the field becomes weaker as the
> L J."' b* distance from Earth's centre
- b T . . Lo
\_ v\ increases. As seen in Chapter 2, it is
5 / T * the “direction toward the centre”
A T e that defines what we mean by
4 A “downward” on Earth’s surface.



in the Chapter 2 opener activity. Table 1 shows data that were collected in this
way, and Figure 4 shows that the graph of these data yields a straight line.
The slope of the line in Figure 4 is
AF _ 490N [{]
slope = Am 500kg 9.8 N/kg []

The slope gives the gravitational field strength on Earth’s surface in newtons
per kilogram. Where have you seen the number 9.8 before? This is the magnitude
of the acceleration due to gravity (9.8 m/s? [1]). It is left as an exercise to show
that N/kg and m/s? are equivalent.

Since the gravitational field strength and the acceleration due to gravity are
numerically equal, the same symbol, _g), is used for both. Therefore, on Earth’s sur-
face, g= 9.8 N/kg [L], or g=9.8 m/s? [L].

The gravitational field strength can be applied using the equation for
Newton’s second law of motion, Fg =mg, to determine the force of gravity acting
on an object at Farth’s surface.

Sample Problem 1

The maximum train load pulled through the Chunnel, the train tunnel under the
English Channel that links England and France, is 2434 t. Determine the force of
gravity on this huge mass.

Solution
m=2434t
2=9.8 N/kg [{]

F =2
g

We must first convert the mass in tonnes to kilograms:

0 kg

100
2434t = 2434 t X ———= = 2.434 x 10° kg

T:g =mg
= (2.434 X 10° kg) (9.8 N/kg [1])
T:g =24x 107N [{]

The force on the load is 2.4 x 107 N [{].

Practice

Understanding Concepts

1. Show that N/kg is equivalent to m/s2.

2. The average mass of a basketball is 0.63 kg. What is the force of
gravity acting on the ball?

3. The force of gravity on the heaviest person in history is about
6.2 kN [L]. Determine the mass of this record-holder in kilograms.

4. The force of gravity on a 251-kg spacecraft on the Moon'’s surface is
408 N [L1.
(a) What is the gravitational field strength there?
(b) What is the acceleration of a free-falling object on the surface of
the Moon?

5. Assume you are in a space colony on Mars, where the gravitational
field strength is 3.7 N/kg [1]. What is the force of gravity on you?

3.1

Table 1 The Force of Gravity

on Masses
Mass (kg) Force of gravity (N [1])

0.0 0
10.0 98
20.0 196
30.0 294
40.0 392
50.0 490

Force (N [4])

500 -

400 -

300

200

100 -

v T T 1

0 10.0 200 300 40.0 500
Mass (kg)

Figure 4

The slope of the line on this force-mass
graph indicates the gravitational field
strength.

Answers
2.6.2N[]
3. 6.3 X 102 kg
4. (a) 1.63 N/kg [1]
(b) 1.63 m/s2 [L]
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mass: the quantity of matter in an object

weight: the force of gravity on an object

(a)

(b)

(c)

et

Figure 5

(a) For an object undergoing free fall, the
weight, TEQ, is the force which causes the
object to accelerate downward.

(b) When an object rests on a horizontal sur-
face, the object’s weight causes a down-

ward force on the surface. This force is
balanced by an upward force of the sur-
face, the normal force, on the object.
(¢) The upward force required to raise an
object at a constant speed is equal in
magnitude to the object’s weight.

Answers
7.(a) 1.9x 102 N [{]
(b) 1.9% 102 N [T]
8. 4.8x 102N []
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Mass and Weight

Weight is a commonly used term that is often confused with mass. In daily trans-
actions, weight and mass may be used interchangeably, but they are quite dif-
ferent things.

Mass is the quantity of matter in an object. As long as the amount of matter
in an object remains the same, its mass stays the same. Mass is measured using a
balance, a device that compares an unknown mass to a standard (the kilogram, for
example). The label on a kilogram of ground meat should say “mass: 1 kg.”

Weight is the force of gravity on an object. Thus, we will use the same
symbol for weight as for the force of gravity, F,. Being a force, weight is measured
in newtons, not in kilograms. In the laboratory, a spring scale or a force sensor
can be used to measure weight. Since the force of gravity can vary, the weight of
an object will also vary according to its location. The magnitude of an object’s
weight is equal in magnitude to the force required to hold the object or to raise
or lower the object without acceleration (Figure 5).

If you were to travel to the Moon, you would find that the force of gravity
there is only about ¢ of that on Earth. That is, the gravitational field strength on
the Moon is only about 1.6 N/kg [{].

Sample Problem 2

Calculate the weight of a fully outfitted astronaut who has a mass of 150 kg on
the Moon.

Solution
m =150 kg
¢=1.6 N/kg [{]
Fg =7

F. =myg

8
= (150 kg)(1.6 N/kg [1])
F =24%10°N [{]

The astronaut’s weight on the Moon is 2.4 X 10> N L.

Practice

Understanding Concepts

6. To summarize the differences between mass and weight, set up and
complete a table using these titles:

Method of Variation
measuring with location

Quantity Definition Symbol S| unit

7. (a) What is the weight of a 19-kg curling stone?
(b) What force is required to raise the curling stone without
acceleration?

8. Calculate the weight of a 54-kg robot on the surface of Venus where
the gravitational field strength is 8.9 N/kg [L].




Variation in Earth’s Gravitational Field Strength

From the equation F = mg, it is evident that the weight of an object of known
mass changes if ¢ changes. Although the average value of g on Earth, to two sig-
nificant digits, is 9.8 m/s? [ ], this quantity may change slightly depending on the

object’s location.

Earth is not a sphere. Since it rotates on an axis through the North and
South Poles, it bulges out slightly at the equator. A sled located at the North Pole
is about 21 km closer to the centre of Earth than a boat floating in the ocean at
the equator. As a result, the gravitational field strength at the North Pole is
slightly greater than that at the equator, as shown in Table 2.

Table 2 Variation in g with Latitude (at sea level)

Latitude (°) g (N/kg [L]) Distance from
Earth’s centre (km)

0 (equator) 9.7805 6378

15 9.7839 6377

30 9.7934 6373

45 9.8063 6367

60 9.8192 6362

75 9.8287 6358

90 (North Pole) 9.8322 6357

The altitude, or height above sea level, also affects the gravitational field
strength, as shown in Table 3. Again, the greater the distance from Earth’s centre,
the smaller the gravitational field strength.

Table 3 Variation in g with Altitude (at similar latitudes)

Location Latitude (°) g at sea level Altitude (m) g
(N/kg [4]) (N/kg [L])
Toronto 44 9.8054 162 9.8049
Mount Everest 28 9.7919 8848 9.7647
Dead Sea 32 9.7950 -397 9.7962

Practice

Understanding Concepts

9. (a) Calculate Earth’s force of gravity on each of two steel balls of
masses 6.0 kg and 12.0 kg.

(b) If the force of gravity on the 12-kg ball is greater than that on the
other ball, why do the two balls accelerate at the same rate when
dropped?

10. (a) What is your mass in kilograms?

(b) Calculate your own weight at sea level at

(i) the equator

(ii) the North Pole

3.1

KNOW ?

Gravitational Attraction of
Polar Ice Caps

The huge masses of major polar ice caps,
such as the one covering much of Greenland,
have a large gravitational attraction on
nearby ocean waters. As polar ice caps melt
due to global warming, their gravitational
attraction decreases, so they are unable to
keep as much water near them. Thus, sea
levels farther from the melting ice caps will
rise more than sea levels near the ice caps.

Answers
9.(a) 59 N [1]; 1.2x 102 N [{]
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Figure 6

Astronauts aboard the International Space
Station appear to be floating as they move
along with the station. Although this sensa-
tion is commonly called weightlessness, a
better term is “constant free fall.”

Figure 7

Newton'’s reasoning to explain constant free
fall: Only an object moving at a high enough
speed will fall at the same rate as the sur-
face of Earth curves.

region of
free fall

Figure 8

As the airplane repeats the curved path sev-
eral times, the astronauts in training experi-
ence short periods of free fall when they
float around inside the airplane.
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11. A vegetable vendor sets up a stall in an elevator of a tall building.
The vendor uses a spring scale to measure the weight of vegetables
in newtons.

(a) Under what conditions of changing velocity would it be advanta-
geous for you to buy from the vendor? for the vendor to sell to
you? Explain your answers.

(b) Under what condition would neither of you have an advantage?

Free Fall, Weightlessness, and Microgravity

Julie Payette, Canada’s first astronaut aboard the International Space Station in
May 1999, experienced a sensation often referred to as “weightlessness” or
“microgravity” while on the station orbiting Earth (Figure 6). During this
motion, astronauts appear to be floating in space, so they appear weightless.
However, the terms weightless and microgravity are misleading because they do
not explain what is really happening.

The weight of an object is defined as the force of gravity acting on it. At the
altitude where the space station orbits Earth, the force of gravity acting on the
astronauts and the station is about 90% of what it is on Earth’s surface. With such
a large force, “microgravity” is not a good description, since micro refers to a very
small amount of gravity. Without this large force of gravity, the space station
would not have stayed in its orbit around Earth.

It was Newton who first saw the connection between falling objects, projec-
tiles, and satellites in orbit. The virtual experiment he conducted is still as good
an explanation of this relationship as any others. Imagine a large cannon on the
top of a high mountain firing cannon balls horizontally at greater and greater
speeds, as illustrated in Figure 7. At first the cannon balls fall quickly to the
ground. As their initial speeds increase, the cannon balls travel farther and far-
ther. At very high speeds, a new factor affects the distance. Since Earth is round,
the surface of landing curves downwards. The cannon balls must travel down
and around before landing. When a certain critical speed is reached, the cannon
ball’s path curves downward at the same rate as Earth’s curvature. The orbiting
cannon ball is then in constant free fall, always falling toward Earth, but never
landing. The space station and everything inside undergo the same type of accel-
erated motion as the imaginary cannon ball does.

When you jump from a height to the ground, you momentarily experience
free fall. Virtually no force is acting upward on you as the force of gravity pulls
you down toward Earth. However, the time interval is so short that the sensation
does not really have time to take effect. The interval of free fall or “weightless-
ness” is extended for astronauts during training. The astronauts are placed in the
cargo hold of a large military transport plane. First, the plane climbs to a high
altitude. Then, it dives to gain speed. Next, it pulls into a large parabolic path and
into a dive. It is during the upper part of the parabolic path (as in Figure 8) that
the plane is in free fall for about 30 s, and the astronauts can “float” around inside
the cargo hold, experiencing the sensation of “weightlessness.”

Practice

Understanding Concepts

12. (a) In the SI metric system, what does the prefix “micro” mean?
(b) Use your answer in (a) to explain why it is misleading to call the
forces acting on an astronaut in orbit microgravity.



13. In Figure 7, what would happen to a cannon ball travelling at a speed

higher than any of those shown?

14. If you wanted to reduce the number of forces acting on your body to

a minimum, what would you have to do?

SUMMARY

Gravitational Force on Earth’s Surface

« Earth’s gravitational field is the space surrounding Earth in which the force
of gravity has an effect.
On Earth’s surface, the average gravitational field strength is

.

g=

9.8 N/kg [{].

Mass is the quantity of matter (measured in kilograms) and weight is the
force of gravity (measured in newtons and determined using the equation

g

F, = myg).

The magnitude of g decreases as the distance from Earth’s centre increases,
so this magnitude is smaller at higher altitudes, and it is greater at the poles
than at the equator because Earth is slightly flattened at the poles.

An object orbiting another object maintains its orbit by constantly free
falling toward the central body. For example, the International Space
Station and its contents constantly free fall toward Earth.

Section 3.1 Questions

Understanding Concepts

1.

In a videotape of the Apollo astronauts on the Moon, it seems
that the astronauts are moving about in slow motion. Explain
why this is the case.

. Why is the gravitational field strength halfway up Mount Everest

the same as at sea level at the equator?

. Why is the gravitational field strength at the South Pole less than

that at the North Pole? (Hint: Look at the globe to see which pole
is at sea level and which is on a thick ice shelf.)

. Suppose you wanted to make some money by purchasing pre-

cious materials such as gold at one altitude and selling them for
the same price in dollars per newton at another altitude. Describe
the conditions that would favour your “buy high and sell low”
strategy.

. What is the force of gravity at Earth’s surface on each of the

following masses?

(a) 75.0 kg (b) 454 g (c) 2.00 t

. What is the weight of each of the following masses at Earth’s
surface?
(a) 25¢ (b) 102 kg (c) 12 mg

. Use these magnitudes of the forces of gravity at Earth’s surface

to determine the masses of the objects on which they act.
(a) 0.98 N (b) 62 N (c) 44.5 MN

. Copy Table 4 into your notebook and complete it for a 57-kg

instrument on each planet.
(continued)

3.1

KNOW ?

Weight in Orbit

If an astronaut, while in orbit, stood on a
bathroom scale to determine his or her
weight, the scale would read zero—the scale
would be accelerating toward Earth at the
same rate as the astronaut. To help under-
stand this, imagine what a bathroom scale
would read if you were standing on it while
you were on a vertical-drop ride at an amuse-
ment park and the ride was undergoing tem-
porary free fall. The result would be the
same. Any time a person is in free fall, the
sensation that the person experiences is sim-
ilar to what the astronauts experience while
their spacecraft is in orbit.

KNOW ?

Students on a Training Flight

High school students are sometimes allowed
to travel aboard NASA's astronaut-training
airplane (the KC-135 aircraft). Follow the
links for Nelson Physics 11, 3.1 to find infor-
mation about a student flight conducted

on April 13, 1999.

www.science.nelson.com

Table 4

Planet Fg(NLLD) | g(N/Kg L))
(a) Mercury 188 ?

(b) Venus 462 ?

(c) Jupiter ? 26
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Figure 9
A level

Figure 1

Astronomers are constantly searching for evi-
dence of planets orbiting stars. This photo-
graph shows a planet likely forming around a
star in our galaxy.

KNOW ?

Universal Truths

Newton's law of universal gravitation was a
great breakthrough in scientific thinking. Just
as a cannon ball in orbit around Earth is con-
stantly free falling, so is the Moon in its orbit
around Earth and all the planets in their
orbits around the Sun. Not long before
Galileo and Newton, people did not even
realize that planets travelled around the Sun.
Newton’s ideas explained what was actually
observed.

Newton's law of universal gravitation,
formulated in about 1670, was among the
first indications that there existed “universal”
truths. The laws of nature could be applied
everywhere, which was a concept not
welcomed by some of the authorities in
those days.
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9. An astronaut on the surface of Mars finds that a rock accelerates at
a magnitude of 3.7 m/s2 when it is dropped. The astronaut also
finds that a force scale reads 180 N when the astronaut steps on it.
(a) What is the astronaut’s mass as determined on the surface of

Mars?
(b) What would the force scale read if the astronaut stepped on
it on Earth?

Applying Inquiry Skills

10. A 500.0-g mass is hung on a force scale at a location where the
magnitude of the gravitational field strength is 9.8 N/kg, but the
scale reads 4.7 N.
(a) What should the scale reading be?
(b) What could have accounted for the error in the measurement?
(c) Determine the percent error of the measurement.

Making Connections

11. The photograph in Figure 9 shows a device called a level, which
is a common alternative to a plumb bob. Describe how the level
can be used to determine vertical and horizontal lines.

12. Some science fiction movies and television programs show
people walking around in a spacecraft the way we walk around a
room. How scientifically accurate is this representation?

Universal Gravitation

Are we alone in the universe? How do astronomers search for intelligent life else-
where? First, they look for evidence of planets travelling around stars that appear
to be relatively close (Figure 1). They search for these planets by applying what
they know about universal gravitation. Perhaps, one day, you, or a physics stu-
dent in your class who has become an astronomer, will announce a discovery of
life elsewhere in the universe.

Newton’s Law of Universal Gravitation

One day, so the story goes, while sitting under an apple tree, Isaac Newton
observed a falling apple. According to science historians, this seemingly unim-
portant event led to Newton’s formation of a fundamental law of nature
involving gravitational forces. The apple fell because it was pulled toward Earth
by the force of gravity. Why then, Newton hypothesized, could it not be con-
cluded that the Moon stays in its orbit around Earth because the Moon, too, is
“pulled” toward Earth by the force of gravity?

After consulting known data about the Moon’s orbit around Earth and
determining how the force of gravity depends on other variables, Newton
devised the law of universal gravitation. Considering only the magnitudes of the
forces, the relationships he discovered can be stated using these symbols:

F, is the force of gravitational attraction between any two objects.
m, is the mass of one object.
m, is the mass of a second object.
d s the distance between the centres of the two objects.
(Objects are assumed to be spherical.)



If m, and d are constant, F e m, (direct variation).
If m, and d are constant, F o m, (direct variation).

1 . ..
If m, and m, are constant, F o< ’H (inverse square variation).
mym, . . ..
7 (joint variation).
Gm,m, . X
Therefore, F, = o where G is a constant other than zero (Figure 2).

Newton’s law of universal gravitation is therefore stated as follows:

Thus, F o<

Law of Universal Gravitation

The force of gravitational attraction between any two objects is directly
proportional to the product of the masses of the objects, and inversely
proportional to the square of the distance between their centres.

In considering the law of universal gravitation, it is important to notice that
two equal but opposite forces are present. For example, Earth pulls on the Moon
and the Moon pulls on Earth with a force of equal magnitude. At Earth’s surface,
Earth pulls down on a 1.0-kg mass with a force of magnitude 9.8 N, and the 1.0-
kg mass pulls upward on Earth with a force of magnitude 9.8 N. (Recall Newton’s
third law of motion.)

980N , _980N - _980N
Fo=fy  Fo=P0N F=30 £ B0
=245N  =109N  =6IN

'y

Notice also the implications of the inverse square relationship. If an object is
moved seven times as far from the centre of Earth as Earth’s surface, the force of
gravity will be reduced to %, or % of what it is at Earth’s surface. The forces of
attraction decrease rapidly as objects move apart. On the other hand, there is no
value of d, no matter how large it can be, that would reduce the forces of attrac-
tion to zero. Every object in the universe exerts a force of attraction on all other
objects, near or far.

Finally, it is important to realize that the equation for Newton’s law of uni-
versal gravitation cannot be applied to objects of all shapes. The equation is valid
only for two spheres (such as Earth and the Sun), for two “particles” whose sizes
are much smaller than the distance separating them (for example, two people
1.0 km apart), or for a “particle” and a sphere (such as you standing on Earth).

Practice

Understanding Concepts

=980 N

1. Plot a graph of the force of gravity as a function of the distance from
the centre of Earth, using the data in Figure 2. Compare this graph
with the one you drew in the chapter opener activity.

|"

2. Explain why “universal” is a good word to describe gravitation.

3.2

law of universal gravitation: The
force of gravitational attraction between any
two objects is directly proportional to the
product of the masses of the objects, and
inversely proportional to the square of the
distance between their centres.

Figure 2

The force of gravitational attraction between
two objects is inversely proportional to the
square of the distance between their centres.
In this case, the distance is measured
between the centre of Earth and a fully out-
fitted astronaut whose mass is 1.0 X 10 kg.

KNOW ?

The Inverse Square Relationship

The inverse square relationship applies to
many phenomena, including electric forces
and light intensity. For example, the intensity
of light from a point source is inversely pro-
portional to the square of the distance from
the source.
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attraction

twist

attraction

Figure 3

In Cavendish’s experiment, the gravitational
attraction between the sets of balls caused
the fine wire to twist a measurable amount.

KNOW ?

Another Great Triumph

Cavendish's experimental determination of G
was a great triumph for science. It indicates
how strong gravitational attraction is as a
fundamental force of nature, and its magni-
tude influences the fate of the entire uni-
verse. Knowing G allowed scientists to
calculate the mass of Earth and other heav-
enly bodies (see Practice question 4 later in
this section) and helped scientists make
judgements about Earth’s interior.
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Determining the Universal Gravitational Constant

The value of the constant, G, in Newton’s gravitational equation is extremely
small; Newton determined it by calculation. Verification of this value by experi-
ment did not occur until more than a century after the law was formulated.
Then, Henry Cavendish (1731-1810), an English physicist, performed an exper-
iment using a setup similar to that in Figure 3. When balls C and D were brought
close to balls A and B, the force of gravitational attraction caused the double ball
system (A and B) to rotate a measured amount. Since Cavendish had previously
determined the force needed for a certain twist, he could now find the force of
attraction between A and C and between B and D. Using this technique, he cal-
culated the value of the constant in Newton’s equation, which now has the
symbol G, to be 6.67 x 107! Nem?/kg?.
Thus, Newton’s law of universal gravitation in equation form is

~ Gm,m,

F
G 2

G is 6.67 x 10" NemZ2/kg?

m, and m, are the masses of the objects in kilograms

dis the distance between the centres of the objects in metres

where

Sample Problem

Calculate the magnitude of the force of gravitational attraction between two
metal balls used in the men’s shot put competitions, each of mass 7.26 kg and
whose centres are separated by a distance of 24 cm.

Solution

G = 6.67 X 107! Nem?/kg?

m; = 7.26 kg
m, =7.26 kg
d=024m
F =1
Gm,m,
_ (6.67 X 107! Nem?/kg?) (7.26 kg)(7.26 kg)

(0.24 m)?
F,=6.1x108N

The magnitude of the force of attraction is 6.1 X 108 N, which is an extremely
small force.

Obviously, the force of attraction is insignificant if both of the objects have
a low mass. It takes the whole Earth, with a mass of 5.98 x 10%* kg, to exert a force
of magnitude 9.8 N on a 1.0-kg mass. The gravitational force operating between
relatively small objects, such as two cars on the road, is not worth considering.



Practice

Understanding Concepts

Note: “"Force” or “weight” in the following questions refers to the magni-
tude of the force or the magnitude of the weight.

3. Calculate the force of gravitational attraction between a concrete ball
(m, = 2.0x 103 kg) and a steel ball (m, = 2.0 x 10* kg) whose centres
are separated by a distance of 4.0 m.

4. The mass of Earth can be calculated using the fact that the weight of
an object (in newtons) is equal to the force of gravity between the
object and Earth. Given that the radius of Earth is 6.4 x 106 m, deter-
mine its mass.

5. Find the force of attraction between Earth and the Moon, using the
following data:

mass of the Moon = 7.35 x 1022 kg
mass of Earth = 5.98 x 1024 kg
average distance between centres = 3.84 x 108 m

6. The force of gravity at Earth’s surface on an astronaut is 634 N. What
is the force of gravity on the same person at each of the following
distances, in multiples of Earth’s radius, from the centre of Earth?

(a) 2 (b) 5 (c) 10 (d) 17.2

7. As a rocket carrying a space probe accelerates away from Earth, the
fuel is being used up and the rocket's mass becomes less. When the
mass of a rocket (and its fuel) is M and the distance of the rocket
from Earth’s centre is 1.5rg, the force of gravitational attraction
between Earth and the rocket is F,. When some fuel is consumed
causing the mass to become 0.5M and the distance from Earth’s
centre is 2.5r;, the new gravitational attraction is F,. Determine the
ratio of F, to F,. The symbol r; is Earth’s radius.

Gravitational Attraction in the Solar System
and Beyond

Learning how the gravitational attraction forces influence objects in space, both
in the solar system and beyond it, allows us to answer many questions not
answered by scientists in the past. What causes the ocean tides? How do scientists
decide where satellites should orbit Earth? What will happen to the universe in
the future? Let’s look at these questions in more detail.

The force that keeps the Moon in its orbit around Earth is the force of
gravity. The reaction force of the Moon pulling on Earth is evident in the for-
mation of ocean tides on Earth. At any given time, ocean waters on two opposite
sides of Earth are at high tide while the waters on the other sides are at low tide
(Figure 4). Since Earth rotates about its own axis once every 24 h and since the

low tide

- ™

Moon

high tide Earth high tide Q
\ /\

low tide

i

T

net force acting
on the water

3.2

Answers
3. 1.7x10*N
4. 6.0 x 1024 kg
5. 1.99x 1020 N
6. (a) 158 N
(b) 25.4 N
(c) 6.34 N
(d) 2.14 N
7.0.18:1

Figure 4

Ocean tides are caused by a complex set of
forces involving the Moon, Earth, the Sun,
and the mations of these bodies. The dia-
gram shows the result of these forces on an
exaggerated layer of water. High tides result
when water on Earth is made to bulge out-
ward on the sides of Earth in line with the
Moon. The other sides of Earth experience
low tide at this time.
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Figure 5

The difference between low and high tides
along the coast of the Bay of Fundy is very
evident in this photograph.

satellite
orbiting Earth

Figure 6
The force of gravity keeps the communica-
tions satellite in a stable orbit around Earth.

Figure 7

This photograph of Comet Hale-Bopp, was
taken in 1997. The comet's tail can stretch for
millions of kilometres. (The word “comet” is
derived from the Greek word kometes, which
means “wearing long hair.”)
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Moon rises in the sky about 50 min later each day, the change of tides from one
high tide to the next high tide occurs approximately every 12 h 25 min. The tides
in the Bay of Fundy in Nova Scotia are among the highest in the world. Figure 5
is a photograph taken during low tide at the Bay of Fundy.

Like the Moon, communications satellites orbit Earth. Canada is among the
world’s leaders in placing such satellites in a 24-h orbit directly above the equator.
This type of orbit is described as geosynchronous because the period of revolution
coincides with Earth’s rotation. Each satellite must remain within a predetermined
space so that messages can be sent from and received by communication dishes on
Earth. Figure 6 illustrates the principle of satellite communication.

Of course, Earth and the other eight planets of the solar system are all satel-
lites of the Sun, held in orbit by the Sun’s force of gravity. So are the objects called
comets. A comet is a dense heavenly body that has an elongated orbit around the
Sun. As a comet is attracted closer to the Sun, a huge current of charged particles
called the solar wind causes the comet’s head to become brilliant (Figure 7).
Probably the most famous of all comets is Halley’s comet, which has a period of
revolution around the Sun of about 76 years. It is named after Edmund Halley
(1656—1742). Halley, who lived in England, sometimes worked with Sir Isaac
Newton. He charted the comet’s path in 1682. The comet’s appearance for sev-
eral months during 1985 and 1986 was predicted and anticipated by people all
over the world.

Between Mars and Jupiter, there are countless chunks of material called
asteroids. Like planets and comets, these bodies orbit the Sun. However, as their
motion is influenced by the force of gravity of larger bodies, especially Jupiter,
their orbits can change. From time to time, an asteroid passes closer to Earth
than in previous orbits.

The force of gravity exists throughout the universe. Our Sun is but one ordi-
nary star in our galaxy, the Milky Way Galaxy, which consists of hundreds of
billions of stars orbiting the galaxy’s centre. Our galaxy is only one of the millions
of galaxies that make up the known universe and influence each other through
the force of gravity. Studying the properties of stars, galaxies, and other compo-
nents of the universe helps scientists discover more about the origin and possible
future of our Earth.



Practice

Understanding Concepts
8. Assume that in a coastal village a low tide occurs at 04:20. Predict the

times for the next two high tides and two low tides. (Your answer
may not necessarily coincide with the real-life situation because tides
are also affected by local conditions.)

. Determine the number of times Halley’s comet has come near Earth

since Edmund Halley made his discovery. Predict the year of its next
passing.

MUY N AA Universal Gravitation

+ Newton’s law of universal gravitation applies to all objects in the universe.
It is an example of an inverse square relationship in which the force of
gravitational attraction between any two objects in the universe is inversely
proportional to the square of the distance between the objects.

« For particles or spherical objects, the equation for the law of universal

gravitation is F, =

Gm,m
dlz 2 where G is 6.67 x 107! Nem?/kg?.

+ The concept of universal gravitation is applied in astronomy, space science,
and satellite technology.

Section 3.2 Questions

Understanding Concepts

1.

What is the magnitude of the force of gravitational attraction
between a 55-kg student and a 65-kg student, whose centres are
1.0 km apart?

2. At a certain instant, a 255-kg meteoroid moving toward Earth is

3

located 6.75 Mm from Earth’s centre. What is the magnitude of
the force of gravitational attraction between the two bodies?
(Earth’s mass is 5.98 x 1024 kg.)

Is it possible for a body to exist somewhere in the universe that
has no forces whatsoever acting on it? Explain your answer.

Applying Inquiry Skills
4. Describe how you would use a globe to illustrate the orbit of a

geosynchronous communications satellite.

Making Connections

55,

6.

Research the meanings and causes of “spring tides” and “neap
tides.” Draw diagrams to show what you discover.

Astronomers have used equations derived by Sir Isaac Newton to
estimate that the Milky Way Galaxy has a mass of approximately
4% 10*" kg. If the mass of our Sun is 2 x 1030 kg, how many stars are
there in our galaxy? Assume for this question that all stars have the
same average mass and that the masses of planets are negligible.

(continued)

3.2

Answers

8. High tides: 10:32, 22:57
Low tides: 16:45, 05:10 (next day)

9. 4 times; 2062

KNOW ?

The Ultimate Gravitational Force

A “black hole” is an extremely dense object
that exerts a huge gravitational force on rela-
tively close bodies. The force is so powerful
that nothing, not even light, can escape from
the abject, which explains why the object is
called black. Evidence of black holes in the
universe comes as material surrounding a
black hole gets sucked into it, emitting radia-
tion as it does so.
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Figure 1

To reduce the friction between skis and the
snow, skiers choose a wax that is designed
for use within a specific temperature range.
At temperatures of, say, —10°C, the ski wax
is more slippery than the wax used at higher
temperatures.

static friction: the force that tends to pre-
vent a stationary object from starting to move

starting friction: the amount of force
that must be overcome to start a stationary
object moving

kinetic friction: the force that acts
against an object’s mation in a direction
opposite to the direction of motion
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7. A communication satellite has small engines aboard that are
used to keep the satellite within its proper space. Use at least one
of Newton'’s laws to explain the use of the engines.

8. Find out about the asteroid impact in the Yucatan Peninsula in

Mexico about 65 million years ago, which is believed to have

caused the extinction of dinosaurs and numerous other species.

Also find out about the chances that an asteroid or a huge

meteor could crash into Earth in the future. Follow the links for

Nelson Physics 11, 3.2.

(a) How does an asteroid impact relate to gravitational forces?

(b) What might possibly be done to prevent an asteroid impact
in the future?

(c) How do the research scientists apply their knowledge of local
gravitational fields to determine the shape of the impact crater?

@ www.science.nelson.com

The Effects of Friction

Friction is part of everyday life. Removing a fried egg from a frying pan is easier
if the pan has a non-stick surface. You find running easier on a dry sidewalk than
on a skating rink. Skiers can choose different waxes for their skis, depending on
the air temperature and characteristics of the snow (Figure 1). Cars need friction
to speed up, slow down, and go around corners.

Static and Kinetic Friction

Friction resists motion and acts in a direction opposite to the direction of
motion. It occurs because of the electrical forces between the surfaces where two
objects are in contact. No one would put on a pair of ice skates to try to glide
along a concrete sidewalk. The friction between the sidewalk and the skate blades
would prevent any skating.

One type of friction, called static friction, is the force that tends to prevent
a stationary object from starting to move. (“Static” comes from the Greek word
statikos, which means “causing to stand.”) The maximum static friction is called
the starting friction. It is the amount of force that must be overcome to start a
stationary object moving. See Figure 2(a).

In certain circumstances static friction is useful; in others, it is not. A person
trying to turn a stubborn lid on a jam jar appreciates the extra friction that
comes with using a rubberized cloth between the lid and the hand. However,
someone attempting to move a heavy filing cabinet across a floor does not appre-
ciate static friction.

Once the force applied to an object overcomes the starting friction, the
object begins moving. Then, moving or kinetic friction replaces static friction.
Kinetic friction is the force that acts against an object’s motion in a direction
opposite to the direction of motion. For horizontal motion, if the applied force
has the same magnitude as the kinetic friction, the moving object will maintain
uniform velocity. See Figure 2(b).

Different types of kinetic friction have different names, depending on the sit-
uation. Sliding friction affects a toboggan; rolling friction affects a bicycle; and fluid
friction affects a boat moving through water and an airplane flying through air.



Practice

Understanding Concepts

1. Compare and contrast starting friction and kinetic friction, giving an
example of each.

2. Give examples of friction you have experienced, besides the ones
already given, that are
(a) sliding (b) rolling (c) fluid

3. What type of friction is air resistance? Give two examples of it.

Controlling Friction

About 4500 years ago, the Egyptians built enormous pyramids using huge stone
blocks that were difficult to move by sliding. The Egyptians placed logs beneath
the blocks to push them and move them. By doing this, people were taking advan-
tage of the fact that rolling friction is much less than sliding friction. Modern tech-
nology uses the same principles as the Egyptians did, though in a more sophisticated
way. We try to reduce undesirable friction for many reasons. For instance, all
machines have moving parts that experience friction during operation. Friction
can wear out the machines, reduce efficiency, and cause unwanted heat. (If you rub
your hands together vigorously, you can feel the heat produced by friction.) Excess
friction in machines can be overcome by making surfaces smooth, using materials
with little friction, lubricating with grease or oil, and using bearings.

Bearings function on the principle of the rolling logs used by the Egyptians
to move stones. A bearingis a device containing many rollers or balls that reduce
friction while supporting a load (Figure 3). Bearings change sliding friction into
rolling friction, reducing friction by up to 100 times.

Ways of reducing undesirable friction in other situations are also common.
The wax applied to skis mentioned earlier reduces sliding friction. A layer of air
between a hovercraft and the water reduces fluid friction in a manner similar to
the use of air pucks and the linear air track in a physics laboratory (Figure 4(a)).
A human joint is lubricated by synovial fluid between the layers of cartilage lining
the joint. The amount of lubrication provided by synovial fluid increases when a
person moves, giving an excellent example of the efficiency of the human body
(Figure 4(b)). In fact, our lubrication systems work so well that it is difficult for
technologists to design artificial joints that function to the same standard.

(a) (b)

bone

cartilage

synovial
fluid

ligament
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(a)

magnitude of
starting friction
magnitude of

F=100N
applied force
; F,=100 N

(b)

magnitude of
kinetic friction

magnitude of

F=90N
applied force

Figure 2

(a) Starting friction must be overcome before an
object begins moving.

(b) Kinetic friction occurs with a moving object.
In general, kinetic friction between two sur-
faces is less than starting friction between
the same surfaces.

Figure 3
Ball bearings are used to reduce friction in a
wheel.

Figure 4

Reducing undesirable friction

(a) This hovercraft carries cars across the
English Channel.

(b) A typical joint in the human body
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Figure 5
Tight-fitting stones of a large Inca wall near
Cuzco, Peru

INQUIRY SKILLS

O (Questioning O Recording
O Hypothesizing O Analyzing
O Predicting © Evaluating
© Planning © Communicating

© Conducting
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It has been pointed out that, although friction is often undesirable, it can be
useful. Consider, for example, a problem encountered by the Incas, who domi-
nated a large portion of South America before the Europeans arrived in the 16th
century. South America has many earthquake zones and, of course, buildings
have a tendency to crumble during an earthquake. To help overcome this diffi-
culty, the Inca stonemasons developed great skill in fitting building stones
together very tightly so that a great deal of sliding friction would help hold their
buildings together, even during an earthquake. Figure 5 shows an example of the
skill of the Incas. Technological applications of useful friction are presented in
the next section.

Practice

Making Connections

4. Explain each of the following statements, taking into consideration
the force of friction.
(a) Streamlining is important in the transportation industry.
(b) Friction is necessary to open a closed door that has a doorknob.
(c) A highway sign reads, “Reduce speed on wet pavement.”
(d) Screwnails are useful for holding pieces of wood tightly together.

Investigation 3.3.1

Factors That Affect Friction

Since this is the last investigation in Unit 1 and you have had lots of day-to-day
experience with friction, you are expected to design, perform, and report on your
own friction investigation. To determine the magnitude of the kinetic friction,
you can measure the horizontal push or pull required to keep an object moving
with uniform velocity on a horizontal surface. (You should be able to explain,
using Newton’s laws, why a force greater than this push or pull would cause accel-
erated motion.)

If possible, use a force sensor connected to a computer interface to measure
force rather than a spring scale. The force sensor obtains several readings per
second and the accompanying software yields an average force, which smooths
out the “peaks” and “valleys” of the actual force.

Question

What are the factors that affect the force of friction between two objects or
materials?

Hypothesis/Prediction

(a) Inyour group, discuss your hypothesis and prediction. Then, write them
out.

Design

There are several factors to test to determine how they affect friction, and by how
much. Use the following questions to decide what variables you want to test.



+ To what extent does the type of friction (starting, sliding, rolling) affect its
magnitude?

+ Does an object’s mass influence friction?

+ How does the contact area affect sliding friction (Figure 6)?

+ How do the types of surfaces in contact affect friction?

(b) In your group, decide how you will test, analyze, and report on your
variables. Discuss safety precautions, such as how you will control moving
objects. Write out your procedural steps and prepare any data tables you
will need.

Materials

(c) Create a list of materials available that you intend to use, with quantities.

Procedure

1. When your teacher has approved your procedure and the materials that
you will use, carry out the procedure.

Analysis

(d) Answer the Question.

(e) Plot a graph to show the relationship between mass and friction for an
object moving horizontally under the influence of an applied horizontal
force.

(f) Make a general statement that relates friction to the types of materials in
contact. Are there any apparent exceptions? Explain your answer.

Evaluation

Evaluate your investigation by considering the following:

(g) the design of your experiment

(h) the equipment you used to measure force and any other quantities

(i) sources of error in your investigation (other than those already mentioned)

(j) If you were to perform the same investigation again, would you do it
differently? Explain.

N0 NNE The Effects of Friction

+ Friction acts parallel to two surfaces in contact in a direction opposite to
the motion or attempted motion of an object.

« Static friction tends to prevent a stationary object from starting to move.
Kinetic friction acts against an object’s motion; it is usually less than static
friction.

+ For an object to maintain uniform velocity, the net force acting on it must
be zero, so for an object moving at uniform velocity on a horizontal sur-
face, the applied horizontal force must be equal in magnitude to the kinetic
friction.

+ Unwanted friction can be reduced by changing sliding to rolling, by using
bearings, and by using lubrication.

+ The extent to which certain factors affect friction, such as the types of
surfaces in contact or the mass of the object, can be determined using a
controlled experiment.

33

(a) V{
w:zontal)
(b) 3

(c)

Figure 6

Determining the force needed to cause
uniform velocity

(a) Block lying flat

(b) Same block on its edge

(c) Same block on its end

KNOW ?

Teflon: An Amazing Material

The material called Teflon has many uses
when low friction is desired, such as in non-
stick frying pans. Although two research sci-
entists created this chemical by chance in
1938, its usefulness was not realized until 20
years later. Since Teflon does not stick to any
materials, the process used to make it stick
onto a frying pan surface is unique: the
Teflon is blasted into tiny holes in the surface
of the pan where the material sticks well
enough for use.
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Figure 7
This micrograph of a polished aluminum
surface was taken at a magnification of 50x.

coefficient of friction: ratio of the mag-
nitude of friction to the magnitude of the
normal force
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Section 3.3 Questions

Understanding Concepts

1. The photograph in Figure 7 shows a microscopic view of an
aluminum surface that appears smooth to the unaided eye.
Describe what the photograph reveals about friction.

2. Is friction desirable or undesirable when you tie a knot in a
string? Explain.

Applying Inquiry Skills
3. Exercise bikes have a control that allows the rider to adjust the
amount of friction in the wheel. Describe how you would perform
an experiment to determine the relationship between the setting
on the control and the minimum force needed to move the
bicycle’s pedal.

4. (a) At speeds typical of transportation vehicles (trucks, bikes,
boats, airplanes, etc.), how do you think fluid friction
depends on the speed?

(b) Describe a controlled experiment that could be conducted to
check your answer in (a).

Making Connections

5. Friction may be a help in some situations and a hindrance in
others. Describe two examples for each situation. For those situa-
tions where friction is undesirable, what efforts are made to
reduce it as much as possible? For those situations where friction
is desirable, how is it increased?

6. Explain how you would solve each of the following problems.
Relate your answer to friction.
(a) A refrigerator door squeaks when opened or closed.
(b) A small throw rug at the front entrance of a home slips easily
on the hard floor.
(c) A picture frame hung on a wall falls down because the nail
holding it slips out of its hole.

Analyzing Motion with Friction

Most frictional forces are complex because they are affected by a number of fac-
tors, such as the nature of the materials involved and the size, shape, and speed
of the moving object. In this section, we shall focus on the force of friction acting
on an object on a horizontal surface experiencing only horizontal forces.

Solving problems involving friction brings together many concepts pre-
sented in this unit, including velocity, acceleration, forces, free-body diagrams,
Newton’s laws of motion, gravitational attraction, and weight. It also relies on
different skills you have applied, such as using a calculator, graphing, and ana-
lyzing experimental results. Thus, it is fitting that you complete this unit by com-
bining the concepts and skills from all three chapters to solve motion problems
involving friction.

Coefficient of Friction

The coefficient of friction is a number that indicates the ratio of the magnitude of
the force of friction, F;, between two surfaces to the magnitude of the force per-
pendicular to these surfaces. Recall that the magnitude of the force perpendicular



to the surface is called the normal force, Fy, so the coefficient of friction is the ratio
of F;to Fy. We will use the Greek letter p to represent the coefficient of friction.

Th t
us, p="7 -
> FN
where F; is the magnitude of the force of friction, in newtons;
Fy is the magnitude of the normal force pushing the surfaces together, in
newtons (it acts at right angles to the surfaces); and

u is the coefficient of friction (it has no units because it is a ratio of forces).

A rearrangement of this equation will give the equation for calculating the
force of friction: F; = uFy (see Figure 1).

In almost all situations, the force needed to start the motion of an object ini-
tially at rest is greater than the force needed to keep it going at a constant velocity.
This means that the maximum static friction is slightly greater than the kinetic
friction, and the coefficients of friction for these situations are different. To
account for the difference, two coefficients of friction can be determined. The
coefficient of kinetic friction is the ratio of the magnitude of the kinetic friction
to the magnitude of the normal force. The coefficient of static friction is the ratio
of the magnitude of the maximum static friction to the magnitude of the normal
force. This “maximum” occurs just when the stationary object begins to move.
Using “K” for kinetic and “S” for static, the corresponding equations are:

FK FS
;LK=F—N and [,LS=F—N

Determining the coefficients of friction for various surfaces can be done
only experimentally. Even with careful control of other variables, results obtained
are often inconsistent. Consider, for example, performing an experiment to
determine the coefficient of kinetic friction of steel on ice using skates at a
hockey arena. Using a skate with a sharp blade on very clean smooth ice, the coef-
ficient of friction may be, say, 0.010. However, using a different skate on a slightly
rougher ice surface, the coefficient of friction will be higher, 0.014, for example.
Table 1 indicates typical coefficients of kinetic friction and static friction for sets
of common materials in contact based on empirical observations.

Table 1 Approximate Coefficients of Kinetic
Friction and Static Friction

Materials in contact LK us
oak on oak, dry 0.30 0.40
waxed hickory on dry snow 0.18 0.22
steel on steel, dry 0.41 0.60
steel on steel, greasy 0.12

steel on ice 0.010

rubber on asphalt, dry 1.07

rubber on asphalt, wet 0.95

rubber on concrete, dry 1.02

rubber on concrete, wet 0.97

rubber on ice 0.005

leather on oak, dry 0.50

3.4

Figure 1

For an object experiencing an applied force
on a horizontal surface, four forces are
involved. The magnitudes of two of these
forces, F; and fy, are used to calculate the
coefficient of friction.

coefficient of kinetic friction: ratio of
the magnitude of kinetic friction to the mag-
nitude of the normal force

coefficient of static friction: ratio of
the magnitude of the maximum static friction
to the magnitude of the normal force
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KNOW ?

Determining the Normal Force

In the situations described in Sample
Problems 1 and 2, we apply the fact that the
normal force is equal in magnitude to the
weight of the object. You can show this in an
FBD of the abject. However, it is only true for
objects on a horizontal surface with hori-
zontal applied forces acting on them. If the
applied force is at an angle to the horizontal,
the normal force either increases or
decreases, as shown in Figure 2.

(a) The normal force increases.

A

-

A

Ty
13
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v

(b) The normal force decreases.

lAd<TRT
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F Fa
<7
Fy
Figure 2

Influencing the normal force
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Sample Problem 1

In the horizontal starting area of a four-person bobsled race, the four athletes,
with a combined mass including outfits of 295 kg, exert a minimum horizontal
force of 41 N [fwd] to get the 315-kg sled to begin moving. After the sled has
travelled for almost 15 m, all four people jump into the sled, and the sled then
experiences a kinetic friction of magnitude 66 N. Determine the coefficient of (a)
static friction and (b) kinetic friction.

Solution
(a) Thenormal force is equal in magnitude to the weight of the sled. Thus, omit-
ting directions,

|FN| = |Fg| =m|§|
= (315 kg)(9.8 N/kg)
Fy =3.1x10°N

N s
oW, =7
Mg FN

__4N

T 31x10°N

=0.013

Hg

The coefficient of static friction is 0.013.

(b) The normal force is much greater when the people are in the sled as the total
mass now is 315 kg + 295 kg = 610 kg.

Bl = 1B =mlgl
= (610 kg)(9.8 N/kg)
Fy=6.0x10°N
F
K
Now, ==
Mg FN
66N
6.0x10°N
pg =0.011

The coefficient of kinetic friction is 0.011.

Sample Problem 2

A truck’s brakes are applied so hard that the truck goes into a skid on the dry
asphalt road. If the truck and its contents have a mass of 4.2 X 10° kg, determine
the force of kinetic friction on the truck.

Solution
From Table 1, u for rubber on dry asphalt is 1.07. Thus,

Fy = pFy» where |?N| = |fg| = m|§|
= (1.07)(4.2 x 10° kg) (9.8 N/kg)
Fy =44x10*N

The kinetic friction is 4.4 X 10* N (in the direction opposite to the truck’s initial
motion).



Practice

Understanding Concepts

Note: “Force” in the following questions refers only to the magnitude of
the force.

1. Based on Table 1, which type of road, asphalt or concrete, provides
better traction (friction of a tire on a road) for rubber tires under
(a) dry conditions?
(b) wet conditions?

2. Use the data in Table 1 to verify that driving on an icy highway is
much more dangerous than on a wet one.

3. Determine the appropriate coefficient of friction in each case.
(a) It takes 59 N of horizontal force to get a 22-kg leather suitcase
just starting to move across a floor.
(b) A horizontal force of 54 N keeps the suitcase in (a) moving at a
constant velocity.

4. A 73-kg hockey player glides across the ice on skates with steel
blades. What is the force of friction acting on the skater?

5. A 1.5-Mg car moving along a concrete road has its brakes locked and
skids to a smooth stop. Calculate the force of friction (a) on a dry
road and (b) on a wet road.

6. A moving company worker places a 252-kg trunk on a piece of car-
peting and slides it across the floor at constant velocity by exerting a
horizontal force of 425 N on the trunk.

(a) What is the coefficient of kinetic friction?

(b) What happens to the coefficient of kinetic friction if another 56-kg
trunk is placed on top of the 252-kg trunk?

(c) What horizontal force must the mover apply to move the combi-
nation of the two trunks at constant velocity?

Determining Coefficients of Friction

Determining the coefficient of friction for any set of materials is empirical; in
other words, the coefficient of friction must be found experimentally. In this lab
exercise, you will apply the equations for static friction and kinetic friction to
determine the coefficients of friction for several sets of materials. Once you have
completed this exercise, your teacher may arrange for you to perform similar
measurements in the classroom using a spring scale or a force sensor to pull (or
push) objects across various flat surfaces.

In the experiment, the applied forces are all horizontal, and the objects move
on a horizontal surface. Thus, the magnitude of the normal force is equal to the
magnitude of the weight of each object. The data in Table 2 refer only to the mag-
nitudes of the forces. Once you calculate the coefficients of friction, you can refer
back to Table 1 to identify the materials in contact.

Observations
See Table 2.

Answers
3. (a) pg = 0.27
(b) pg = 0.25

4.7.2N

5. (a) 1.5 x 104 N
(b) 1.4 x 104 N
6. (a) 0.17
(c) 5.2x 102N

3.4

Table 2

Surface | Object | Mass Fg Fy

of object | (N) (N)
(kg)

1 A 0.24 0.96 | 0.72

1 B 0.36 15 1.1

1 © 0.48 19 1.4

1 D 0.60 2.3 1.7

2 E 12 1.8 1.4

3 F 12 7.1 48

4 G 86 9.3 8.4

5 H 0.86 54 472
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Diagrams of a puck sliding on rough ice

(a) The system diagram
(b) The FBD
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Analysis

(a) Copy Table 2 into your notebook and add three columns, two to record the
calculated coefficients of static friction and kinetic friction, and a third to
identify the likely materials in contact. Perform the calculations and enter
the data in your table.

(b) List all patterns you can find in your data table.

(c) Assuming objects A, B, C, and D are made of the same material, plot a
graph of the kinetic friction as a function of the normal force. Calculate
the slope of the line. What do you conclude?

(d) Find the percentage error of the measurements involving objects A, B, C,
and D, assuming that the values given in Table 1 in this section are the
accepted values. (To review percentage error, refer to Appendix A.)

Evaluation

(e) List random and systematic errors likely to occur in an experiment of this
nature. In each case, state what you would do to minimize the error.
(To review random and systematic errors, refer to Appendix A.)

Solving More Complex Friction Problems

A single sample problem will convince you that there are many concepts and
skills you can apply when dealing with motion and forces, including friction. The
important thing is to practise your problem-solving skills in a variety of contexts.

Sample Problem 3

A 0.17 kg hockey puck, sliding on an outdoor rink, has a velocity of 19 m/s [fwd]
when it suddenly hits a rough patch of ice that is 5.1 m across. Assume that the
coefficient of kinetic friction between the puck and the rough ice is 0.47.

(a) Draw a system diagram and an FBD of the puck moving on the rough ice.

(b) Calculate the kinetic friction acting on the puck.

(c) Determine the puck’s average acceleration while on the rough ice.

(d) Calculate the puck’s velocity as it leaves the rough ice and returns to the
smooth ice.

Solution

(a) The required diagrams are shown in Figure 3. The magnitudes of the vertical
forces are equal, and there is only one horizontal force, the kinetic friction,
acting in a direction opposite to the puck’s velocity.

(b) As the puck is shdlng along the ice, there is no Vertlcal acceleration, so the
magnitude of F must be equal to the magnitude of F Thus,

Byl = 1] = mlgl
= (0.17 kg) (9.8 N/kg)
Fy=1.666 N

Now, F¢ = ugFy
= (0.47)(1.666 N)
Fy =0.78 N (to two significant digits)

The magnitude of kinetic friction acting on the puckis 0.78 N. The direction
of this force is to the left as in the diagram.



3.4

(c) Considering the horizontal forces,

F o=ma= Fy
Therefore, 7= —
m
_ —0.78 N [fwd]
0.17 kg

a=-4.6 m/s? [fwd]
The puck’s acceleration is —4.6 m/s* [fwd].
(d) Since we have known values for the variables v;, Ad, and a, to find v we can
use the following equation, which considers only magnitudes.
vZ = v2+2aAd
v¢ = (19 m/s)? + 2(-4.6 m/s?)(5.1 m)
v =18 m/s

Since the puck must still be moving forward, the velocity of the puck, to
two significant digits, is 18 m/s [fwd].

Practice

Understanding Concepts

7. In the last few seconds of a hockey game, a player aims a slap shot Answers
at the opponent’s empty net from a distance of 32.5 m. The speed of 8. (a) 9.14 m/s2
the puck upon leaving the stick is 41.5 m/s. The coefficient of kinetic (b) 1.44 x 104 N
friction of rubber on ice is given in Table 1 in this section. Use the )

steps shown in Sample Problem 3 to verify that the puck’s speed (c) 1.66 x 10 N; 10.5 m/s?;
hardly changes when friction is so low. (Use 9.80 N/kg for | g| and a 342m

puck of mass 0.170 kg to keep to the accuracy of three significant (d) 8 x 10" N; 5 x 1072 m/s?;
digits.) 7 %108 m

8. In a brake test on dry asphalt, a Chevrolet Camaro, travelling with
an initial speed of 26.8 m/s, can stop without skidding after moving
39.3 m. The mass of the Camaro, including the driver, is 1580 kg.
Refer to Table 1 in this section for friction data of rubber on various
surfaces.

(a) Determine the magnitude of the average acceleration of the car
during the non-skidding braking.

(b) Calculate the magnitude of the average stopping friction force.

(c) Assume that the test is now done with skidding on dry asphalt.
Determine the magnitude of the kinetic friction, the magnitude of
the average acceleration, and stopping distance during the skid.
Compare this situation with the non-skid test.

(d) Repeat (c) for the car skidding on ice.

(e) In the skidding tests, does the mass of the car have an effect on
the average acceleration? Explain, using examples.

Making Connections

9. When a driver faces an emergency and must brake to a stop as
quickly as possible, do you think it is better to lock the brakes and
skid to a stop, or apply as large a force as possible to the brakes to
avoid skidding? In the latter case, the friction of the brake pads on the
rotors is responsible for stopping, not the friction of the road on the
tires. Explain your choice. (Your answers to question 8 above will
help you understand this question.)
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Tire treads have thin cuts, called sipes, to
gather water on a wet road. This water is
then pushed by the zigzag channels out
behind the maving car. Tires are rated
according to what degree of traction they
provide.

brake pads Piston
pushes
on pads.
Wheel
attaches o
here. Friction
occurs
here.
hub
rotor
Figure 5

Basic operation of disk brakes
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Friction and Technology

Friction plays a major role in technologies involved in designing roads, bridges,
automobile tires, athletic shoes, and surfaces of playing fields. Without friction,
driving on highways and running on playing field surfaces would not only be
dangerous, but simply impossible!

Car tires need friction to provide traction for steering, speeding up, and
stopping. You know from Newton’s third law of motion that the force of the road
on the tires pushing the car forward is equal in magnitude and opposite in direc-
tion to the force of the tires pushing backward on the road. Each of these forces
is a friction force. The tires must be able to grip the road in all conditions,
including rain and snow. If a film of water develops between the tires and the
road, friction is reduced. Tire treads are designed to disperse the water so that
friction will be well maintained (Figure 4).

Cars rely on friction for stopping. Most new cars have disk brakes, especially
on the front wheels, which operate in a way that resembles brakes on bicycles.
Figure 5 shows that when the brakes are applied, a piston pushes the brake pads
toward a rotating disk. The disk is attached to the hub of the wheel, so exerting
friction on the disk causes the wheel to slow down.

Antilock brakes, too, are features on most new cars. They help to control
stopping under extreme conditions. Without such brakes, slamming the brakes
on hard often results in skidding and losing control of the car’s direction. With a
computer-controlled antilock system, the friction on the brakes of individual
wheels is adjusted 20 times or more per second to prevent wheels from locking.

Try This
Activity
The Bicycle Braking System

Look carefully at the braking system of a bicycle with hand brakes and
obtain the Owner’s Manual for the same bike, or find another resource
that features the technology of bicycle brakes.
(a) Describe in words and/or diagrams how the brakes operate.
Include any discussion of friction.
(b) Describe how to adjust the brakes to increase their ability to
help the rider stop. Why are such adjustments needed?
(c) Under what conditions does maximum braking occur?
(d) List suggestions to maintain the safety of brakes used on a
bicycle.
(e) Use at least one of Newton'’s laws of motion to describe why
you think you should transfer your weight backward when you
are braking hard.

Practice

Making Connections

10. Complete this statement: “Friction is important to transportation
engineers because ... ”




3.4

S VWIVENAEY Analyzing Motion with Friction

+ The coefficient of friction, p, is the ratio of the magnitude of the force of

. . . ?
friction to the magnitude of the normal force between two surfaces in KNOW ?
contact. F Using Physics to Make Roads Safer
* The coefficient of static friction is ug = F—N and the coefficient of kinetic A very dangerous situation arises when ice

F .
F—K. These coefficients can be determined using a forms on the surfaces of roads, leaving hardly
N any friction between car tires and the road

controlled experiment in which a horizontal applied force is used to move surface. (Look at the cogfficient of kinetic

an object with constant velocity across a horizontal surface. friction between rubber and ice in Table 1 in
+ Problem-solving skills developed throughout this unit can be synthesized section 3.4.) Probably the most dangerous

in order to solve problems that include friction and coefficients of friction. form of ice is black ice, a name that means

the drivers cannot see the ice. Engineers are
Section 3.4 Questions

researching several possible ways of warning
Understanding Concepts

friction is py =

drivers of icy conditions. In one design, ice
sensars on roadside posts emit a flashing
blue light to warn drivers of possible black
ice. In another design, devices mounted on
highway maintenance trucks use infrared
radiation (part of the electromagnetic spec-
trum) to keep track of moisture and road tem-
peratures. When the temperature drops
below the freezing point of water, the trucks
disperse salt to melt the ice while travelling
at highway speeds. This system reduces the
chance of wasting salt on roads that do not

1. Assume you are on a luge toboggan that has a regulation mass
of 22 kg and no brakes. The luge relies partly on friction to slow it
down. If the coefficient of kinetic friction between the luge and
the horizontal icy surface is 0.012, what is the kinetic friction
acting on the luge?

2. A 12-kg toboggan is pulled along at a constant velocity on a
horizontal surface by a horizontal force of 11 N.

(a) What is the force of gravity on the toboggan?

(b) What is the coefficient of friction?

(¢) How much horizontal force is needed to pull the toboggan at
a constant velocity if two 57-kg girls are sitting in it?

. In a tug-of-war contest on a firm, horizontal sandy beach, Team A
consists of six players with an average mass of 65 kg and Team B
consists of five players with an average mass of 84 kg. Team B,
pulling with a force of 3.2 kN, dislodges Team A and then applies
good physics principles and pulls on Team A with a force of

2.9 kN, just enough to keep Team A moving at a low constant
velocity. Determine Team A's coefficient of

(a) static friction

(b) kinetic friction on sand

. If the coefficient of kinetic friction is 0.25, how much horizontal
force is needed to pull each of the following masses along a
rough desk at a constant speed?

(a) 25 kg (b) 15 kg (c) 250 g

. For each situation given below, draw an FBD of the object and
then answer the question. The forces described are acting
horizontally; the net vertical force is zero.

(a) A butcher pulls on a freshly cleaned side of beef with a force
of 2.2 x 102 N. The frictional resistance between the beef and
the countertop is 2.1 x 102 N. What is the net force exerted on
the beef?

(b) A net force of 12 N [S] results when a force of 51 N [S] is
applied to a box filled with books. What is the frictional
resistance on the box?

(continued)

need it. A third design uses radio waves (also
part of the electromagnetic spectrum) to
communicate messages of dangerous condi-
tions from roadside detectors or emergency
vehicles to any other vehicle that has an
appropriate receiver. Advanced systems dis-
play the information on a liquid crystal dis-
play (LCD) screen in the car.
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(c) Two students exert a horizontal force on a piano. The frictional
resistance on the piano is 92 N [E] and the net force on it is
4.0 N [E]. What is the force on the piano applied by the stu-
dents? Describe and explain what is happening to the piano.

6. A 63-kg sprinter accelerates from rest toward a strong wind that
exerts an average frictional resistance of magnitude 63 N. If the
ground applies a forward force of magnitude 240 N on the
sprinter’s body, calculate the following:

(a) the net force on the sprinter

(b) the sprinter’s acceleration

(c) the distance travelled in the first 2.0 s

(d) the coefficient of friction between the sprinter’s shoes and
the track (Explain whether this friction is static or kinetic.)

Applying Inquiry Skills

7. Describe how to determine the coefficients of static and kinetic
friction experimentally.

8. Values of coefficients of friction are less exact than almost all
other measurements made in physics. Why?

Making Connections

9. An average car tire in good condition throws out about 5 L of
water per second on a wet road. At a speed of 100 km/h, approxi-
mately how much water is dispersed by a single tire in a distance

of 75 km?
10. (a) Why do you think race cars use smooth tires during dry track
conditions?

(b) What do you think is meant by the term aquaplaning?
Research to find out if you are right. Is it the same as
hydroplaning? Explain.

11. Tire tread ratings are indicated on the side walls of tires. Find out
about traction ratings (AA, A, B, and C), treadwear ratings, and
temperature ratings (A, B, and C). Check out the labelling on tires
of several cars and describe how safe you think these tires are.
Follow the links for Nelson Physics 11, 3.4.

www.science.nelson.com

12. Cars use hydraulic brakes and big trucks use air brakes. Research
these two systems, and write a short paragraph to compare and
contrast them.
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Chapter 3

Key Expectations

Throughout this chapter, you have had
opportunities to

define and describe concepts and units related to force
(e.g., universal gravitation, static friction, kinetic fric-
tion, coefficients of friction); (3.1, 3.2, 3.3, 3.4)

analyze and describe the gravitational force acting on an
object near, and at a distance from, the surface of Earth;
(3.1,3.2)

design and carry out an experiment to identify specific
variables that affect motion (e.g., conduct an experi-
ment to determine the factors that affect the motion of
an object sliding along a surface); (3.3, 3.4)

evaluate the design of technological solutions to trans-
portation needs and, using scientific principles, explain
the way they function (e.g., evaluate the design, and
explain the operation of, tread patterns on car tires,
braking systems, and devices to warn of black ice); (3.4)
analyze and explain the relationship between an under-
standing of forces and motion and an understanding of
political, economic, environmental, and safety issues in
the development and use of transportation technologies
(including terrestrial and space vehicles) and recreation
and sports equipment; (3.2, 3.4)

Key Terms

force field starting friction

gravitational field kinetic friction
strength coefficient of friction

mass coefficient of kinetic

weight friction

law of universal coefficient of static
gravitation friction

static friction

Summary

Make a

Summary

The Canadian Space Agency (CSA) has asked stu-
dents to create a set of diagrams or cartoons to illus-
trate their concept understanding and skills
development in the topics of gravitational force and
friction. The context of the design is a mission to
send astronauts to Mars to explore the possibility of
living there. A large rocket and the space vehicle it
will carry into space must first be moved from the
storage building to the launch pad on a flat car that
rolls on wide railway tracks. The rocket is then
launched into space, sending the vehicle to Mars,
where it lands. People on the Mars mission will stay
there for a year and then use a small rocket to blast
off the surface of Mars and return to Earth. Draw the
following diagrams or cartoons, and describe what is
happening in each one, using as many of the key
words, concepts, equations, and force diagrams as
you can from this chapter.

(a) The loaded flatbed railway car is being

pulled along the tracks.
(b) The rocket and its payload are launched
from the launch pad.

(c) The space vehicle is about halfway to Mars.

(d) The vehicle is landing on Mars.

(e) The vehicle is blasting off from Mars.

Reflect:) earning

Revisit your answers to the Reflect on Your Learning questions

at the beginning of this chapter.

+ How has your thinking changed?
+ What new questions do you have?
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Chapter 3

Understanding Concepts

1. Sketch a graph to show how the first variable in the list
below depends on the second one, and write the corre-
sponding proportionality statement.

(a) the gravitational field strength surrounding an
object; the force the object exerts on surrounding
objects

(b) the gravitational field strength of a body; the mass
of the body

(c) the force of gravity on an object; the distance of the
object from the body exerting the force of gravity
on it

(d) the force of friction an object experiences; the
coefficient of friction between the object and the
surface it is on

(e) your weight; the altitude of your location

(f) your weight; the latitude of your location

2. (a) What quantity has the same numerical value as the
gravitational field strength, but is expressed in a
different unit?

(b) What is the gravitational field strength in your
classroom?

3. A student hangs a 500.0-g mass on a spring scale.
Correct to two significant digits, state the reading on
the scale when the mass and the scale are
(a) stationary
(b) being lifted upward at a constant velocity
(c) released, so they fall downward freely

4. A 65-kg student can safely lift 73% of the student’s own
mass off the floor.
(a) Determine the mass the student can lift (on Earth).
(b) How would the mass the student could lift on the
Moon compare with your answer in (a)?

5. If you were to assign a direction to the force of gravity
both at and high above Earth’s surface, what single
direction would apply in all cases?

6. If Earth’s radius is 6.4 x 103 km, calculate the force of

gravity on a 1.0 X 10° kg space station situated

(a) on Earth’s surface

(b) 1.28 X 10° km from the centre of Earth

(c) 3.84 x 10° km from the centre of Earth (about the
distance to the Moon)

(d) 1.5x 108 km from Farth’s centre (about the dis-
tance to the Sun)

7. The magnitude of the force of gravity on a meteoroid
approaching Earth is 5.0 X 10* N at a certain point.
Calculate the magnitude of the force of gravity on the
meteoroid when it reaches a point one-quarter of this
distance from the centre of Earth.
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10.

11.

12.

13.

14.

15.

. What is the gravitational field strength at a place

220 km above Earth’s surface, the altitude of many
piloted space flights?

. Sirius is the brightest star in the night sky. It has a

radius of 2.5 x 10° m and a mass of 5.0 x 10°! kg. What
is the gravitational force on a 1.0-kg mass at its surface?

Sirius B is a white dwarf star, in orbit around Sirius,

with a mass of 2.0 x 10° kg (approximately the mass of

the Sun), and a radius of 2.4 x 10’ m (approximately

one-thirtieth of the radius of the Sun).

(a) What is the force on a 1.0-kg mass on the surface of
Sirius B?

(b) What is the acceleration due to gravity on the
surface of Sirius B?

Determine the distance from Earth’s centre where the
force of gravity acting on a space probe is only 11% of
the force acting on the same probe at Earth’s surface.
Express your answer in terms of Earth’s radius, 7.

As a space vehicle travels toward the Moon, it will even-
tually reach a location where Earth’s pull of gravity is
balanced by the Moon’s pull.

(a) Draw a sketch of this situation. Label distances and
forces using appropriate symbols.

(b) Determine the location. (Hints: You will need to
know the average distance separating Earth and the
Moon as well as the mass of both bodies. Also, after
you set up a single equation involving the magni-
tude of the forces caused by both bodies, you can
apply the quadratic formula to solve the equation.)

(c) One of the roots of the equation used in (b) is
greater than the Earth—-Moon distance, so it does
not answer the original question. However, the root
does have a meaning. What is it?

Describe two specific ways in which people try to
(a) increase friction between surfaces
(b) decrease friction between surfaces

Relate the difference in the magnitudes of starting fric-
tion and kinetic friction to Newton’s first law of motion.

Six dogs, each having a mass of 32 kg, pull a 325-kg sled

horizontally across the snow (ug = 0.16 and p = 0.14).

(a) How much force must each dog exert in order to
move the sled at a constant velocity?

(b) If each dog applies a force of 86 N [fwd], what
average acceleration does the sled experience?
(Draw an FBD of this situation.)

(c) One dog becomes lame and must be transported on
the sled. With what force must each of the
remaining dogs pull to achieve an average accelera-
tion of 0.75 m/s? [fwd]?



16. A 650-N student is Rollerblading at a velocity of
7.8 m/s [W] when the student trips and slides horizon-
tally along the trail, coming to a stop in 0.95 s.
(a) Determine the student’s average acceleration.
(b) Draw an FBD of the student sliding on the trail.
(c) What is the kinetic friction as the student slides?
(d) Determine the coefficient of kinetic friction

between the student and the trail.

Applying Inquiry Skills

17. In writing a test on this chapter, a student could not
recall the unit of the universal gravitation constant, G.
Help the student determine the unit by rearranging the
equation of the law of universal gravitation to isolate G
and then perform unit analysis on the other variables.

18. (a) If you were in a physics classroom on a Mars
colony, how would you determine the gravitational
field strength there experimentally?

(b) If you measured the kinetic friction between two
surfaces on Mars and between the same surfaces on
Earth, how would you expect the results to compare?

19. Design a controlled experiment to answer one of the
following questions. Your design should include all the
features of a formal experimental design.

(a) What factors affect the air resistance acting on a
moving car?

(b) What factors affect the rolling friction of a moving
object of your choice? (See Figure 1.)

Figure 1
For question 19, choose some device with wheels.

Making Connections

20. (a) Explain why it will likely be many years before
humans attempt to colonize Mars.
(b) Why would intergalactic travel be impossible for
any humans?

21. Using concepts from this chapter, explain why signs like
the one in Figure 2 have proven to reduce injury.

Figure 2
For question 21

22. (a) Why do weight lifters and gymnasts put powder on
their hands before performing their exercises?
(b) What other athletes use the same type of powder?

23. What tire tread design is appropriate for mountain
bikes? Explain why, using principles you have learned in
this chapter.

Exploring

24. Research more about the historical developments of the
study of gravitational forces, such as more details about
Newton’s contributions or Cavendish’s determination of
G. Write a brief report on what you discover.

25. Find out what gravitometry is and how it is applied.
Follow the links for Nelson Physics 11, Chapter 3
Review.

www.science.nelson.com

26. With your teacher’s guidance, use a force sensor or an
acceleration sensor to demonstrate free fall or “weight-
lessness” using a computer interface. Describe what you
observe.

27. Research what is meant by a “libration point.” In the
1970s, a group of interested people, including many sci-
entists, proposed a space colony to be situated at a
libration point between Earth and the Moon. This
group, called the “L5 Society,” suggested such a colony
would have distinct advantages. Suggest what these
advantages would be, and use research to check your
answers. Follow the links for Nelson Physics 11,
Chapter 3 Review.

@ www.science.nelson.com
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Performance Task

Figure 1

The rocket carrying the Mars Paolar Lander
was launched from Earth in January 1999.
The mission of the Polar Lander was to
search for water and possible evidence of
some form of life that might have existed on
Mars. As the 290-kg Polar Lander was
descending to Mars’ surface 15 months later,
something went wrong, ending the Polar
Lander's communication with Earth.

112 Unit 1

Motion and Space Exploration

Galileo and Newton, who led the way in understanding the relationship between
forces and motion, would be impressed by recent achievements in space explo-
ration. Humans have landed on the Moon, launched communication and tele-
scope satellites, and sent space probes to explore other planets and the Sun. In the
future, humans may colonize other bodies in the solar system. Mars will likely be
one of them. Robots and rovers have been sent to Mars to discover features that
must be fully understood before humans can land on Mars. However, the tech-
nological challenges of sending probes and robots to Mars are immense. In the
spring of 2000, a disaster occurred when the Mars Polar Lander (Figure 1) went
missing for reasons still not fully known. One assumption of the disappearance
is that the Lander crashed into a sloped surface and tumbled onto its side,
making the communications system useless.

Perhaps the Polar Lander was designed to land only on a relatively flat sur-
face. But whatever the reason for the failure, the costs were enormous and the
need for a better design and more tests became obvious. These procedures are
just part of the process of technological development: a need is identified; design,
construction, and tests are carried out; a new problem arises, which identifies a
new need; design changes are made to accommodate the new need.

In this Unit Task, you are expected to demonstrate an understanding of the
relationship between forces and motion and apply the skills of inquiry and com-
munication that you have developed both in this unit and in other science courses.

Spinoffs

The space exploration programs of the past half century have resulted in many
designs, discoveries, and innovations that have been applied to everyday life.
These spinoffs include freeze-dried foods, robotic tools used in industry, hard
plastics used in safety helmets and in-line skates, and Velcro. Your design can also
have spinoffs. For example, your ideas may be applied to create safer helmets for
sports activities or restraint systems for automobiles.



The Task

Your task will be to design a landing device of relatively low mass that can make
a safe landing when dropped to a hard surface from a height of at least 1.0 m. The
“instrumentation” carried by the device will be a raw egg (encased in a small
plastic bag in case the landing isn’t “safe”) to simulate an actual instrument sent
to explore Mars. To simulate realistic landing conditions, the Lander should be
tested using three different drops, one to land upright on a hard, flat surface, one
to land sideways on a hard, flat surface, and one to strike a ramp that simulates a
rigid hillside.

You will be expected to analyze the design, make modifications to improve
its performance, describe practical spinoffs, and explain how the design can be
applied to other situations.

Basic safety and design rules should be discussed before brainstorming
begins. For example, any tools used in constructing the device must be used
safely, and the tests of the device should be carried out in a way that ensures
absolutely no damage is done to people or furniture. Considering the Lander
design, no parachute should be allowed, and the ratio of the mass of the Lander
to the mass of the raw egg can be used to compare different landers.

Analysis

Your analysis should include answers to the questions below.

(a) When dropped from rest, with what maximum speed will the Lander crash
in your tests?

(b) From what height could the Lander be dropped from rest to land at the
same maximum speed on Mars? on the Moon?

(c) What effect would different surfaces likely found on Mars or the Moon
have on the safe landing speed of your device?

(d) What is the ratio of the mass of your Lander to the mass of its cargo
(the egg)?

(e) Why is this ratio a useful criterion?

(f) What other criteria can be used to evaluate the Lander design?

(g) How can your design be applied to the design of safety helmets for sports
and restraint systems for automobiles?

(h) Create your own analysis questions and answer them.

Evaluation

(i) How does your design compare with the design of other students or groups?

(j) Draw a flow chart of the process you used in working on this task. How do
the steps in your flow chart compare with the steps you would follow in a
typical motion investigation in this unit?

(k) If you were to begin this task again, what would you modify to ensure a
better process and a better final product?

Assessment

Your completed task will be
assessed according to the
following criteria:

Process

Draw up detailed plans of the
technological design, tests, and
modifications.

Choose appropriate materials
for the Lander.

Carry out the construction,
tests, and modification of the
Lander.

Analyze the process (as
described in Analysis).
Evaluate the task (as described
in Evaluation).

Product

Submit a report containing
your design plans, the flow
chart, test results, analysis,
and evaluation.

Demonstrate an understanding
of the process of technological
design and related physics
concepts, principles, laws, and
theories.

Use terms, symbols, equations,
and Sl metric units correctly.
Prepare a final product of the
Lander to be tested.
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Understanding Concepts

1. Set up a five-column table with these headings:

Quantity Symbol Type of quantity Sl unit

(scalar or vector)

Typical value
in daily life

Complete the table for the following quantities: distance,
time interval, average speed, position, displacement,
average velocity, average acceleration, net force, mass,
and coefficient of kinetic friction.

2. The Yukon Quest, an annual dog-sled race between
Whitehorse in the Yukon and Fairbanks in Alaska,
covers a gruelling distance of 1.61 x 10> km. Assuming
that the average speed of the dog team that set a course
record is 6.28 km/h, determine the best time for this
race. Express your answer in days, hours, and minutes.

3. The highest average lap speed on a closed circuit in
motorcycling is about 72 m/s or 258 km/h. If a cyclist
takes 56 s to complete one lap of the circular track,
what is the track’s circumference?

4. Under what condition(s) will the magnitude of the
displacement of a moving object be the same as the
distance it travels?

5. The distance between bases on a baseball diamond is
27.4 m. Use a scale diagram, the Pythagorean theorem,
or trigonometry to find the magnitude of a runner’s
displacement from home plate to second base.

6. Toronto is about 50 km from Hamilton. A freight train
travels from Hamilton to Toronto at an average speed of
50 km/h. At the same time, a passenger train travels from
Toronto to Hamilton at an average speed of 75 km/h.
Find the time passed, in minutes, before the trains meet
each other. (Assume two significant digits.)

7. The motion depicted in Figure 1 shows the path of a
team in a car rally held in a rural area where the speed
limit is 80 km/h. (Assume two significant digits.) In the
car rally, points are deducted for anyone determined to
be breaking the speed limit.

start ______________ _ﬂ, C N
A
E
23 km 23 km :
A 46 km B
Figure 1
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10.

11.

12.

13.

14.

(a) If the car took 1 h 15 min for the trip, will the team
get points deducted?

(b) Determine the displacement from the starting posi-
tion when the car arrives at Checkpoint A, then at
Checkpoint B.

(c) Determine the average velocity (magnitude and
direction) of the car’s motion for the entire trip.

. Communicate the meaning of the following equation:

Yap = Vag T ¥Bc T Yep

. Satellites are often launched so that they orbit Earth

from west to east. What is the advantage of selecting
this direction instead of east to west?

Sometimes, when your car stops at a traffic light and
you look at the car beside you, you feel that your car is
moving backward. In fact, your car is still at rest on the
road. How is this possible?

An airplane pilot points the plane due east. A wind is
blowing from the north. Assuming the destination is
due east of the starting position, explain why the plane
will not reach it.

As a GO Train (T) is leaving a station, a passenger (P),

walking toward the front of the car, waves at a friend

(F) standing on the platform. At the instant of the wave,

the train is travelling at 1.3 m/s [W] relative to the

platform and the passenger is walking at 1.1 m/s [W]

relative to the train.

(a) Determine the velocity of the passenger relative to
the friend.

(b) What is the velocity of the friend relative to the
passenger?

For which of the following situations does the net force

have a magnitude of zero?

(a) A ball rolls down a hill at an ever-increasing speed.

(b) A car travels along a straight, level expressway with
the cruise control set at 100 km/h (as read from the
speedometer).

(c) A boulder falls from the edge of a cliff to the lake
below.

(d) A communications satellite is located in an orbit
such that it remains in the same spot above Earth’s
surface at all times.

A 45-t electric train accelerates uniformly from a station
with the train’s motion depicted in the graph in Figure 2.
(Recall that 1 t = 1.0 x 10% kg.)

(a) Use the information in the velocity-time graph to
generate the position-time and acceleration-time
graphs of the motion.

(b) Determine the net force acting on the train during
the uniform acceleration portion of the motion.



15.

16.

17.

18.

19.

20.

21.
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Assuming the best high jump record from a standing
position in a school was 1.52 m, what initial velocity
was needed for this jump? Neglect any sideways motion.

When a world-class pole-vaulter is gliding over the
pole, the jumper is approximately 5.5 m above the top
of the mat where the jumper will land. Assuming that
the jumper’s initial vertical velocity is zero at the top of
the jump, with what vertical velocity does the jumper
strike the matt? Neglect any sideways motion.

A hockey referee drops the puck from rest for a face-off,

and the puck reaches a speed of 5.6 m/s just before

striking the ice.

(a) Assuming free fall, how long did it take the puck to
fall to the ice?

(b) From what height above the ice did the referee drop
the puck?

A sports car takes 2.8 s to accelerate from 17 m/s [fwd]

to 28 m/s [fwd].

(a) Determine the average acceleration of the car
during this time interval.

(b) What is the car’s displacement during the acceleration?

A student suggests that a wet dog shaking water off its
back is a good example of Newton’s first law of motion.
Do you agree? Explain your answer.

Use Newton’s laws to explain why each of the following

statements is correct. In each case, indicate which of the

three laws best explains the situation.

(a) Tt takes longer for a car to accelerate from 0 km/h

to 100 km/h if it has five passengers in it than when

it has only one.

Many a novice hunter has experienced a sore

shoulder after firing a shotgun.

(c) Subway cars provide posts and overhead rails for
standing passengers to hold.

(b)

(a) Calculate the magnitude of the force of gravity
acting on you, in other words your weight, using

the equation of Newton’s second law.

22.

24.

25.

26.

(b) Calculate the magnitude of the force of gravity acting
on you by applying the law of universal gravitation.

(c) Compare your answers to (a) and (b).

(d) Based on the results, derive an equation that could
be used to determine Earth’s mass.

Figure 3 shows a cart with a battery-operated fan on it.
The cart has a slot into which a card can be inserted.
Predict and explain what will happen if the fan is
turned on when the card is

(a) absent

(b) present

card

- -

Figure 3

. Determine the magnitude of the force of gravity acting

on a 340-kg satellite, 850 km above Earth’s surface.

An applied horizontal force of magnitude 9.1 N is

needed to push a 2.8-kg lamp across a table at a con-

stant velocity.

(a) Determine the coefficient of kinetic friction
between the lamp and the table.

(b) How would the coefficient of static friction com-
pare with your answer in (a)? Why?

A 5.0-kg object made of one material is being pulled at
a constant velocity along a table made of another mate-
rial. The coefficient of sliding friction between these
two materials is 0.35. What is the magnitude of the
force of friction?

A student pushes horizontally eastward on a 1.2-kg

textbook initially resting 1.3 m from the edge of a long

table. The coefficient of static friction is 0.24 and the

coefficient of kinetic friction is 0.18. The force is just

large enough to get the book to start moving, and is

maintained for 1.0 s after the motion has begun.

(a) Draw an FBD of the book while the force is being
applied and the book is moving.

(b) Determine the force applied to the book by the
student.

(c¢) Determine the acceleration of the book while the
student is applying the push.

(d) Calculate the maximum velocity reached by the book.

(e) Draw an FBD of the book after the push is removed
and the book is sliding on its own.
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(f) Determine the book’s acceleration while it is sliding
on its own.
(g) Will the book slide off the end of the table? Show

your calculations.

27. A 950-kg communications satellite in synchronous orbit
42 400 km from Earth’s centre has a period of 24 h.
Placed in orbit above the equator, and moving in the
same direction as Earth is rotating, it stays above the
same point on Earth at all times. This makes it useful
for the reception and retransmission of telephone,
radio, and TV signals.

(a) Calculate the magnitude of the force of gravity
acting on the satellite.

(b) What is the magnitude of the gravitational field
strength at this altitude?

Applying Inquiry Skills

28. To check your skill in estimating speeds in sports events,
estimate in kilometres per hour and metres per second
the highest speed in each of these situations: a baseball
pitch, a hockey slap shot, a female tennis serve, a golf
drive, a badminton serve, and a cricket bowl. Rank the
estimated speeds from lowest to highest. Then check
your estimations using the following information:

(a) After leaving the pitcher’s hand, a fastball can travel
9.0 m in the first 0.20 s.

(b) A slap shot drives the puck 18 m from just inside
the blue line to the goal in 0.34 s.

(c) The fastest female tennis serve takes 0.21 s to travel
12 m from the baseline to the net.

(d) After being driven off the tee, a golf ball travels the
first 5.0 m in 91 ms.

(e) A well-hit birdie travels the first 0.98 m off the
serve in 11 ms, although air resistance slows it
down quickly.

(f) The fastest cricket bowl takes 0.25 s to travel the
first 11 m toward the hitter.

29. Two students perform an activity to determine the fre-
quency of a ticker-tape timer that is labelled 60.0 Hz.
One student gets a frequency of 55.5 Hz, and the other
gets a frequency of 65.5 Hz. Determine the percentage
error of each of the results.

30. Sketch a graph of time as a function of speed for a uni-
form motion experiment in which the distance travelled
is always the same.

31. Several students set up an investigation to obtain data
about a cart moving at a constant speed in a straight
line. The data for the distance the cart travels from start
after each time interval of 0.10 s are shown in Table 1.
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32.

33.

d(m)

34.

Table 1

Time (s) 0.0 0.10 0.20 0.30 0.40
Distance (m) | 0.0 2.1 42 6.1 8.3

(a) Which variable is dependent? independent?

(b) Plot a graph of the data and determine the slope of
the line of best fit on the graph. State what the
slope represents.

(c) Give an example of interpolation and extrapola-
tion, using the graph.

Sketch a position-time graph for a sprinter who runs as

fast as possible until she or he crosses the finish line,

and then slows down and jogs at a constant speed for a

while longer to cool down.

None of the three graphs shown in Figure 4 could be a

position-time graph for a moving object. Explain why

in each case.

d(m) d(m)

t(s) t(s) t(s)

Figure 4

In an investigation involving the horizontal motion of a

cart with a horizontal force acting on it, a computer

program generates the acceleration-time graph shown

in Figure 5. Assume that the initial velocity of the cart is

0 and its initial mass is 1.2 kg.

(a) Generate the velocity-time graph of the motion.

(b) What is the net force acting on the accelerating cart?

(c) If the mass of the cart is doubled, what happens to
the acceleration graph?
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35. Figure 6 shows a device that can be used as an (c) Describe the disadvantages of exceeding a speed
accelerometer. Predict how the bob in the water will limit by a large amount.

move (if at all) in each of the following situations: 38. Figure 7 shows three possible arrangements of an eaves-

- trough installed on a shed. Assuming the down spout is
on the right side in each design, which design would
you recommend? Use physics principles to explain why.

(a)

(b)

Figure 6 (c)

(a) the accelerometer is moving to the right at a con- [
stant velocity

(b) the accelerometer is accelerating uniformly to the left

(c) the accelerometer is moving to the right but is
slowing down uniformly

(d) Suggest a similar setup that can act as the
accelerometer without the use of water.

Figure 7

39. Some large pendulum rides at amusement parks, such
as the one shown in Figure 8, use large rotating wheels
to cause the large mass to accelerate, first as the mass is
speeding up and then as it is slowing down.

36. A student is designing simulation software to demon- (a) Describe the role of friction in this type of ride.
strate an experiment that tests the acceleration due to (b) What effect would a heavy rain have on the opera-
gravity on a planetary moon. The magnitude of the tion of this ride? Explain your answer.

acceleration due to gravity on the moon is 1.6 m/s.

(a) Determine the height from which a ball can be
dropped from rest on this moon in order for it to
take 2.0 s to land on the surface.

(b) Set up a table of data of position and time (for time
intervals of 0.4 s) for the situation in (a).

(c) Plot a graph of the data in (b). From the graph,
generate the velocity-time graph by applying the
tangent technique.

(d) From the velocity-time graph, calculate the average
acceleration, and determine the percentage error of
your graphing technique.

Making Connections

37. Two towns, 100 km apart, are linked by a highway with

a speed limit of 100 km/h.

(a) Determine the time in minutes a trip from one
town to the other would take at an average speed of
100 km/h, 110 km/h, 120 km/h, . . ., 200 km/h.

(b) Use the data to plot a graph of time saved as a func-
tion of speed above the limit. What can you con-
clude about the shape of the graph? Figure 8
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Unit

Energy, Work,
and Power

Companies need energy to maintain comfortable
working conditions for employees and to provide
lighting systems and security and fire alarms. With
increasing energy costs, companies must use energy
effectively and efficiently to be productive. Reducing
energy use and minimizing energy waste are also
important issues. Edwin Lim, an electrical engineer,
develops energy management technologies for compa-
nies. Mr Lim designs individual control systems and
integrated systems that enhance comfort, save energy,
and increase security. New tech-
nology makes it possible to deter-
mine the number of people in a
building and adjust energy use
accordingly; wireless technology
can monitor energy use and carry

out maintenance management.
Mr. Lim uses this leading-edge

Edwin Lim,
A e technology to solve energy prob-
Honeywell Limited lems faced by companies today.

Overall Expectations

In this unit, you will be able to

+ demonstrate an understanding (qualitative and quantitative)
of the concepts of work, energy (kinetic energy, gravita-
tional potential energy, and thermal energy and its transfer
[heatl), energy transformations, efficiency, and power

» design and carry out experiments and solve problems
involving energy transformations and the law of conserva-
tion of energy

+ analyze the costs and benefits of various energy sources
and energy-transformation technologies that are used
around the world, and explain how the application of scien-
tific principles related to mechanical energy has led to the
enhancement of sports and recreational activities



Are You Ready?

Knowledge and Understanding

1. Refer to Figure 1.
(a) List all the forms of energy you can find in the drawing.
(b) List several examples of energy transformations you can tell are hap-
pening in the drawing. (For example, the TV is changing electrical
energy into sound energy and light energy.)

Energy, Work,
and Power

Figure 1

2. The electromagnetic spectrum, shown in Figure 2, consists of many
different components.
(a) What characteristics do the components of the electromagnetic
spectrum have in common?
(b) Describe how visible light differs from the other components.

Q
<z§& \\°$ @‘2}\ @ &
& ¥ 3

visible spectrum
wavelength (m)
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increasing energy
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radio waves Xrays

microwaves infrared ultraviolet gamma rays

Figure 2




3. Energy can be transferred by conduction, by convection, and by radiation.
Sketch a diagram based on Figure 3 into your notebook and use symbols
(for example, particles and waves) to show how these three methods relate

to what is happening in the drawing. water

4. To check your understanding of efficiency, copy Table 1 into your note-
book and complete the missing data.

Table 1
Device lever | electric heater incandescent light bulb car metal pot
Input energy (J) 90 100 100 ?
Output energy (J) | 100 100 ? 250
Efficiency (%) ? ? 5 25
Figure 3
Inquiry and Communication For question 3

5. Figure 4 shows water being heated in an investigation in the laboratory.
What safety precautions should be followed in this type of investigation?

6. You are asked to do a cost-benefit analysis of operating a radio using a bat-
tery as compared to using an electric outlet. In the analysis, you are to
include economic, social, and environmental impacts. Describe what is
meant by a “cost-benefit analysis” using the radio example in your answer.
Show that you understand the meaning of costs, benefits, economic
impact, social impact, and environmental impact.

Making Connections

7. Set up a table using the headings shown to classify at least eight different
energy sources as renewable or non-renewable (for example, wind and
natural gas). Describe a major advantage and a major disadvantage of each
source.

Energy source Classification Major advantage Major disadvantage

8. Draw a simple sketch of a small house, like the one in Figure 5.
On the sketch, use a variety of labels and symbols, such as coloured
arrows, to show
(a) ways in which energy can enter the house Figure 4
(b) ways in which energy can be used wisely in the house For question 5
(c) ways in which energy can be wasted in the house

Figure 5
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In this chapter, you will be
able to

define and describe the concepts
of work, energy, heat, and power
apply the equation that relates
work, force, and displacement in
situations where the force and
displacement are parallel

use the law of conservation of
energy to analyze, both qualita-
tively and quantitatively, situa-
tions involving energy, work,
and heat

apply the equation that relates
power, energy, and time interval
in a variety of contexts

apply the equation that relates
percent efficiency, input energy,
and useful output energy to sev-
eral energy transformations
design and carry out experiments
related to energy transformations
analyze and interpret experi-
mental data or computer simula-
tions involving work, energy, and
heat

Chapter 4

Energy, Work, Heat,
and Power

When you hear screams coming from passengers on a roller coaster (Figure 1),
you want to ask why people seem to love to be frightened. Roller coasters have
become so big and so fast that their cars can reach speeds exceeding 160 km/h!

A roller coaster combines the concepts presented in Chapters 1 to 3 with the
concepts you will explore in this chapter. The roller coaster experiences changing
speeds and directions, requires a force to go up against the force of gravity, and
is subject to frictional forces. These principles are extended to analyze the power
needed by the motor to do the work to pull a coaster up the first big hill. Once at
the top of the hill, the ever-present force of gravity is responsible for changing the
speed of the roller coaster from slow to extremely fast, increasing the energy of
motion. As the coaster goes up and down the hills, the energy of motion changes
mostly into (and out of) another form of energy, energy of position, with some
into the form of thermal energy due to friction.

It is these concepts (power, work, energy of motion, energy of position, and
thermal energy) that you will study in detail in this chapter. You will apply these
principles to many examples, including sports, transportation, and, of course,
roller coasters.

Reflecto earning

1. What kind of relationship do you think exists between the following

variables?

(a) the work you do in pushing a piano across the floor and the distance
the piano moves

(b) the energy of position of a roller coaster as it goes up the first hill and
the height of the roller coaster

(c) the energy of motion of the coaster and the speed at which it travels

(d) the power of a volunteer shifting 100 sandbags to control flooding and
the time interval used to shift the 100 bags

2. To get to a building entrance that is above street level, you can go straight
up a set of stairs, or along a ramp. What is the advantage of either way with
regard to the force applied and to the energy consumed?

3. What are the methods in which heat can be transferred from one place to
another? Give an example of each of these methods.

4. What is meant by the phrase “the law of conservation of energy?”

Throughout this chapter, note any changes in your ideas as you learn new con-
cepts and develop your skills.



Try This
Activity
Analyzing a Toy’s Action

The toy in Figure 2 may look much simpler than a roller coaster, but it
operates on similar principles, including work, energy of position,
energy of motion, and friction. (Of course, it operates on these principles
only if you discover how to make it work. Good luck!)

* Look carefully at the design of the toy. Try to predict what you will
have to do to get it to move in its most interesting way. Test your ‘l
prediction using trial and error until you think you have mastered
the operation of the toy.

* Have your teacher inspect your attempted motion and tell you if you
are ready to do the following.
(a) Explain the operation of the toy using as many of the physics
words as possible presented in this introduction.
(b) Explain this statement: “The toy provides a good example of
the law of conservation of energy.”

— 4

Figure 2
Can you figure out how to make this toy operate?

Figure 1
What physics principles help to explain the
operation of roller coasters?



energy: the capacity to do work

heat: the transfer of energy from a warmer

body or region to a cooler one

Table 1 Several Forms of Energy

Energy and Energy
Transformations

Without light and other radiant energies that come to us from the Sun, life on
Earth would not exist. With these energies, plants can grow and the oceans and
atmosphere can maintain temperature ranges that support life. Although energy
is difficult to define comprehensively, a simple definition is that energy is the
capacity to do work. The word energy comes from the Greek prefix en, which
means “in,” and ergos, a Greek word which means “work.” Thus, when you think
of energy, think of what work is involved. For example, energy must be supplied
to a car’s engine in order for the engine to do work in moving the car. In this case,
the energy may come from burning gasoline.

Forms of Energy

It took many years for scientists to develop a system of classifying the various
forms of energy. Table 1 lists nine forms of energy and describes them briefly,
and Figure 1 shows examples of these forms.

Notice in Table 1 and Figure 1 that eight of the energy forms listed involve parti-
cles (atoms, molecules, or objects). The other form is radiant energy. Visible light
and other types of radiant energy belong to the electromagnetic (e.m.) spectrum.
Components of the electromagnetic spectrum have characteristics of waves, such as
wavelength, frequency, and energy, and they all can travel in a vacuum at the speed of
light, 3.00 x 108 m/s. (Refer to section 9.1 to review the e.m. spectrum. )

Notice also that heat is not listed as a “form” of energy. Heat is the transfer
of energy from a warmer body or region to a cooler one. Various methods of heat
transfer are described later.

In this chapter, we focus on gravitational potential energy, kinetic energy,
and thermal energy, which will be defined formally in the appropriate sections.
Later in the text, you will study more about the other forms listed.

Form of energy | Description Example

thermal The atoms and molecules of a substance possess thermal energy. The more rapid the motion of the atoms Figure 1(a)
and molecules, the greater the total thermal energy.

electrical This form of energy is possessed by charged particles. The charges can transfer energy as they move through Figure 1(a)
an electric circuit.

radiant Radiant energy travels by means of waves without requiring particles of matter. Figure 1(b)

nuclear The nucleus of every atom has stored energy. This energy can be released by nuclear reactions such as Figure 1(b)

potential nuclear fission and nuclear fusion.

gravitational A raised object has stored energy due to its position above some reference level. Figure 1(c)

potential

kinetic Every moving object has energy of motion, or kinetic energy. Figure 1(c)

elastic This potential energy is stored in objects that are stretched or compressed. Figure 1(c)

potential

sound This form of energy, produced by vibrations, travels by waves through a material to the receiver. Figure 1(d)

chemical Atoms join together in various combinations to form many different kinds of molecules, involving various Figure 1(d)

potential amounts of energy. In chemical reactions, new molecules are formed and energy is released or absorbed.
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Practice

Understanding Concepts

1. Give three examples of energy use available today that your grand-
parents would not have had when they were your age.

2. Name at least one form of energy associated with each object in italics.
(a) A bonfire roasts a marshmallow.
(b) A baseball smashes a window.
(c) A solar collector heats water for a swimming pool.
(d) A stretched rubber band is used to launch a rolled-up T-shirt
toward the audience during intermission at a hockey game.
(e) The siren of an ambulance warns of an emergency.

Energy Transformations

The forms of energy listed in Table 1 are able to change from one to another;
such a change is called an energy transformation. For example, in a microwave
oven, electrical energy transforms into radiant energy (microwaves), which is
then transformed into thermal energy in the food being cooked. Undoubtedly
you can give many other examples of energy transformations.

We can summarize these changes using an energy transformation equation.
For the microwave oven example described above, the equation is

electrical energy — radiant energy — thermal energy

41

Figure 1

Examples of forms of energy

(a) Electrical energy delivered to the stove
heats the water in the pot. Thermal
energy in the boiling water transfers to
the pasta to cook it.

(b) The Sun emits radiant energies, such as
infrared radiation, visible light, and ultra-
violet radiation. The Sun'’s energy comes
from nuclear fusion reactions in its core.

(e) At the highest position above the trampo-
ling, this athlete has the greatest amount
of gravitational potential energy. The
energy changes to kinetic energy as her
downward velocity increases. The kinetic
energy then changes into elastic poten-
tial energy in the trampoline to help her
bounce back up.

(d) Chemical potential energy is released
when fireworks explode. Some of that
energy is changed into sound energy.
What other forms of energy are involved
in this example?

energy transformation: the change
from one form of energy to another
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work: the energy transferred to an object
by an applied force over a measured distance

Figure 1

The work done in pulling the carts, which are
locked together, depends on the force applied
to the carts and the distance the carts move.

126 Chapter 4

Practice

Understanding Concepts

3. Write the energy transformation equation for each example below.
(a) Fireworks explode.
(b) An arrow is shot off a bow and flies through the air.
(c) A paved driveway feels hot on a clear, sunny day.
(d) A camper raises an axe to chop a chunk of wood.
(e) A lawn mower with a gasoline engine cuts a lawn.

4. Make up an example of an energy transformation involving the cre-
ation of your favourite sounds. Then, write the corresponding energy
transformation equation.

SOVWEVAAY Energy and Energy Transformations

+ Energy is the capacity to do work.

+ Energy exists in many forms, such as thermal energy and kinetic energy.

+ In an energy transformation, energy changes from one form into another.
The transformation can be described using an equation with arrows.

Section 4.1 Questions

Understanding Concepts

1. Show how energy is transformed for each situation by using an
energy transformation equation.
(a) A hotdog is being cooked at an outdoor concession stand.
(b) A truck is accelerating along a level highway.
(c) A child jumps on a trampoline.
(d) A tree is knocked over by a strong wind.
(e) An incandescent light bulb is switched on.

2. Provide an example (not yet given in this text) of a situation that
involves the following energy transformations.
(a) electrical energy — thermal energy
(b) kinetic energy - sound energy
(c) chemical potential energy — thermal energy
(d) electrical energy — kinetic energy

Work

The term work has a specific meaning in physics. Work is the energy transferred
to an object by an applied force over a measured distance. For example, work is
done when a crane lifts a steel beam for a new building, when a truck’s engine
makes the truck accelerate, when an archer bends a bow as the arrow is pulled
back, and when the bow releases the arrow. However, when holding a heavy box
on your shoulder, you may feel pain and even break into a sweat, but you are not
doing any work on the box because you are not moving it.

To determine what factors affect the amount of work done in moving an
object, consider a situation in which an employee at a grocery store pulls a long
string of empty carts at a constant velocity with a horizontal force (Figure 1).



By fixing the distance that the carts are moved and doubling the applied force
required to pull the carts (by adding twice as many carts), the amount of work
done is doubled. Similarly, with a constant applied force, if the distance the carts
are pulled is doubled, then again the work done is doubled. Thus, the work done
by the applied force is directly proportional to the magnitude of the force and
directly proportional to the magnitude of the displacement (distance) over
which the force acts.

Using the symbols W for work, F for the magnitude of the applied force,
and Ad for the magnitude of the displacement, the relationships among these
variables are

WOF and WOAd

Combining these proportionalities,

wQOFAd
W=kF-Ad where kis the proportionality constant

Choosing the value of k to be 1, we obtain the equation for work:
W = FAd

Notice that work is a scalar quantity; it has magnitude but no direction.
Therefore, vector notations for F and Ad are omitted.

The equation W = FAd has important limitations. It applies only when the
applied force and the displacement are in the same direction. (In more complex
situations where two-dimensional motion is analyzed, the equation that is used
is W = FAd(cos 6), where 6 is the angle between the applied force and the dis-
placement.)

Since force is measured in newtons and displacement is measured in metres,
work is measured in newton metres (N*m). The newton metre is called the joule
(J) in honour of James Prescott Joule, an English physicist who studied heat and
electrical energy (Figure 2). Since the joule is a derived SI unit, it can be
expressed in terms of metres, kilograms, and seconds. (Recall that the newton,
the unit of force, can also be expressed in these base units: 1 N = 1 kg (m/s?).)
You will gain a lot of practice with the joule, kilojoule, megajoule, etc., for the rest
of this chapter and in other parts of this course.

Sample Problem 1

An airport terminal employee is pushing a line of carts at a constant velocity with
a horizontal force of magnitude 95 N. How much work is done in pushing the
carts 16 m in the direction of the applied force? Express the answer in kilojoules.

Solution
F=95N
Ad=16m
W=z
W = FAd
= (95 N)(16 m)
W=15x%x10%]

The work done in pushing the carts is 1.5 kJ.

4.2

joule: (J) the Sl unit for work

Figure 2

The joule is named after James Prescott
Joule (1818 — 1889), owner of a Manchester
brewery, who showed that heat was not a
substance but, instead, the transfer of
energy. He found that thermal energy pro-
duced by stirring water or mercury is propor-
tional to the amount of energy transferred in
the stirring.

KNOW ?

Joules and Calories

Although the joule is the Sl unit of energy and
work, we still hear of the heat calorie (cal), a
former unit of heat, and the food calorie (Cal),
a former unit of food energy. These units are
related in the following ways:

1.000 Cal =1.000 x 103 cal

=1.000 kcal

1.000 cal =4.184J

1.000 Cal =4.184 kJ
Thus, a piece of apple pie with 395.0 Cal
contains 1.652 x 108 J, or 1.652 MJ, of
chemical potential energy.
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F(N)

Answers
1.67J
4.1.8x 108N
5.0.73 m
6.12J

20

0 02 0.4 0.6
d(m)

Figure 3

You can analyze the units on this force-
displacement graph to determine what the
area calculation represents. (Only magnitudes
are considered.)

(a) the system diagram

Figure 4
For Sample Problem 2
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Practice

Understanding Concepts

1. A farmer uses a constant horizontal force of magnitude 21 N on a
wagon and moves it a horizontal displacement of magnitude 3.2 m.
How much work has the farmer done on the wagon?

2. Express joules in the base units of metres, kilograms, and seconds.

3. Rearrange the equation W = FAd to express (a) F by itself and
(b) Ad by itself.

4. A tow truck does 3.2 kJ of work in pulling horizontally on a stalled car
to move it 1.8 m horizontally in the direction of the force. What is the
maghnitude of the force?

5. A store clerk moved a 4.4-kg box of soap without acceleration along a
shelf by pushing it with a horizontal force of magnitude 8.1 N. If the
employee did 5.9 J of work on the box, how far did the box move?

6. Determine the area under the line on the graph shown in Figure 3.
What does that area represent?

Applying Inquiry Skills
7. (a) Consider a constant force applied to an object moving with uni-
form velocity. Sketch a graph of the work (done on the object) as
a function of the magnitude of the object’s displacement.
(b) What does the slope of the line on the graph represent?

Positive and Negative Work

In the examples presented so far, work has been positive, which is the case when
the force is in the same direction as the displacement. Positive work indicates that
the force tends to increase the speed of the object. However, if the force is oppo-
site to the direction of the displacement, negative work is done. Negative work
means that the force tends to decrease the speed of the object. For example, a
force of kinetic friction does negative work on an object.

Thus, W = FAd yields a positive value when the force and displacement are
in the same direction, and yields a negative value when the force and displacement
are in opposite directions.

Sample Problem 2

A toboggan carrying two children (total mass = 85 kg) reaches its maximum
speed at the bottom of a hill, and then glides to a stop in 21 m along a horizontal
surface (see Figure 4(a)). The coefficient of kinetic friction between the toboggan
and the snowy surface is 0.11.

(a) Draw an FBD of the toboggan when it is moving on the horizontal surface.
(b) Determine the magnitude of kinetic friction acting on the toboggan.

(c) Calculate the work done by the kinetic friction.

Solution
(a) The required FBD is shown in Figure 4(b).
(b) m=85kg

[§'0=9.8 N/kg

pg =0.11

Fe=?



Fy = pghy

= //,KI:E?gD

= ,u,Km@_)D

= (0.11)(85 kg)(9.8 N/kg)
Fe=92N

The kinetic friction has a magnitude of 92 N.

(c) W =FAd
= (92 N)(21 m)
W =19x%x10%]

The work done by the kinetic friction is 1.9 x 103 ] because the force of
friction is opposite in direction to the displacement.

Practice

Understanding Concepts

8. A student pushes a 0.85-kg textbook across a cafeteria table toward a
friend. As soon as the student withdraws the hand (the force is
removed), the book starts slowing down, coming to a stop after
moving 65 cm horizontally. The coefficient of kinetic friction between
the surfaces in contact is 0.38.

(a) Draw a system diagram and an FBD of the book as it slows down,
and calculate the magnitudes of all the forces in the diagram.
(b) Calculate the work done on the book by the friction of the table.

Work Done Against Gravity

In order to lift an object to a higher position, a force must be applied upward
against the downward force of gravity on the object. If the force applied and the
displacement are both vertically upward and no acceleration occurs, the work
done by the force against gravity is positive, and is W= FAd. The force in this case
is equal in magnitude to the weight of the object or the force of gravity on the
object, F= [F_)g[l =mld 0

Sample Problem 3

A bag of groceries of mass 8.1 kg is raised vertically without acceleration from
the floor to a countertop, over a distance of 92 cm. Determine

(a) the force needed to raise the bag without acceleration
(b) the work done on the bag of groceries against the force of gravity

Solution
(a) m=8.1kg
[g0=19.8 N/kg
F=2
F=0F O=mgD
= (8.1 kg)(9.8 N/kg)
F=79N

The force needed is 79 N.

4.2

Answers
8. (a) Fg =83N; Ffy=83N;
Fe=3.2N
(b) -2.1J
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Answers

9. (a) 1.5 N
(b) 29 J

10. (a) 2.5 x 103N
(b) 2.6 x 102 kg

11.9.1m

Figure 5

If the applied force and the displacement are
perpendicular, no work is done by the applied
force.
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(b) Ad=0.92m

W=2?
W = FAd
= (79 N)(0.92 m)
W=73]

The work done against the force of gravity is 73 J.

Practice

Understanding Concepts

9. A 150-g book is lifted from the floor to a shelf 2.0 m above. Calculate
the following:
(a) the force needed to lift the book without acceleration
(b) the work done by this force on the book to lift it up to the shelf

10. A world-champion weight lifter does 5.0 x 103 J of work in jerking a
weight from the floor to a height of 2.0 m. Calculate the following:
(a) the average force exerted to lift the weight
(b) the mass of the weight

11. An electric forklift truck is capable of doing 4.0 x 10° J of work on a
4.5 x 103 kg load. To what height can the truck lift the load?

Zero Work

Situations exist in which an object experiences a force, or a displacement, or both,
yet no work is done on the object. If you are holding a box on your shoulder, you
may be exerting an upward force on the box, but the box is not moving, so the
displacement is zero, and the work done on the box, W= FAd, is also zero.

In another example, if a puck on an air table is moving, it experiences neg-
ligible friction while moving for a certain displacement. The force in the direc-
tion of the displacement is zero, so the work done on the puck is also zero.

In a third example, consider the force exerted by the figure skater who glides
along the ice while holding his partner above his head (Figure 5). There is both
a force on the partner and a horizontal displacement. However, the displacement
is perpendicular (not parallel) to the force, so no work is done on the woman. Of
course, work was done in lifting the woman vertically to the height shown.

Practice

Understanding Concepts

12. A student pushes against a large maple tree with a force of magni-
tude 250 N. How much work does the student do on the tree?

13. A 500-kg meteoroid is travelling through space far from any measur-
able force of gravity. If it travels at 100 m/s for 100 years, how much
work is done on the meteoroid?

14. A nurse holding a newborn 3.0-kg baby at a height of 1.2 m off the
floor carries the baby 15 m at constant velocity along a hospital cor-
ridor. How much work has the force of gravity done on the baby?

15. Based on questions 12, 13, and 14, write general conclusions
regarding when work is or is not done on an object.
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S100Y NN N'E Work

+ Work is the energy transferred to an object by an applied force over a
distance.

+ If the force and displacement are in the same direction, the work done by
the force, W= FAd, is a positive value. If the force and displacement are in
opposite directions, the work done is a negative value.

+ Work is a scalar quantity measured in joules (J).

Section 4.2 Questions

Understanding Concepts

Figure 6

. . . An off-road dump truck
1. An average horizontal force of magnitude 32 N is exerted on a

box on a horizontal floor. If the box moves 7.8 m along the floor,
how much work does the force do on the box?

2. An elevator lifts you upward without acceleration a distance of
36 m. How much work does the elevator do against the force of 8 -
gravity to move you this far?

3. An off-road dump truck can hold 325 t of gravel (Figure 6). How

[ P R T
much work must be done on the gravel to raise it an average of
9.2 m to get it into the truck? .
=
4. A camper does 7.4 x 102 J of work in lifting a pail filled with water v 41

3.4 m vertically up a well at a constant speed.
(a) What force is exerted by the camper on the pail of water? 2
(b) What is the mass of water in the pail?

5. In an emergency, the driver of a 1.3 x 103-kg car slams on the

brakes, causing the car to skid forward on the road. The coeffi- 0 0'1 0'2 0'3 0'4
cient of kinetic friction between the tires and the road is 0.97, and ’ ’ ’ :
the car comes to a stop after travelling 27 m horizontally. d(m)

Determine the work done by the force of friction during the skid- Figure 7

ding. For question 7

6. For the equation W = FAd, describe
(a) when the equation applies
(b) when the equation yields a nil or zero value of work

Applying Inquiry Skills

7. The graph shown in Figure 7 was generated by a computer inter-
faced to a force sensor that collected data several times per
second as a block of wood was pulled with a horizontal force
across a desk.

(a) Estimate the work done by the force applied to the block.
Show your calculations.
(b) Describe sources of systematic error when using a force

Mechanical Energy

A constant change our society experiences is tearing down old buildings to
make way for new ones. One way to do this is by chemical explosions. However,
if that is considered to be too dangerous, a much slower way is to use a wrecking
ball (Figure 1). What energy transformations allow such a ball to destroy a

Figure 1
Several principles of mechanics are applied
in the demolition of this large structure. Can

-\ you write the energy transformation equation
building? for this situation?
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gravitational potential energy: the
energy possessed by an object because of its
position relative to a lower position

kinetic energy: the energy possessed by
an object due to its mation

mechanical energy: the sum of the
gravitational potential energy and the kinetic
energy

Figure 2
Raising a hammer gives it gravitational
potential energy.

reference level: the level to which an
object may fall
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As work is done by a machine on the wrecking ball to raise it to a high level,
the ball gains gravitational potential energy. This potential energy arises from the
fact that the force of gravity is pulling down on the ball. The type of energy pos-
sessed by an object because of its position relative to a lower position is called
gravitational potential energy, Eg. This potential energy can be used to do work
on some object at a lower level.

When the ball is released, it falls. As the ball falls, it loses gravitational poten-
tial energy and gains kinetic energy as its speed increases. Energy due to the
motion of an object is called kinetic energy, E,. (“Kinetic,” like the word “kine-
matics,” comes from the Greek word kinema, which means “motion.”)

The sum of the gravitational potential energy and kinetic energy is called
mechanical energy. When the wrecking ball strikes the wall, its mechanical
energy allows it to do work on the wall.

Determining Gravitational Potential Energy

Suppose you are erecting a tent and using a hammer to pound the tent pegs into
the ground, as in Figure 2.

In order to lift the hammer a height Ak, you would have to transfer energy
W= FAhto it, based on the equation for work, W= FAd. Here, Fis the magnitude
of the force required to lift the hammer from the ground without acceleration; it
is equal to the magnitude of the hammer’s weight, which is mld' [l From here on,
[ Owill simply be represented by g. The transferred energy, or work, equals the
hammer’s gravitational potential energy above a reference level such as the
ground. That is, E, = FAh, where E_ is the gravitational potential energy of the
hammer raised a height Ah above the original level. Since F = mg, we can now
write the common equation for gravitational potential energy:

E, = FAh=mgAh  where g = 9.8 N/kg

In SI, energy is measured in joules, mass in kilograms, and height (or dis-
placement) in metres.

Often we are concerned about the potential energy relative to a particular
reference level, the level to which an object may fall. Then A in the gravitational
potential energy equation is equivalent to the height 4 of the object above the ref-
erence level. Thus, the equation for the potential energy of an object relative to a
reference level is

Eg =mgh

When answering questions on relative potential energy, it is important for
you to indicate the reference level. In the hammer and tent peg example, the
hammer has a greater potential energy relative to the ground than it has relative
to the top of the peg.

Sample Problem 1

In the sport of pole vaulting, the jumper’s centre of mass must clear the pole.
Assume that a 59-kg jumper must raise the centre of mass from 1.1 m off the
ground to 4.6 m off the ground. What is the jumper’s gravitational potential
energy at the top of the bar relative to where the jumper started to jump?



Solution
The height of the jumper’s centre of mass above the reference level indicated
iSh=46m-1.1m=35m.

m =59 kg
g=9.8 N/kg
E,=?
E, = mgh
= (59 kg)(9.8 N/kg)(3.5 m)
E, =2.0x 103]

The jumper’s gravitational potential energy relative to the lower position is
2.0 %10 J.

Practice

Understanding Concepts

1. A 485-g book is resting on a desk 62 cm high. Calculate the book’s
gravitational potential energy relative to (a) the desktop and
(b) the floor.

2. Estimate your own gravitational potential energy relative to the
lowest floor in your school when you are standing at the top of the
stairs of the highest floor.

3. Rearrange the equation E_, = mgh to obtain an equation for
(a) m (b) g (c) h

4. The elevation at the base of a ski hill is 350 m above sea level. A ski lift
raises a skier (total mass = 72 kg, including equipment) to the top of the
hill. If the skier’s gravitational potential energy relative to the base of
the hill is now 9.2 x 10° J, what is the elevation at the top of the hill?

5. The spiral shaft in a grain auger raises grain from a farmer’s truck
into a storage bin (Figure 3). Assume that the auger does 6.2 x 105 J
of work on a certain amount of grain to raise it 4.2 m from the truck
to the top of the bin. What is the total mass of the grain moved?
Ignore friction.

6. A fully dressed astronaut, weighing 1.2 x 103 N on Earth, is about to
jump down from a space capsule that has just landed safely on
Planet X. The drop to the surface of X is 2.8 m, and the astronaut’s
gravitational potential energy relative to the surface is 1.1 x 103 J.
(a) What is the magnitude of the gravitational field strength on

Planet X?
(b) How long does the jump take?
(c) What is the astronaut’s maximum speed?

Applications of Mechanical Energy

The example in Figure 1 from earlier in this section illustrates a useful applica-
tion of gravitational potential energy. An object is raised to a position above a
reference level. Then the force of gravity causes the object to accelerate. The
object gains speed and, thus, kinetic energy, allowing it to crash into the wall and
do work in demolishing the wall. Another example is a roller coaster at a high
position where its gravitational potential energy is maximum. The force of
gravity causes the roller coaster to accelerate downward, giving it enough speed
and, thus, kinetic energy, to travel around the track.

43

KNOW ?

Gravitational Potential Energy
in Nature

Some animals are known to take advantage
of gravitational potential energy. One
example is the bearded vulture (or lam-
mergeyer), the largest of all vultures. This
bird, found in South Africa, is able to digest
bones. Often its food consists of bones
picked clean by other animals. When con-
fronted with a bone too large to digest, the
vulture carries the bone to a great height and
drops it onto a rock. Then it circles down to
scoop out the marrow with its tongue.

Answers

1. (a) 0.0J
(b) 2.9 J

4. 1.7 x 103 m
5. 1.5 x 10% kg

6. (a) 3.2 N/kg
(b) 1.3 s
(c) 4.2 m/s

Figure 3
A grain auger
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(a)

(b)

Figure 4

Applications of gravitational potential energy
(a) Pile driver

(b) Damming a river to produce hydroelectricity

$

Figure 5
A maving object has kinetic energy.
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Figure 4 shows two more applications of gravitational potential energy. In
Figure 4(a), a pile driver is about to be lifted by a motor high above the pile. It
will then have the gravitational potential energy to do the work of driving the
pile into the ground. The pile will act as a support for a high-rise building. In
Figure 4(b), water stored on a dammed river has gravitational potential energy
relative to the base of the dam. At hydroelectric generating stations, this gravita-
tional potential energy is transformed into electrical energy.

Practice

Understanding Concepts

7. Write the energy transformation equation for each example below.
(a) the wrecking ball (Assume the machine has a diesel engine.)
(b) the hammer used to pound in the tent peg (Start with the energy
stored in the food eaten by the camper.)

Determining Kinetic Energy

A dart held stationary in your hand has no kinetic energy; once you have thrown
it at the dartboard and it is moving, it has kinetic energy (Figure 5).

To determine an equation for kinetic energy, we will use concepts from this
chapter and Chapter 1. Assume that an object of mass m, travelling at a speed v,
has a net force of magnitude F exerted on it over a displacement of magnitude Ad.
The object will undergo an acceleration, with magnitude a, to reach a speed v;.
The work done on the object is

W = FAd = maAd
From Chapter 1, we know that

vZ = v2+2aAd

2 2
V§ =Y

2
Substituting this equation into the equation for work we have

v — 2
W:m( f 1)
2

mv?

2 2

To simplify this equation, let us assume that the object starts from rest, so v; = 0,
and the last term in the equation is zero. Then the work done by the force to
cause the object to reach a speed v is

alAd =

or W=

sz

2
This quantity is equal to the object’s kinetic energy. Thus, an object of mass m,
travelling at a speed v, has a kinetic energy of

W:

_ mv?
k™ 2

Again, in SI, energy is measured in joules, mass in kilograms, and speed in metres
per second.



Sample Problem 2
Find the kinetic energy of a 48-g dart travelling at a speed of 3.4 m/s.

Solution
m = 0.048 kg
v=3.4m/s
E=?
mv?
b = 2
~ (0.048 kg)(3.4 m/s)*
- 2
E = 028]

The kinetic energy of the dart is 0.28 J.

Practice

Understanding Concepts

8. Calculate the kinetic energy of the item in italics in each case.
(a) A 7.2-kg shot leaves an athlete’s hand during the shot put at a
speed of 12 m/s.
(b) A 140-kg ostrich is running at 14 m/s. (The ostrich, Figure 6, is
the fastest two-legged animal on Earth.)

9. Prove that the unit for kinetic energy is equivalent to the unit for

work. )
m_v’ find an equation for (a) m and

10. Starting with the equation E, = 2

(b) v.

11. A softball travelling at a speed of 34 m/s has a kinetic energy of 98 J.

What is its mass?

12. A 97-g cup falls from a kitchen shelf and shatters on the ceramic tile
floor. Assume that the maximum kinetic energy obtained by the cup
is 2.6 J and that air resistance is negligible.

(a) What is the cup’s maximum speed?
(b) What do you suppose happened to the 2.6 J of kinetic energy
after the crash?

13. There are other ways of deriving the equation for kinetic energy
using the uniform acceleration equations from Chapter 1. Show an
alternative derivation.

SN A Mechanical Energy

+ Gravitational potential energy, which is energy possessed by an object due
to its position above a reference level, is given by the equation E, = mgh,
where m is the mass of the object, g is the magnitude of the gravitational
field, and A is the height above the reference level.

+ Kinetic energy, which is energy of motion, is found using the equation

mv2

k_z'
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Figure 6
Powerful legs carry an ostrich at high speeds.

Answers

8. (a) 5.2 x 102 J
(b) 1.4 x 104 J

11. 0.17 kg
12. (a) 7.3 m/s

KNOW ?

Positive Speeds

In Practice questions 10 and 12, when the
equation for kinetic energy is rewritten to
solve for the speed, the solution is a square
root. Only the positive square root applies in
all cases, so we need to omit the “+" sign in
front of the square root symbol.
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Section 4.3 Questions

Understanding Concepts
1. Explain why a roller coaster is called a “gravity ride.”

2. In April 1981, Arnold Boldt of Saskatchewan set a world high-
jump record for disabled athletes in Rome, Italy, jumping to a
height of 2.04 m. Calculate Arnold’s gravitational potential energy
relative to the ground. (Assume that his mass was 68 kg at the
time of the jump.)

3. A hockey puck has a gravitational potential energy of 2.3 J when
it is held by a referee at a height of 1.4 m above the rink surface.
What is the mass of the puck?

4. A 636-g basketball has a gravitational potential energy of 19 J
near the basket. How high is the ball off the floor?

5. Determine your own kinetic energy when you are running at a
speed of 5.5 m/s.

6. At what speed must a 1200-kg car be moving to have a kinetic
energy of (a) 2.0 x 103 J and (b) 2.0 x 10% J?

7. How high would a 1200-kg car have to be raised above a refer-
ence level to give it a gravitational potential energy of
(a) 2.0 x 108 J and (b) 2.0 x 10° J?

Applying Inquiry Skills
8. Use your graphing skills to show the relationship between each
set of variables listed.
(a) gravitational potential energy; gravitational field strength
(with a constant mass and height)
(b) kinetic energy; mass of the object (at a constant speed)
(c) kinetic energy; speed of the object (with a constant mass)

Making Connections
9. (a) By what factor does the kinetic energy of a car increase when

its speed doubles? triples?

(b) What happens to this kinetic energy in a car crash?

(c) Determine the speed a car is travelling if its kinetic energy is
double what it would be at a highway speed limit of 100 km/h.

(d) Make up a cartoon to educate drivers about the relationships
among speed, higher energy, and damage done in collisions.

The Law of Conservation of
Energy and Efficiency

As you have learned, energy can change from one form to another. Scientists say
that when any such change occurs, energy is conserved. This is expressed as the
law of conservation of energy: law of conservation of energy.
When energy changes from one form to

another, no energy is lost.
Law of Conservation of Energy

When energy changes from one form to another, no energy is lost.

This law applies to all the forms of energy listed in Table 1 of section 4.1.
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Let us consider a practical application of the law of conservation of energy.
Our example deals with the use of a pile driver, shown in Figure 4 of section 4.3.

Figure 1(a) illustrates the design of a pile driver. A hammer is lifted by an
electric or gasoline engine (not shown) to a position above the pile. From there,
the shaft guides the hammer as it falls and strikes the pile to knock it further into
the ground to act as a structural support for a building. We will analyze the
energy changes occurring in these events, shown in Figure 1(b).

(a) (b)

I—to engine 52 kg |

hammer hammer
\“ Eg=52x103
S Ex= 0J
ET=52x103J

h

shaft 51m
Eg=26x103J
h 10.2m 2 Ex=2.6x103J
Er=52x103J

51m
Eq= 0J
N Ex=5.2x103J

pile Er=5.2x103J
ground

In hoisting the hammer from the level of the pile to the top position, the
engine does the following work on the hammer:

W = FAd

= mgh

= (52 kg)(9.8 N/kg)(10.2 m)
W =52x%x103]

Notice that we are concerned here with the work done on the hammer. We will
not consider the work required because of friction in the shaft or in the engine
itself. Including these factors would involve an extra series of calculations,
though the final conclusions would be more or less the same.

At the top position, then, the hammer has a gravitational potential energy
(E, = mgh) of 5.2 X 103 J. Its kinetic energy is zero because its speed is zero.
The hammer’s total mechanical energy, E. = = E, + E, is thus 5.2 X 103 ].

When the hammer is released, it accelerates down the shaft at 9.8 m/s2. (We
assume that friction is negligible when the shaft is vertical.) At any position, the
gravitational potential energy and kinetic energy can be calculated. We will
choose the halfway point, where the hammer is 5.1 m above the pile. Its gravita-
tional potential energy there is

E, = mgh
(52 kg)(9.8 N/kg)(5.1 m)

Eg = 2.6x10%]

Figure 1

The design and energy changes of a

pile driver
(a) Design features
(b) Energy changes
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KNOW ?

Comparing Conservation and
Conserving

The word “conservation” means that the
total amount remains constant. This differs
from the everyday usage of the expression
“energy conservation,” which refers to not
wasting energy. Thus, you should distinguish
between conservation of energy (a scientific
phenomenon) and conserving energy (a wise
thing to do).
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To find the kinetic energy, we must first find the hammer’s speed after it has
fallen 5.1 m. From Chapter 1, we know that

v¢ = v +2aAd
v = Vy2+2aAd (v,=0)
V2(9.8 m/s?)(5.1 m)

v = 1.0x 10! m/s
Thus, 5
mvy
B = 2
(52 kg)(1.0 x 10" m/s)*
- 2
E = 26x10°]

Again, the total mechanical energy, Eg +E,is 5.2 X 103 7.

Next, at the instant just prior to striking the pile, the hammer has zero grav-
itational potential energy (h =0 in E, = mgh) but a kinetic energy based on these
calculations:

v = Vy2+2aAd (v,=0)

1

= V2(9.8 m/s?)(10.2 m)
y = 14.1 m/s
Thus, 5
B = -
_ (52kg)(14.1 m/s)?
2
E, = 52x10%]

Once again, the total mechanical energy is 5.2 X 10° J.

Finally, the hammer strikes the pile. Its kinetic energy changes into other forms
of energy such as sound, thermal energy (due to increased motion of the mole-
cules), and the kinetic energy of the pile as it is driven further into the ground.

This series of energy changes illustrates the law of conservation of energy.
The work done on the object in raising it gives the object gravitational potential
energy. This energy changes into kinetic energy and other forms of energy.
Energy is not lost; it simply changes into other forms.

The law of conservation of energy can be applied to describe the energy trans-
formations mentioned earlier in this chapter, namely using a wrecking ball to tear
down old buildings, using a hammer to pound in a tent peg, operating a thrill ride,
and producing hydroelectric power at a dam. The law can also be used to solve var-
ious types of problems, as Sample Problem 1 and the Practice questions illustrate.

Sample Problem 1

As the water in a river approaches a 5.7-m vertical drop, its average speed is
5.1 m/s. For each kilogram of water in the river, determine the following:

(a) the kinetic energy at the top of the waterfall

(b) the gravitational potential energy at the top of the falls relative to the
bottom

(c) the total mechanical energy at the bottom of the falls, not considering fric-
tion (use the law of conservation of energy)

(d) the speed at the bottom of the falls (use the law of conservation of energy)
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Solution
(a) m=1.0kg
v=5.1m/s
E =1
_ mv?
B 2
(1.0 kg)(5.1 m/s)?
E = 13]
The kinetic energy of each kilogram of water at the top of the falls is 13 J.
(b) m=1.0kg
g =9.8 N/kg
h =57m
E, =7
E, = mgh
= (1.0 kg)(9.8 N/kg)(5.7 m)
E =56]

g
The gravitational potential energy relative to the bottom of the falls for
each kilogram of water is 56 J.

(c) As the water falls, the gravitational potential energy changes to kinetic
energy. By the law of conservation of energy, the total energy at the bottom
of the falls is the sum of the initial kinetic energy and the kinetic energy
gained due to the energy change. Thus, the total energy for each kilogram of
water at the bottom of the fallsis 13 ] + 56 ] = 69 J.

(d) m=1.0kg
E =69]
y="71
mv?
From E, = 5
25,
V="N"m
_ 2(697)
1.0 kg
vy = 12m/s

The speed of water at the bottom of the falls is approximately 12 m/s.

Practice

Understanding Concepts

1. Use the law of conservation of energy to describe the energy Answers
changes that occur in the operation of a roller coaster at an amuse- 2.(a)3.0m
ment park. (b) 7.7 m/s

2. A 91-kg kangaroo exerts enough force to acquire 2.7 kJ of kinetic
energy in jumping straight upward.
(a) Apply the law of conservation of energy to determine how high

this agile marsupial jumps.

(b) What is the magnitude of the kangaroo’s maximum velocity?

3. A ball is dropped vertically from a height of 1.5 m; it bounces back to
a height of 1.3 m. Does this violate the law of conservation of
energy? Explain.
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Answers
4. (a) 4.5 x 103 J
(b) 1.0 x 10" m/s
(c) 13 m/s

INQUIRY SKILLS

© (Questioning © Recording
O Hypothesizing © Analyzing
O Predicting © Evaluating
O Planning © Communicating

© Conducting

Figure 2
This is one way to determine the maximum
speed of the pendulum bab.
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4. A 56-kg diver jumps off the end of a 7.5-m platform with an initial

horizontal speed of 3.6 m/s.

(a) Determine the diver's total mechanical energy at the end of the
platform relative to the surface of the water in the pool below.

(b) Apply the law of conservation of energy to determine the diver’s
speed at a height of 2.8 m above the water.

(c) Repeat (b) to find the maximum speed of the diver upon reaching
the water.

Testing the Law of Conservation of Energy

The energy transformations involved in the motion of a pendulum bob will be
analyzed to test the law of conservation of energy.

Question

(a) Make up a question for this investigation about the law of conservation of
mechanical energy for a mechanical system, such as a swinging pendulum.

Hypothesis/Prediction
(b) Write your own hypothesis and prediction.

Design
When a raised pendulum bob (Figure 2) is released, the bob gains speed and
kinetic energy, both of which reach a maximum at the bottom of the swing. You
can use a simple method to determine the gravitational potential energy of the
bob relative to its lowest position. Then, you can determine the maximum speed
of the bob, and thus the maximum kinetic energy. The method suggested here
uses a photocell that determines the time a light beam, aimed at it, is blocked by
the moving pendulum bob. Finally, you can compare the maximum gravitational
potential energy and the maximum kinetic energy.

To achieve the highest accuracy, the distance measurements related to the
pendulum bob should be taken from the centre of the bob.

Materials

50-g (or smaller) mass

strong string or wire

tall stand (more than 1 m) and clamp
millisecond timer (or computer)
light source and photocell

Procedure

1. Construct a pendulum by attaching a 50-g mass to a strong string about 1 m
long. Clamp the stand to the table and tie the string to the clamp so that the
pendulum bob can swing freely between the light source and photocell.

2. Measure the distance from the table to the bottom of the pendulum bob.
The table is the reference level for determining the gravitational potential
energy of the pendulum bob.



3. Set up the timer using a photocell and light beam so that the beam will

break when the pendulum bob is at the lowest position of its swing. The
timer will then record to the nearest millisecond the time interval during

which the beam is broken.

4. Draw the pendulum aside and set the timer to zero.

5. While the pendulum bob is held aside, have someone measure the height

of the bob from the reference level, the table in this case.

6. Release the pendulum bob and allow it to swing through the light beam.

Have someone catch it on the other side of its swing.

7. Note the time interval for which the light beam was broken by the pen-

dulum bob.

8. Measure the diameter of the pendulum bob, making sure to measure the

bob in the area where it broke the beam.

Analysis

(c) Determine the average speed of the pendulum bob at the lowest point in
its swing by using the time interval for which the beam was broken and the

diameter of the bob. Use this speed to calculate the maximum kinetic
energy of the mass.

(d) Calculate the gravitational potential energy of the pendulum bob when it is

held aside, and when it swings through the lowest point in its cycle.

(e) Is mechanical energy conserved during one swing of the pendulum? Justify

your answer.

(f) We know that any pendulum will eventually stop swinging. Explain where

the mechanical energy would have gone.

Evaluation

(g) Was your original question appropriate?

(h) How accurate were your hypothesis and prediction?

(i) Describe the sources of error in this investigation. (To review errors in
experiments, refer to Appendix A.)

(j) If you were to perform this experiment again, what improvements would

you suggest?

Efficiency

An incandescent light bulb is designed to provide light energy. Unfortunately, it
also produces a lot of thermal energy while in use. In fact, only about 5% of the
electrical energy delivered to the bulb transforms to light energy; the rest
becomes waste thermal energy. We say that the incandescent light bulb is only 5%

efficient (Figure 3).

Efficiency, expressed as a percentage, is the ratio of the useful energy pro-
vided by a device to the energy required to operate the device. The efficiency of

an energy transformation is calculated as follows:

useful energy output
energy input

efficiency = X 100%
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Place the photocell and light
@ source far enough apart so

the pendulum bob does not
come near them.

5% useful
light energy
100% 95%
electrical waste
energy heat

Figure 3

The efficiency in this case is 5%. What
would the efficiency of the light bulb be if its
purpose were to provide thermal energy, or
heat?

efficiency: the ratio of the useful energy
provided by a device to the energy required
to operate the device
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Figure 4
For Sample Problem 2
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Using E_ , for useful energy output and E, | for energy input, the efficiency
equation is

E
efficiency = —24L x 100%
in

Sample Problem 2

A family uses several planks to slide a 350-kg piano onto the back of a pickup
truck (Figure 4). The box on the back of the truck is 81 cm above the ground and
the planks are 3.0 m long. An average force of magnitude 1500 N is required to
slide the piano up the planks.

(a) Determine the work done in loading the piano.
(b) Calculate the efficiency of the planks as a simple machine to load the piano.
(c) Where does the rest of the energy go?

Solution
(a) F=1500 N
Ad=3.0m
Ein =2
Ein =w
= FAd
= (1500 N)(3.0 m)
E =45x10°]

The work done, or the energy input in loading the piano, is 4.5 X 10° J.

(b) The useful energy output in this case is the increase in gravitational poten-
tial energy of the piano going from ground level onto the back of the truck.
m =350 kg
g=9.8 N/kg
h=0.81m
E

= ?
out °
efficiency =?

The useful work done, or the energy output, is

Eout =W

= mgh

= (350 kg)(9.8 N/kg)(0.81 m)
E . =28%x10%]

The efficiency of the planks is found by using the expression

E
efficiency = ELut % 100%
in
2.8x10%]

= a5 107) < 100%

efficiency = 62%

The planks are 62% efficient when used as a machine to load the piano.

(c) Much of the remaining 38% of the energy input is wasted as thermal energy
that results as friction causes the molecules to become more agitated. Sound
energy is also produced by friction.
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Practice

Understanding Concepts

5. A construction worker uses a rope and pulley system to raise a 27-kg Answers
can of paint 3.1 m to the top of a scaffold (Figure 5). The downward 5. (a) 9.6 x 102 J
force on the rope is 3.1 x 102 N as the rope is pulled 3.1 m. (b) 8.2 x 102 J
(a) Find the work done in raising the can of paint. ’
(b) How much “useful work” is done? (c) 85%
(c) What is the efficiency of the rope and pulley in raising the can of
paint?
(d) Suggest why the efficiency of this simple machine is not 100%. o

The Efficiency of a Ramp aint ri ‘L A

In Sample Problem 2, the efficiency of the ramp was 62%. Do all ramps have the
same efficiency? You can explore this question in a controlled experiment. Three

factors will be tested: the mass of the cart, the angle of the ramp, and the type of &?}
friction between the cart and the ramp. (Rolling friction occurs when the cart is &
wheeled up the ramp; sliding friction occurs when the cart is upside down and "\N

lled up th .
pulled up the ramp.) Figure 5
. A pulley is one type of simple machine. Here
Question it is used to change the direction of a force.

How do the factors affect the efficiency of a ramp used to raise a cart?

Hypothesis/Prediction
INQUIRY SKILLS

(a) Read the procedure given and then write your hypothesis and prediction. |

O Questioning © Recording
. O Hypothesizing O Analyzing
DeSIgn O Predicting © Evaluating
The procedure given suggests using a spring scale to pull a cart up a ramp. Other O Planning @ Communicating
tools can be used, such as a force meter or simulation software. If you are using © Conducting O Synthesizing

these tools, revise your procedural steps.

(b) To record the data for your experiment, copy Table 1 into your notebook

with enough columns for six to nine trials. Then you will have data from Table 1 Data for Ramp Investigation

two or three trials for each of the variables tested: cart mass, ramp angle, Variables Trial 1 ...
and length and height of the ramp. mass of cart, m (kg)
. weight of cart, £, (N
Materials - oM
. length of ramp, Ad (m)
dynamics carts .
height of ramp, h(m)
ramp
beam balance angle of ramp (°)
spring scale calibrated in newtons force parallel to ramp, F(N)
several bricks or books work input, £, (J)

metre stick

useful energy output, £, , (J)
extra masses

efficiency (%)
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Make sure the ramp support
is stable: clamp if necessary.

Make sure the cart can be
stopped safely at the bottom
of the ramp.

Make sure the additional
@ masses are mounted in a

stable way on the cart.

=R

Figure 6
Setup for Investigation 4.4.2
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Procedure

1. Measure the mass of the cart.

2. Set up the apparatus, as shown in Figure 6, so that the ramp is inclined at
an angle of about 20° to the horizontal. Measure the length and height of
the ramp.

3. Attach the force scale to the cart and determine the average force needed to
pull the cart up the ramp at a constant speed.

4. Repeat steps 1 to 3, using a constant slope but varying the cart mass (by
stacking extra masses onto the cart).

5. Repeat steps 2 and 3, using different slopes of the ramp and keeping the
cart mass constant.

6. Repeat steps 2 and 3, using a constant cart mass and a constant angle, but
changing the friction between the cart and the ramp to sliding friction by
turning the cart upside down.

Observations

(c) Complete the data in Table 1. Use trigonometry to calculate the angle of
the ramp.

Analysis

(d) Describe the effect that each of the following had on the efficiency:
(i) changing the mass of the cart
(ii) changing the slope of the ramp
(iii) changing the friction between the cart and the ramp
(e) What could you do to increase the efficiency of the inclined plane?
(f) Describe how the results of this experiment could be used to determine the
frictional resistance acting on the cart in each trial.

Evaluation

(g) Comment on the accuracy of your hypothesis and prediction.

(h) Describe sources of error in this investigation. (To review errors, refer to
Appendix A.)

(i) If you were to perform this investigation again, what improvements would
you suggest?

Synthesis

(j) Name at least one advantage of moving an object up a ramp instead of
lifting it vertically.

(k) Since nature is not in the habit of giving us something for nothing, name at
least one disadvantage of moving an object up a ramp instead of lifting it.

Case Study: Physics and Sports Activities

When sports records are broken, do you think it is because the athletes are
stronger and faster, and are being trained for longer, or it is because the equip-
ment the athletes use, such as their footwear, is enhancing their performance? In
this case study, we will analyze and explain improvements in sports performance
using energy concepts such as the law of conservation of energy. After studying
pole vaulting examples, you can research other examples in which science and
technology have played an important role in sports.



Physics principles have been applied to many sports, whether or not the ath-
lete is aware of them. For example, over the years, footwear designs have evolved,
resulting in specialized gear that helps the athletes perform to their maximum
potential. Physics research has helped to change the rackets, bats, clubs, and poles
for sports such as tennis, baseball, golf, and pole vaulting, all of which involve
specialized devices. The designs of the devices and the materials of which they
are made have contributed to the enhanced performance of the athletes.

A century ago, the materials used to manufacture sports equipment, such as
wood, rubber, twine, and animal skins, were all natural materials. More recently,
high-tech materials, such as polymers, composites, and low-density metals, have
been used in the designs. Table 2 lists the properties of some materials that
designers consider desirable for a specific application.

A Close Look at Pole Vaulting
Scientists continue to research to find stronger, lighter materials that will aid the
athletes. Consider, as an example, the evolution of pole vaulting (Figure 7). In
this sport, the athlete gains kinetic energy by accelerating to the highest possible
speed while carrying a pole that is planted in a box to stop the bottom of the pole
from moving while the athlete moves up and over the crossbar. At the maximum
height above the ground, the athlete has maximum gravitational potential
energy. The athlete then falls safely to the mat below. Considering the law of con-
servation of energy, it is evident that a greater kinetic energy translates into a
greater gravitational potential energy, and thus, a greater maximum height.

In the 1896 Olympics, the record in pole vaulting was 3.2 m, set using
a pole made of bamboo, a natural plant product. In the 1960s, aluminum
poles were introduced. Aluminum is a low-density metal with relatively high
strength, so it helped vaulters set new records. By the 1990s, however, scien-
tists had developed artificial materials and used them to make composite
poles, that is, poles with layers of fibres that increased stiffness and strength
while minimizing twisting.

Let us consider some physics principles underlying the newer composite
poles. These poles are lighter in weight than the aluminum or bamboo poles,
and they are a definite advantage to the athlete who wants to gain maximum
speed in the approach to the jump. (It is the kinetic energy of the jumper that
must be maximized, not the kinetic energy of the pole.) When the bottom end
of the pole comes to a stop in the box, the pole begins to bend, thus gaining
elastic potential energy; this helps the athlete gain gravitational potential
energy. The composite pole can return more of the elastic potential energy
gained to the jumper than other types of poles because it absorbs less energy.
In other words, very little of the input energy is wasted as thermal energy due
to internal friction caused by bending and twisting. These changes have
helped increase the (current) pole-vaulting records to 4.6 m for women and
over 6.1 m for men.

When pole vaulters choose a particular pole, the pole material is only one of
the many factors to consider. Length is another important consideration; athletes
must experiment to find out the length of the pole that maximizes their ability
to convert kinetic energy into gravitational potential energy. Pole stiffness is also
important; a stiffer pole is harder to bend, but it can help raise the jumper higher
because of the increased ability to return the elastic potential energy to the
jumper. In general, a heavier jumper requires a stiffer pole. Other considerations
relate to the properties of the poles from different manufacturers. For example,
some poles have uniform construction throughout, while others are designed so
that the top is different from the bottom.
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Table 2 Properties of Some Materials
Used in Sports Equipment

Material Property
aluminum stiffness
carbon-fibre composites | low density
magnesium toughness

metal-matrix composites

corrosion resistance

titanium

strength

>

Figure 7
A pole vaulter reaches the maximum height
by first gaining maximum kinetic energy, and
then raising the body to that height using a
pole that absorbs the least amount of energy.

Energy, Work, Heat, and Power 145



Answers 6.
8. (a) 9.1 m/s

7

8

9.

10.

11.
146 Chapter 4

Practice

Understanding Concepts

Write the energy transformation equation for a pole vault, starting
with the pole vaulter gaining the maximum kinetic energy while
approaching the box and ending when the pole vaulter lands on the
safety mat.

. Explain why a composite vaulting pole is more efficient than a

bamboo pole.

. Assume that at the top of the pole vault, the athlete’s speed is essen-

tially zero, and that the safety mat is 0.40 m thick.

(a) Apply the law of conservation of energy to determine the max-
imum speed with which the athlete lands after clearing the
crossbar set at 4.6 m.

(b) When comparing your answer in (a) with an estimated value of
the athlete’s maximum speed prior to jumping, does the answer
make sense? Explain.

(c) Does the mass of the athlete affect the calculations you made
in (a)? Explain.

Making Connections

Describe the relationship between sports records and advancements
in science and technology.

Although the principles of physics were discussed in this Case Study,
the issue of costs was not discussed. In your opinion, what impact
does the cost of new equipment have on sports activities? (You can
describe your opinions for sports in general or for one of your
favourite sports.)

You may argue that new designs and materials give some athletes an

advantage over the others. For example, a disabled athlete wearing

artificial limbs with highly elastic springs designed by experimental

scientists and engineers will have a distinct advantage in a race over

another disabled runner wearing less sophisticated artificial limbs.

(a) Describe, with reasons, both advantages and disadvantages of
restricting the use of new designs and materials.

(b) Find out more about this issue using the Internet or other
resources. Follow the links for Nelson Physics 11, 4.4. Sum up
what you discover, and then revisit your answer in (a) above.

www.science.nelson.com

SV NS EY Conservation of Energy and Efficiency

+ The law of conservation of energy states that when energy changes from
one form to another, no energy is lost.

+ The law of conservation of energy is applied in many situations, including
playing sports, operating hydroelectric generating stations, and problem
solving in physics.

+ The efficiency of an energy transformation is found using the equation

E
efficiency = —2ut x 100%. Almost all waste energy goes to heat or thermal

in

energy.
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Section 4.4 Questions

Understanding Concepts

1. A 60.0-kg teacher and a 40.0-kg student sit on identical swings.
They are each given a push so that both swings move through
the same angle from the vertical. How will their speeds compare
as they swing through the bottom of the cycle? Explain your
answer.

2. At the moment when a shot-putter releases a 7.26-kg shot, the
shot is 2.0 m above the ground and travelling at 15.0 m/s. It
reaches a maximum height of 8.0 m above the ground and then
falls to the ground. Assume that air resistance is negligible.

(a) What is the gravitational potential energy of the shot as it
leaves the hand, relative to the ground?

(b) What is the kinetic energy of the shot as it leaves the hand?

(c) What is the total mechanical energy of the shot as it leaves
the hand?

(d) What is the total mechanical energy of the shot as it reaches
its maximum height?

(e) What is the gravitational potential energy of the shot at its
maximum height?

(f) What is the kinetic energy of the shot at its maximum height?

(g) What is the kinetic energy of the shot just as it strikes the
ground?

(h) Apply the law of conservation of energy to determine the
final speed of the shot.

3. A 2.0 x 102-g pendulum bob is raised 22 cm above its rest posi-
tion. The bob is released, and it reaches its maximum speed as it
passes the rest position.

(a) Calculate its maximum speed at that point by applying the
law of conservation of energy and assuming that the effi-
ciency is 100%.

(b) Repeat (a) if the efficiency is 94%.

4. For an object accelerating uniformly from rest, the speed attained

o
\k‘

after travelling a certain distance is v = V2ad. Substitute this applied l
2
equation into the equation for kinetic energy, E, = mTv Explain force

the result.

5. A high-rise window washer (mass 72 kg) is standing on a plat-
form (mass 178 kg) suspended on the side of a building. An elec-
tric motor does 1.5 x 103 J of work on the platform and the
worker to raise them to the top floor. The electrical energy

required to operate the motor for this task is 1.6 x 10° J. )
(a) How high is the platform lifted? ﬁ !
(b) Calculate the efficiency of the electric motor. . d
Applying Inquiry Skills .L load
6. (a) Describe how you would perform an investigation to deter-
mine the efficiency of a pulley system, such as the one illus- Figure 8
trated in Figure 8. For question 6
(b) What factor(s) do you think would influence the efficiency of
the pulley?

(continued)
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(a)

Figure 9
A tall pendulum clock is also called a
“grandfather clock.”

thermal energy: the total kinetic energy
and potential energy of the atoms or mole-
cules of a substance

temperature: a measure of the average
kinetic energy of the atoms or molecules of a
substance

Figure 1

Comparing thermal energy, heat, and

temperature

(a) When the average kinetic energy in one
sample is the same as in the other, the
temperatures are the same and no heat
would flow if the samples are mixed.

(b) When the samples are of the same mass,
the one with the higher temperature has
bath higher average kinetic energy and
higher thermal energy.

50°C 50°C
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7. Among automobile manufacturers, Volvo has one of the highest
safety standards, aided by extensive research into developing
safety systems. In one test of the ability of a Volvo sedan to
absorb energy in a front-end collision, a stunt driver drives the
car off the edge of a cliff, allowing the car to crash straight into
the ground below. Assuming the speed of the car was 12 m/s at
the top of the 5.4-m cliff, apply the law of conservation of energy
to determine the car’s impact speed. (Notice that the car’'s mass is
not given. Can you explain why?)

Making Connections

8. A pendulum clock (Figure 9) requires a periodic energy input to
keep working. Relate the operation of this clock to the law of con-
servation of energy. If possible, inspect one and describe how the
input energy is achieved.

Reflecting

9. One name of the toy suggested in the chapter opener activity is
the “switchback.” Why is this a good name?

Thermal Energy and Heat

We are surrounded by the use and effects of heat and thermal energy — ther-
mostats control furnaces, large bodies of water help moderate the climate of
certain regions, winds are generated by the uneven heating of Earth’s surface and
atmosphere, and the weather influences the clothes we wear. Furthermore, much
of the energy we consume is eventually transformed into thermal energy. Thus,
thermal energy and heat play a significant role in our lives.

Thermal energy and heat are not exactly the same, and temperature is dif-
ferent from both of them. Thermal energy is the total kinetic energy and poten-
tial energy (caused by electric forces) of the atoms or molecules of a substance. It
depends on the mass, temperature, nature, and state of the substance. As stated
earlier, heat is the transfer of energy from a hot body to a colder one. Temperature
is a measure of the average kinetic energy of the atoms or molecules of a sub-
stance, which increases if the motion of the particles increases.

Consider, for example, 100 g of water at 50°C and 500 g of water at 50°C. The
samples have the same temperature, but the bigger 500-g sample contains more
thermal energy. If these samples were mixed, no heat would transfer between
them because they are at the same temperature (Figure 1(a)).

(b)
50°C 50°C 90°C




Next, consider 500 g of water at 50°C and 500 g of water at 90°C. The warmer
sample has more thermal energy because the motion—in other words, the
average kinetic energy—of the molecules is greater at a higher temperature. If the
two samples were mixed, heat would transfer from the 90°C sample to the 50°C
sample (Figure 1(b)).

Practice

Understanding Concepts

1. Explain the difference between the thermal energy and the tempera-
ture of a metal coin.

2. A parent places a baby bottle containing 150 mL of milk at 7°C into a
pot containing 550 mL of water at 85°C.
(a) Compare the average kinetic energy of the milk molecules and
that of the water molecules.
(b) Compare the thermal energy of the milk and the water.
(c) Will the heat stop transferring from the water to the milk at some
stage? Explain your answer.

Reflecting
3. Word association often helps in understanding science terminology.
To relate thermal energy to various contexts, list as many words as
you can that start with the prefix therm or thermo. Make a list of
terms and their meanings for reference.

Methods of Heat Transfer

The definition of heat suggests that energy is transferred from a warmer body to
a cooler body. This transfer occurs in three possible ways, which you have studied
in previous science classes. These ways are conduction, convection, and radiation.

The skill of bending metal into different shapes, shown in Figure 2(a), relies
on heat transfer. The process of heat transferring through a material by the col-
lision of atoms is called conduction. A metal rod is composed of billions of
vibrating atoms and electrons. When one end of the rod is heated, the atoms
there gain kinetic energy and vibrate more quickly. They collide with adjacent
atoms, also causing them to vibrate more quickly. This action continues along
the rod from the hotter end toward the colder end, as illustrated in Figure 2(b).
Conduction occurs best in metals, which have electrons that move much more
freely than in other substances. (Metals are good electrical conductors for the
same reason.) Conduction occurs much less in solids such as concrete, brick, and
glass, and only slightly in liquids and gases.

The process of transferring heat by a circulating path of fluid particles is
called convection. The circulating path is called a convection current. The parti-
cles of the fluid actually move, carrying energy with them. Consider, for example,
a room in which an electric heater (without a fan) is located along one wall
(Figure 3). The air particles near the heater gain t hermal energy and move faster.
As they collide more, they move farther apart. As they spread out, the heated air
becomes less dense than the surrounding cooler air. The warmer air then rises
and is replaced with the denser, cooler air. A convection current forms and dis-
tributes energy throughout the room.

Both conduction and convection involve particles. However, heat can also
transfer through a vacuum, a space with no particles. Evidence of this occurs as
energy from the Sun reaches us after travelling through empty space. Thus, there
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(a)

(b)

Figure 2

Conduction

(a) The metal rod must be hot before it can
be bent into the desired shape. Heat from
the fire is transferred through the metal
by conduction.

(b) Heat conduction occurs by the collision of
atoms.

conduction: the process of transferring
heat through a material by the collision of
atoms

convection: the process of transferring
heat by a circulating path of fluid particles

Figure 3
A convection current is set up in a room with
an electric heater along one wall.
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radiation: the process in which energy is
transferred by means of electromagnetic
waves

Figure 4

This is an infrared photograph of a farm
house in Ireland. The darkest colours indicate
the highest temperature.

specific heat capacity: (c)a measure
of the amount of energy needed to raise the
temperature of 1.0 kg of a substance by 1.0°C
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is a third method of heat transfer, one that requires no particles. Radiation is the
process in which energy is transferred by means of electromagnetic waves.
Examples of these waves are visible light, microwaves, radio waves, radar, X rays,
and infrared rays. Infrared rays are also called heat radiation because the domi-
nant form of radiation emitted from objects at everyday temperatures is infrared
radiation. (See the drawing of the electromagnetic spectrum in section 9.1.)

Heat emitted from an object in the form of infrared rays can be detected by
an infrared photograph called a thermograph. For example, a cancerous tumour
is slightly warmer than its surroundings, so it is detected as a shaded region in a
thermograph. Some new cars are equipped with infrared detectors that allow
drivers to “see” objects such as a deer or a jogger about four times as far away as
the headlights of their cars allow. Another example is shown in Figure 4.

Practice

Understanding Concepts

4. Explain the following:
(a) Curling irons and clothes irons have plastic handles.
(b) High-quality cooking pots are often made with copper bottoms.
(c) Inserting a metal skewer into a potato will decrease the amount
of time required to bake the potato in an oven.
(d) Smoke in a fireplace rises up the chimney.

5. Discuss whether this statement is true or false: In heat conduction,
energy is transferred but the particles themselves are not transferred.

6. If air were a good conductor, you would feel cool even on a day
when the air temperature is 25°C. Explain why.

7. Would it be better to place an electric room heater near the floor or
the ceiling of a room? Explain your answer.

8. What happens to the density of a substance when it is heated?

9. Why is heat radiation vastly different from conduction and
convection?

Calculating Heat Transfer

The transfer of heat from one body to another causes either a temperature
change, or a change of state, or both. Here we will consider temperature changes.

Different substances require different amounts of energy to increase the tem-
perature of a given mass of the substance. This occurs because different sub-
stances have different capacities to hold heat. For example, water holds heat better
than steel. Therefore, water is said to have a higher specific heat capacity than
steel. The word “specific” indicates that we are considering an equal mass of each
substance. In SI units, the mass is 1.0 kg. Thus, specific heat capacity (¢) is a
measure of the amount of energy needed to raise the temperature of 1.0 kg of a
substance by 1.0°C. It is measured in joules per kilogram degree Celsius, J/(kg*°C).

The English scientist James Prescott Joule performed original investigations
to determine the specific heat capacities of various substances. He discovered, for
instance, that 4.18 x 10° J of energy is required to raise the temperature of 1.0 kg
of water by 1.0°C:

J

kg°C

This value also means that 1.0 kg of water releases 4.18 x 10° J of energy
when its temperature drops by 1.0°C.

¢, =418 x10° where ¢, is the specific heat capacity of water



The quantity of heat gained or lost by a body, Q, is directly proportional to
the mass, m, of the body, its specific heat capacity, ¢, and the change in the body’s
temperature, At. The equation relating these factors is

Q = mchAt

Sample Problem 1

How much heat is needed to raise the temperature of 2.2 kg of water from 20°C
to the boiling point? (Assume two significant digits.)

Solution
m=22kg
]

=418 x 103 ——
‘ kg=°C

At=100°C — 20°C = 80°C
Q=?

Q = mcAt

3 J 0,
(2.2 kg)<4.18 x 10 kg-°C>(80 C)

Q=74x10]

The heat required is 7.4 % 10° J, or 0.74 M]J.

The specific heat capacities of different substances are shown in Table 1.

Table 1 Specific Heat Capacities of Common Substances

Substance | Specific heat capacity | Substance | Specific heat capacity
(J/(kge°C)) (J/(kge°C))

glass 8.4 x 102 water 4.18 x 103

iron 45x102 alcohol 25 x103

brass 3.8 x 102 ice 2.1 %108

silver 2.4 x 102 steam 2.1 %103

lead 1.3 x 102 aluminum 9.2 x 102

When heat is transferred from one body to another, it normally flows from
the hotter body to the colder one. The amount of heat transferred obeys the
principle of heat exchange, which is stated as follows:

Principle of Heat Exchange

When heat is transferred from one body to another, the amount of heat
lost by the hot body equals the amount of heat gained by the cold body.

Since this is another version of the law of conservation of energy, it can be
written using the following equations:

Olost + Ogained =0
or m,c,At; + m,c,At, =0
heat lost heat gained
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principle of heat exchange: When
heat is transferred from one body to another,
the amount of heat lost by the hot body
equals the amount of heat gained by the
cold body.
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Answers
10. (a) 2.1 x 10%J
(b) 1.7 x 105 J
11. (a) 1.1 x 105 J
(b) 8.3 x10%J
13. 1.0 x 108 J/(kg*°C)
14. 2.2 x 102 kg
15. 21°C
16. 84°C
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Sample Problem 2

A 200-g piece of iron at 350°C is submerged in 300 g of water at 10°C to be
cooled quickly. Determine the final temperature of the iron and the water.
(Assume two significant digits.)

Solution

m.=0.20 kg
m,, = 0.30 kg
¢ =4.5%10%

kg-°C

J
=418 x 103 ——
“ kg+°C

Let the final temperature be .

At = .- 350°C
At, = t—10°C
miciAti + mchAtw =0
iron water
J J
0.20 kg)( 4.5 x 102 t.— 350°C) + (0.30 kg)( 4.18 x 103 t.—10°C) = 0
( g>( kg,oc)< ! )+ ( g)( kg,oc)< - 10°C)

901, — 3.15 x 10%°C + 1.25 x 103, — 1.25 x 10%°C =0
1.34 x 10°t; = 4.40 x 10*°C
t=33°C

The final temperature of the iron and water is 33°C.

Practice

Understanding Concepts

10. Calculate the amount of heat needed to raise the temperature of the
following:
(a) 8.4 kg of water by 6.0°C
(b) 2.1 kg of alcohol by 32°C

11. Determine the heat lost when
(a) 3.7 kg of water cools from 31°C to 24°C
(b) a 540-g piece of silver cools from 78°C to 14°C

12. Rearrange the equation Q = mcAt to obtain an equation for
(a) ¢ (b)m (c) At

13. An electric immersion heater delivers 0.050 MJ of energy to 5.0 kg of
a liquid, changing its temperature from 32°C to 42°C. Find the specific
heat capacity of the liquid.

14. Determine how much brass can be heated from 20°C to 32°C using
1.0 MJ of energy.

15. A 2.5-kg pane of glass, initially at 41°C, loses 4.2 X 10* J of heat.
What is the new temperature of the glass?

16. A 120-g mug at 21°C is filled with 210 g of coffee at 91°C. Assuming
all of the heat lost by the coffee is transferred to the mug, what is the

final temperature of the coffee? The specific heat capacity of the mug
is 7.8 x 102 J/(kg+°C).




Thermal Energy and Heat

+ It is important to distinguish between thermal energy, heat, and
temperature.

+ Heat transfer can occur by means of conduction, convection, and
radiation.

+ The quantity of heat, Q, transferred to an object of mass m and specific
heat capacity cin raising its temperature by At is found using the equation

Q:

mcAt.

Section 4.5 Questions

Understanding Concepts

1.
2.

Distinguish between heat and thermal energy.

One morning you walk barefoot across a rug onto a tiled floor.
The rug and the floor are at the same temperature, yet the tiled
floor feels much colder. Explain why.

. What is the most likely method of heat transfer through

(a) a metal? (b) a vacuum? (c) a liquid?

. Water from a tap at 11°C sits in a watering can where it eventu-

ally reaches 21°C.

(a) Where did the energy that warms up the water come from?

(b) Determine the mass of the water sample if it has absorbed
21 kJ of energy during the temperature change.

. Hang gliders and birds of prey ride convection currents called

thermals. Describe the conditions that cause thermals.

. Calculate the heat transferred in each case.

(a) The temperature of a 6.4-kg piece of lead changes from 12°C
to 39°C.
(b) A 2.4-kg chunk of ice cools from -13°C to -19°C.

Applying Inquiry Skills

7.

Describe how you would set up a demonstration to show
(a) convection in water

(b) convection in air

(c) conduction in a solid

. In an experiment to determine the specific heat capacity of a

metal sample, a student quickly transfers a 0.70-kg bar of metal
M from boiling water into 0.45 kg of water at 16°C. The highest
temperature reached by the metal and water together is 28°C.
(a) Determine the specific heat capacity of metal M.

(b) What is the possible identity of metal M?

(c) Describe sources of error in this type of experiment.

Making Connections

9.

Police discovered a car that slid off the road and down a cliff.
Research to find how a forensic scientist could use infrared pho-
tography to determine approximately how long ago the mishap
occurred. Follow the links for Nelson Physics 11, 4.5.

www.science.nelson.com
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power: (P) the rate of doing work or trans-
forming energy

watt: (W) the Sl unit for power

Figure 1

James Watt (1736-1819) introduced a new,
improved version of the steam engine that
changed its status from that of a minor
gadget to that of a great working machine.
First used to pump water from coal mines, it
soon powered steamships, locomotives,
shavels, tractors, cars, and many other
mechanical devices.
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Power

Two students of equal mass, keen on helping a charity drive, run up the stairs of
Toronto’s CN Tower on the day set aside for the event. The students climb the
same vertical displacement, 342 m up the stairs, one in 24 min and the other in
36 min. The work done by each student against the force due to gravity is the
same, but the times are different. Thus, some other factor must be influencing
the two students. This other factor is the student’s “power.” Power (P) is the rate
of doing work or transforming energy. Thus,

W ,_AE

P:E o TT A

Like work, energy, and time, power is a scalar quantity. Since work and
energy are measured in joules and time is measured in seconds, power is meas-
ured in joules per second (J/s). This SI unit has the name watt (W), in honour
of James Watt, a Scottish physicist who invented the first practical steam engine
(Figure 1). Watts and kilowatts are commonly used to indicate the power of elec-
trical appliances, while megawatts are often used to indicate the power of electric
generating stations.

Sample Problem 1

What is the power of a cyclist who transforms 2.7 X 10* J of energy in 3.0 min?

Solution
AE=2.7x10%]
At=30min=1.8 X 10%s
pP=2
AE
b= At
_27x10%]
© 1.8x10%s
P=15%x102W

The cyclist’s power is 1.5 X 102 W.

Sample Problem 2
A 51-kg student climbs 3.0 m up a ladder in 4.7 s. Calculate the student’s

(a) gravitational potential energy at the top of the climb
(b) power for the climb

Solution
(a) m=51kg
g=9.8 N/kg
h=3.0m
Eg =7
E, = mgh
= (51 kg)(9.8 N/kg)(3.0 m)
E, =15x10%]

The student’s gravitational potential energy at the top of the climb is
1.5x10%J.



4.6

(b) AE=1.5%x10%]

At=47s
p=2
AE
P="a
_1.5x10%]
T 47s
P=32x102W

The student’s power for the climb is 3.2 X 10> W.

Practice

Understanding Concepts

1. Express watts in the base Sl units of metres, kilograms, and seconds. Answers
2. A fully outfitted mountain climber, complete with camping equip- 2. 1.7 x102W
ment, has a mass of 85 kg. If the climber climbs from an elevation of 4.33x%x10%s,0r3.9d
2900 m to 3640 m in exactly one hour, what is the climber’s average 5 16s
power? ) .
3. Rearrange the equation P = % to obtain an equation for (a) AE 6. 1.9>10° MJ
and (b) At. t

4. The power rating of the world’s largest wind generator is 3.0 MW.
How long would it take such a generator to produce 1.0 x 102 J,
the amount of energy needed to launch a rocket?

5. An elevator motor provides 32 kW of power while it lifts the elevator
24 m at a constant speed. If the elevator’s mass is 2200 kg, including
the passengers, how long does the motion take?

6. The nuclear generating station located at Pickering, Ontario, one of
the largest in the world, is rated at 2160 MW of electrical power
output. How much electrical energy, in megajoules, can this station
produce in one day?

Student Power

You can carry out various activities to determine the power a student can
achieve. You might think of ideas other than those suggested here. When you
report on this activity, include your own analysis and evaluation.

1. Determine the power of a student, such as yourself, walking up a set of Students with health prob-
stairs. Safety considerations are important here. Only students wearing lems should not participate
running shoes should try this activity and, of course, they should be careful in this activity. Those who
not to trip or pull their arm muscles while pulling on the rail. It may be wear slippery footwear
. . . should not participate in
interesting to compare the student power with that of an average horse, option 1
which can exert about 750 W of power for an entire working day. (This
quantity bears the old-fashioned name “horsepower.”)

2. Determine the power of a student performing a variety of activities.
Examples include climbing a rope in the gymnasium, lifting books, doing
push-ups, digging in the garden, and shovelling snow.

Energy, Work, Heat, and Power 155



SV WIEVAEY Power

+ Power is the rate of doing work or consuming energy, found using the

. w AE
equation P=—,or P=——-.
q At or At

+ Power is a scalar quantity measured in watts (W).

Section 4.6 Questions

Understanding Concepts

1. A 60-kg student does 60 push-ups in 40 s. With each push-up, the
student must lift an average of 70% of the body mass a height of
40 cm off the floor. Assuming two significant digits, calculate the
following:

(a) the work the student does against the force of gravity for
each push-up, assuming work is done only when the student
pushes up

(b) the total work done against the force of gravity in 40 s

(c) the power achieved for this period

Figure 2
A motor grader

2. A water pump rated at 2.0 kW can raise 55 kg of water per minute
at a constant speed from a lake to the top of a storage tank. How
high is the tank above the lake? Assume that all the energy from
the pump goes into raising the height of the water.

3. (a) Determine how long it would take a hair dryer rated at
1.5 x 103 W to use 5.0 MJ of energy.
(b) How many times could you dry your hair using the 5.0 MJ of
energy described in (a)?

4. The largest motor grader (Figure 2) ever built had a mass of
about 9.1 x 104 kg and was over 11 m wide. Its two engines had a
total maximum power output of about 1.3 MW.

(a) How much work (in megajoules) could this machine do each
hour?

(b) The grader was used to recondition beaches along a sea
coast. What other work required a lot of the energy provided
by the engines?

Applying Inquiry Skills

5. (a) Describe how you would conduct an experiment to deter-
mine the power output of a battery-powered or wind-up toy
car that travels up a ramp inclined at a small angle to the
horizontal. Consider only the power output required to over-
come the force due to gravity.

(b) Use actual numbers to estimate the power output of a typical

toy car.

Making Connections

6. Each Canadian uses energy at an average rate of about 2 kW per
day. (This figure includes energy used outside the home, but not
energy used to manufacture products.) Assume that on a bright
sunny day, the solar energy striking a horizontal surface provides
power at a rate of 7.0 x 102 W/mZ. If a solar collector can capture
20% of the energy striking it, how large a collector in square
metres is required to supply the energy requirements of a family
of five during the daylight hours of a sunny day?
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Chapter 4

Key Expectations

Throughout this chapter, you have had
opportunities to

define and describe the concepts and units related to
energy, work, power, gravitational potential energy,
kinetic energy, thermal energy, and heat; (4.1, 4.2, 4.3,
4.5,4.6)

identify conditions required for work to be done in
one-dimensional motion, and apply quantitatively the

Summary

+ analyze and interpret experimental data or computer

simulations involving work, gravitational potential
energy, and kinetic energy; (4.4)

analyze and explain improvements in sports perform-
ance, using principles and concepts related to work,
kinetic and potential energy, and the law of conserva-

tion of energy (e.g., explain the importance of the initial

kinetic energy of a pole vaulter or high jumper); (4.4)

relationships among work, force, and displacement Key Terms
along the line of the force; (4.2) energy efficiency
+ analyze, in qualitative and quantitative terms, simple heat thermal energy
situations involving work, gravitational potential energy transformation temperature
energy, kinetic energy, thermal energy, and heat, using work conduction
the law of conservation of energy; (4.4, 4.5) joule convection
+ apply quantitatively the relationships among power, gravitational potential radiation
energy, and time in a variety of contexts; (4.6) energy specific heat capacity

analyze, in quantitative terms, the relationships among

kinetic energy

principle of heat

percent efficiency, input energy, and useful output mechanical energy exchange
energy for several energy transformations; (4.4) reference level power
+ design and carry out experiments related to energy law of conservation watt

transformations, identifying and controlling major

of energy

variables (e.g., design and carry out an experiment to
identify the energy transformations of a swinging

. ; n -
pendulum, and to verify the law of conservation of Re" ec;,to?lr Lea rnlng
energy; design and carry out an experiment to deter-

mine the power produced by a student); (4.4, 4.6) Revisit your answers to the Reflect on Your Learning questions

at the beginning of this chapter.

+ How has your thinking changed?
+ What new questions do you have?

Make a
Summary

Figure 1 shows a horizontal profile of the first part of a typical roller coaster, along with some of the features needed
to operate the roller coaster. Draw a larger version of the profile and on your diagram, label and describe as many
ideas as you can that relate to what you have learned in this chapter. Include concepts, key terms, equations, and esti-
mations. To help make estimations, assume that the mass of each car is 750 kg and each car holds six passengers.

first hill

second hill

coaster cars
r

chain pull

second valley

first valley

Figure 1
A roller coaster profile

‘ electric motor
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Chapter 4

Understanding Concepts

1. Make up an example of an energy transformation that
involves several forms of energy. Write out the energy
transformation equation for your example.

2. State the SI unit used to measure
(a) work (b) kinetic energy (c) power

3. A black bear’s greatest enemy is the grizzly bear. To
escape a grizzly attack, a black bear does what its enemy
cannot do—it climbs a tree whose trunk has a small
diameter. Calculate the work done by a 140-kg black
bear in climbing 18 m up a tree.

4. Compare the amount of work you would do in climbing
a vertical rope with the work done in climbing a stairway
inclined at 45°, if both activities get you 6.0 m higher.

5. A golf ball is given 115 J of energy by a club that exerts
a force over a distance of 4.5 cm while the club and the
ball are in contact.

(a) Calculate the magnitude of the average force
exerted by the club on the ball.

(b) If the ball’s mass is 47 g, find the magnitude of its
average acceleration.

(c) What speed does the club impart to the ball?

6. A roast of beef waiting to be taken out of a refrigerator’s
freezer compartment has a potential energy of 35 J rela-
tive to the floor. If the roast is 1.7 m above the floor,
what is the mass of the roast?

7. A 55-kg diver has 1.62 kJ of gravitational potential
energy relative to the water when standing on the edge of
a diving board. How high is the board above the water?

8. A group of winter enthusiasts returning from the ski
slopes are travelling at 95 km/h along a highway. A pair
of ski boots having a total mass of 2.8 kg has been
placed on the shelf of the rear window.

(a) What is the kinetic energy of the pair of boots?
(b) What happens to that energy if the driver must
suddenly stop the car?

9. What happens to an object’s kinetic energy when its
speed doubles? triples?

10. A 50.0-kg cyclist on a 10.0-kg bicycle speeds up from

5.0 m/s to 10.0 m/s.

(a) What is the total kinetic energy before accelerating?

(b) What is the total kinetic energy after accelerating?

(c) How much work is done to increase the kinetic
energy of the cyclist and bicycle?

(d) TIs it more work to speed up from 0 to 5.0 m/s than
from 5.0 m/s to 10.0 m/s? Explain.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

A discus travelling at 20.0 m/s has 330 J of kinetic
energy. Find the mass of the discus.

An archer nocks a 0.20 kg arrow on a bowstring. Then

the archer exerts an average force of 110 N to draw the

string back 0.60 m. Assume that friction is negligible.

(a) What speed does the bow give to the arrow?

(b) If the arrow is shot vertically upward, how high
will it rise?

It is possible to heat a cold kitchen by opening the oven

door, but it is not possible to cool the kitchen by

opening the refrigerator door. Why?

Some people perform difficult tasks to raise money for

charity. For example, walking up the stairs in Toronto’s

CN Tower helps both charity and personal fitness.

Assume that the efficiency of the human body is 25%. If

a 70.0-kg participant climbs the 342-m height of the

tower 10 times in 4.0 h, calculate the following:

(a) the work the participant does against the force of
gravity on each trip up the stairs

(b) the energy the participant’s body requires for each
trip up the stairs (including wasted energy)

(c) the total energy required for the 10 upward trips

(d) the power of the participant’s body for the upward
trips

Explain why it is impossible to have a motor that is

100% efficient.

State the method of heat transfer

(a) that does not require particles

(b) that works because particles collide with their
neighbours

(¢) in which thermal energy travels at the speed of light

(d) that works when particles circulate in a path

Given an equal mass of aluminum and brass, which
mass would require more heat if the temperature of
both were raised the same number of degrees?

How much heat is required to raise the temperature of
2.0 kg of water from 25°C to 83°C?

What will be the temperature change in each of the
following?

(a) 10.0 kg of water loses 456 k]

(b) 4.80 kg of alcohol gains 12.6 k]

A 6.0-g pellet of lead at 32°C gains 36.8 J of heat. What
will be its final temperature?

When 2.1 x 103 J of heat is added to 0.10 kg of a sub-
stance, its temperature increases from 19°C to 44°C.
What is the specific heat capacity of the substance?



22.

23.

24.

25.

26.

27.

28.

29.

30.

How much water at 82°C must be added to 0.20 kg of
water at 14°C to give a final temperature of 36°C?

When 0.500 kg of water at 90°C is added to 1.00 kg of
water at 10°C, what is the final temperature?

A waterfall is 55 m high. If all the gravitational potential
energy of the water at the top of the falls were con-
verted to thermal energy at the bottom of the falls, what
would be the increase in the temperature of the water at
the bottom? (Hint: Consider one kilogram of water
going over the waterfall.)

Calculate the power of a light bulb that transforms
1.5 x 10* ] of energy per minute.

How much energy is transformed by a 1200-W electric
kettle during 5.0 min of operation?

An alternative unit to the joule or megajoule is the kilo-
watt hour (kW-h), which is used in many parts of
Canada to measure electrical energy. One kilowatt hour
is equivalent to one kilowatt of power used for one
hour. Prove that 1.0 kW+h = 3.6 MJ.

Use the law of conservation of energy to derive an
expression for the speed v acquired by an object allowed
to fall freely from rest through a height h at a location
where the gravitational field strength is of magnitude g
Assume that air resistance can be ignored.

A child of mass m slides down a slide 5.0 m high. The

child’s speed at the bottom of the slide is 3.0 m/s.

(a) What percent of the mechanical energy that the
child has at the top of the slide is not converted to
kinetic energy?

(b) What feature of the slide determines the percentage
of mechanical energy that is converted to other
forms of energy?

A chair lift takes skiers to the top of a mountain that is

320 m high. The average mass of a skier complete with

equipment is 85 kg. The chair lift can deliver three

skiers to the top of the mountain every 35 s.

(a) Determine the power required to carry out this
task. (Assume the skiers join the lift at full speed.)

(b) If friction increases the power required by 25%,
what power must the motors running the lift be
able to deliver?

Applying Inquiry Skills

31.

Suppose you perform an activity in your class to see
who can develop the most power in climbing a flight
of stairs. Describe the physical characteristics of the
person who would have the best chance of developing
the most power.

Making Connections

32. In winter the ground may be frozen, but large bodies of
water such as the Great Lakes usually are not. Why?

33. An interesting and practical feature of the Montreal
subway system is that, in some cases, the level of the sta-
tion is higher than the level of the adjacent tunnel, as
Figure 1 demonstrates. Explain the advantages of this
design. Take into consideration such concepts as force,
acceleration, work, potential energy, and kinetic energy.

Figure 1
The Montreal subway system

34. Throughout the year, the average power received from
the Sun per unit area in the densely populated regions
of Canada is about 150 W/m? averaged over a 24-h day.
(a) Estimate, and then calculate, the average yearly
amount of energy received by a roof with a surface
area of 210 m?.

(b) Ata cost of 2.9¢/M]J (the average cost of electrical
energy), how much is the energy in (a) worth?

(c) Estimate the average yearly amount of energy
received from the Sun by your province.

Exploring

35. The topic of physics in sports has many areas for fur-
ther exploration.

(a) Choose a sport to research. Analyze the improve-
ments in the performance of the athletes of that
sport due to the application of physics principles and
concepts, and present your findings. Consider ideas
related to work, kinetic energy, potential energy, and
the law of conservation of energy. Follow the links
for Nelson Physics 11, Chapter 4 Review.

www.science.nelson.com

(b) Describe issues other than the physics principles
that you find in your research.
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In this chapter, you will be

ab

le to

use the law of conservation of
energy to analyze situations
involving energy use and energy
transformations

apply the equation for power in
terms of energy and time interval
to situations involving the produc-
tion and use of energy, especially
electrical energy

analyze the efficiencies of several
energy transformations
communicate the procedures and
results of investigations involving
energy and power

analyze the economic, social, and
environmental impact of various
energy sources and energy-
transformation technologies
around the world
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Using Energy
In Our Society

Our standard of living is better now than at any time in the past. We have
advanced medical facilities, the comfort of temperature-controlled buildings,
ample fresh or frozen food, clothing to suit our variable climate, complex trans-
portation systems, the assistance of numerous applications of electricity, and
many interesting sports and leisure activities.

For all these advantages to exist, energy is required. Where does this energy
come from? Traditionally, we have relied on non-renewable resources, mainly
fossil fuels such as coal, o0il, and natural gas. Technologies have been developed to
transform the energy stored in these resources into other forms of energy,
including electrical energy and the kinetic energy of moving vehicles. These tech-
nologies are influenced not just by scientific discoveries and inventions, but also
by economic and social pressures.

Unfortunately, other than the declining energy resources, there are problems
we must overcome if we wish to continue using energy to maintain or improve
our standard of living. Burning fossil fuels creates carbon dioxide and other gases
that harm the environment. Since the supplies of these fuels are limited, the vast
variation in their costs could influence economic decisions worldwide. What
have we learned about energy resources from the past that can be applied in
order to ensure adequate supplies of energy for future generations? One small
part of the solution is shown in Figure 1. You will explore many other aspects of
this important question as you study this chapter. By the time you have com-
pleted the chapter, it is hoped that you can be part of the solution to the prob-
lems of energy supply and use.

Reflect Learning

1. How does the the consumption of energy per person in Canada compare
with that in
(a) other developed countries?
(b) developing countries?
Give reasons for your answers.

2. (a) What forms of energy have you consumed either directly or indirectly
in the past week?
(b) Where did the energy you consumed come from?

3. Explain the difference between renewable and non-renewable energy
resources. List as many of each as you can.

4. Describe several ways in which energy resources are currently being wasted
in Canada.

5. To ensure that there will be an adequate supply of energy for future gener-
ations, decribe what can be done by scientists and engineers.

Throughout this chapter, note any changes in your ideas as you learn new con-
cepts and develop your skills.



Try This

Activity

A Job Offer

Both energy consumption and the use of money involve a lot of num-
bers. This activity uses money, with which you are quite familiar, to get
you to think about energy use.

This “Wanted” notice appears on a Web site. Read the notice and
answer the questions that follow.

Wanted: A high school student willing to work hard for 10 h
each day for 21 days. The Day 1 salary of one cent is doubled
on Day 2, and then doubled again each day thereafter.

Without doing any calculations, guess what the following numbers
would be for the job offer:

(a)
(b)
(c)
(d)

(e)

(f)
(9)
(h)

(i
(i

the salary on Day 21

the total earnings for all 21 days

the average hourly wage

Based on your guesses in (a) to (c), would you consider
applying for the job?

Set up a table with these headings:

Day Salary for the day Accumulated salary

Perform the calculations needed to fill in the data from Day 1 to
Day 21.

Determine the average hourly wage and compare it with your
guess in (c) above.

Plot a graph of salary (vertical axis) as a function of the day
number.

Comment on the growth rate in this example.

The salary in this activity doubled each day. Other similar
growths double in different time periods; for example, the
energy consumption in a certain country may double every 12
years, and the world population doubles every 40 to 50 years.
Describe why such growth should be of concern to members of
our society.

Figure 1

Steady winds turn the test windmills at the
Alberta Renewable Energy Test Site at
Crowsnest Pass, in the Canadian Rockies.
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Figure 1
The skyline of Toronto, Ontario, after
business hours

KNOW ?

Comparing Developing and
Industrialized Countries

A large portion of the world’s population
today consumes energy at a rate less than
100 MJ per person per day. Thus, developing
countries are not the culprits of excess
energy consumption. It is the industrialized,
highly technological nations that consume
the greatest amount of energy. In fact, about
80% of the energy consumed in the world
each year is used by the industrialized coun-
tries. North Americans are among the people
with the greatest demand for energy. Both
the United States and Canada consume much
more than their share of the world's energy.
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The Consumption of Energy

We will begin this chapter by looking at the amount of energy we consume and
the effects of the growth in energy demands.

Our Daily Energy Consumption

How much energy (in joules) do you think you have consumed from your phys-
ical activities in the past 24 hours? From your study of energy in Chapter 4, you
know that it takes 9.8 J of energy (in the form of work) to raise a 1-kg object a
vertical distance of 1 m. As your body is not very efficient, for every joule of
energy you transform, your body may need to consume 4 J, 5 J, or even 10 J. It
usually takes about 200 ] to raise your body from a sitting to standing position
and about 2 x 103 (2 kJ) to climb a set of stairs. Before you begin reading the next
paragraph, estimate an answer to the question above.

If your estimate is less than 10* J (10 kJ), you will need to review your work
on energy. Your food intake in a day provides about 10 M]J of energy for your
activities.

When you compare the energy consumed from your activities with the daily
energy consumption of the average Canadian, which is about 10° J (1 GJ, or
1000 MJ), you will notice that you are responsible for consuming a large amount
of other energy. This includes the energy you use to cook your food, the energy
that lights and heats your home and school, and perhaps the energy that provides
transportation. More indirectly, you are also responsible for the energy used to
make your clothes, books, furniture, CD player, and other appliances, as well as
the energy to build and light your streets, to remove your sewage and garbage—
the list is ever-increasing.

The energy we consume (about 1000 MJ per person per day) is about 100
times as much as the amount we need to survive (about 10 MJ). Of course, much
of the consumed energy is beyond our control, but we should be aware of the
entire energy situation. Consider, for example, Figure 1. Are we, as individuals,
responsible for the energy consumed to illuminate vacant offices at night?

It is interesting to compare our current consumption of energy (1000 MJ
per person per day) with that of people in different eras. As civilization pro-
gressed, the amount of energy consumed per capita, that is, per person, increased
remarkably (Table 1). Simultaneously, the world’s population has grown, so the
net effect is that we are now consuming a vast amount of energy.

Table 1 Daily Average Energy Consumption per Person

Lifestyle Era Type of energy use Energy consumption
per day (MJ)

primitive pre-Stone Age energy from food only 10

seasonally Stone Age energy from wood fires 22

nomadic for cooking and heating

agricultural medieval energy from domesticated 100
animals, water, wind, and coal

industrial 19th century energy mainly from coal to run 300
industries and steam engines

technological present energy from fossil fuels and 1000
nuclear sources used for (in Canada)

electricity, transportation,
industry, agriculture, and so on




Practice

Understanding Concepts

1. For this question, assume one significant digit.
(a) What is the daily energy consumption of the average Canadian?
(b) Estimate Canada’s current population.
(c) Use your answers in (a) and (b) to estimate Canada’s total energy
consumption per day, and per year.

2. (a) What fuel source replaced wood as the human lifestyle changed
from nomadic to agricultural?
(b) What fuel replaced the one you named in (a)?
(c) What fuels replaced the one you named in (b)?

3. Refer to the data in Table 1, starting with the Stone Age.
(a) Plot a graph of daily average energy consumption per capita (in
megajoules) as a function of year, starting at 6000 B.c. (Assume
that the Stone Age value cited in the table applies to 6000 B.c.)
(b) Compare the shape of this graph with the shape of the graph you
drew in question (h) of the chapter opener activity.

4. Why might two countries of similar technological levels have very
different per capita energy consumptions? List several reasons.

5. It is known that population growth rates are lowest among the most
technologically advanced countries. Suggest reasons why this is so.
What consequences does this have in terms of energy consumption?

Making Connections

6. Describe reasons why Canadians, on average, consume much more
energy per capita than people living in Mexico.

The Effects of Growth

Let us look at one of the most enlightening and frightening aspects of energy
consumption. Frequently we hear news reports indicating the rate of growth per

annum of some factors in our society. Using “a” to represent annum or “year,” we
have these examples:

+ The population increase in Latin America is 2.3%/a.

+ The total energy consumption in Africa is increasing at 4.2%/a.
+ Consumption of oil for heating is decreasing at 3%/a.

+ Consumption of natural gas in Canada is increasing at 6.7%/a.

To analyze the impact of growth rates, we will use the following example.
Suppose that a town’s annual budget for public transportation is $100 000.
However, with the projected increase in salaries, cost of energy, and population
growth, an average growth in expenses of 8%/a is expected. The effect of this
growth after several years is evident in Table 2.

Table 2 shows that at the seemingly low growth rate of 8%/a, the original
value has approximately doubled in 9 years, and after 45 years the value is greater
by a factor of 32 times! This rapid growth may appear marvellous in the case of
salaries. But what about energy consumption? If our energy consumption were to
increase at 8%/a, after the average person’s period of work expectancy (45 years),
our energy use would be 32 times greater! You can now appreciate why scientists
are, and politicians should be, concerned about growth in energy consumption.

Another interesting fact emerges from Table 2. At a growth rate of 8%/a, the
time required for an amount to double, called the doubling time, is 9 years. The
product of the two numbers is 8%/a X 9 a = 72%. This percentage can be used

Answers
1.(a) 1x10%J

(b) 3 x 107
(c) daily: 3 x 1016 J,

5.1

yearly: 1 x 1070 J

Table 2 Effects on Budget of

a Growth of 8%/a

Year | Budget
0 $100 000.00
1 $108 000.00 ($100 000 % 1.08")
2 $116 640.00 ($100 000 x 1.089)
3 $125971.20 ($100 000 X 1.08)
9 $199 900.46  ($100 000 X 1.089)
18 $399 601.95 ($100 000 x 1.08'8)
27 $798 806.15  ($100 000 X 1.08%)
36 | $1596817.18 ($100 000 X 1.08%)
45 $3192 044.94 ($100 000 X 1.08%)

doubling time: the time required for an
amount to double
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Answers
7.(a) 39 a
(b) 5.0 billion
8.2;4
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to estimate the doubling time for particular growth rates. For example, you have
seen that at 8%/a, the doubling time is 72% + 8%/a = 9 a. At a growth rate of
10%/a, the doubling time is approximately 72% =+ 10%/a = 7.2 a. Thus,

72%

doubling time = ———
En growth rate

(an approximation)

This equation gives a relatively accurate result at low rates of growth, but
becomes inaccurate at higher rates.

Sample Problem

By what factor will Africa’s energy consumption increase in the next 32 a at an
average growth rate of 4.5%/a?

Solution
0,
doubling time = 2%
growth rate
_ 2%
4.5%/a

doubling time = 16 a

After 32 years, Africa’s energy consumption will be four times its present value.

As you can see from the Sample Problem, the growth rate of energy con-
sumption should be of major concern to everyone. Unfortunately, it is not the
only energy-related problem, as you will find out in the rest of the chapter.

Practice

Understanding Concepts

7. Between 1950 and 1989, the world’s population grew by 1.85%/a.
(a) Determine the doubling time for this example.
(b) If the population in 1950 was 2.5 billion, what was it in 1989?

8. The growth of energy consumption is 3.0%/a in Latin America and
6.0%/a in South Asia (currently the highest in the world). At these
rates, by what factor will energy consumption increase after 24 a?

9. (a) With "Budget" as the dependent variable, plot the data in Table 2
on a graph.
(b) Discuss the general shape of growth graphs.
(c) Describe how you can use the graph to estimate the doubling
time of the growth.

The Consumption of Energy

+ People in Canada and the United States consume more energy per person
than in any other major country in the world.
+ Even at low growth rates, both population and energy consumption
increase dramatically over many years.
+ The approximate doubling time of a growing variable can be determined
using the equation
72%

doubling time = ———.
oHbiIng Hme growth rate



Section 5.1 Questions

Understanding Concepts

1. If our oil reserves are dwindling at a rate of 6%/a, what percent of
our current supply will remain after 24 a?

2. (a) What is the approximate current cost per litre of regular

gasoline?

(b) At an estimated average rate of increase of 4.5%/a, what is
the doubling time of the cost of gasoline?

(c) What will be the cost per litre of gasoline when you reach
retirement age?

(d) What factors make it almost impossible to judge what the
rate will be in the future?

3. Between 1990 and 2000, the growth of the world’s population
was 1.5%/a, and in 2000, the population reached 6.0 billion
people.

(a) If this growth continues, when will the population reach
12 billion people?

(b) Show that at this growth rate, after only 2100 years (which is
less time than has elapsed since Aristotle lived), the total mass
of all the people on Earth would exceed Earth’s total mass.

(c) Based on this example, explain why continuous growth is
not always a good thing.

Applying Inquiry Skills

4. Make up three or four pertinent survey questions that would help
you judge how much the average citizen knows and cares about
the issue of energy supply and use in Canada.

Making Connections

5. What is meant by a population growth rate of zero? Do you
believe that all countries in the world should aim for this rate?
Explain.

6. Energy is not only important in physics; it is significant in all
walks of life. Follow the links for Nelson Physics 11, 5.1 to dis-
cover more. Describe how energy relates to each area of interest
listed: industry, economics, technology, communication, travel,
agriculture, leisure, medicine, politics, and scientific research.

www.science.nelson.com

Energy Transformation
Technologies

Imagine if you had to pedal an exercise bike to create the electricity needed to
operate the lights, computer, radio, TV, or any other electrical device you use.
What a difference there is between the amount of pedalling you would have to
do and the simple job of plugging the device into the electrical outlet!

As you know, electrical energy is a very convenient form of energy. However,
it never originates in such a convenient form. It must be transformed from
some other form of energy before it is delivered to where it will be used. A
system that converts energy from some source into a usable form is called an

5.2
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energy transformation technology
or energy converter: a system that
converts energy from some source into a
usable form

L . o 4

——— [

Figure 1

The Maritime Electric Generating Station—
Borden converts the chemical potential
energy in natural gas into electrical energy.

KNOW ?

Generating Electricity

After several days without electricity and
heat during the ice storm in Eastern Canada
in 1998, an Ontario family pedalled a bicycle
connected to their gas furnace in order to
create the electricity needed to operate the
furnace. One person in the family was an
engineer who knew how to connect the cycle
to the furnace safely.

Table 1 Typical Efficiencies of
Energy Transformation
Technologies

T

Device Efficiency (%)
electric heater 100
electric generator 98
hydroelectric power plant 95
large electric motor 95
home gas furnace 85
wind generator 55
fossil fuel power plant 40
automobile engine 25
fluorescent light 20
incandescent light 5
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energy transformation technology. (Another name for this type of system is an
energy converter.) Energy transformation technologies are specific examples of
energy transformations, presented in Chapter 4.

An electrical generating station, such as the one shown in Figure 1, is an
important example of an energy transformation technology. It converts energy,
such as chemical potential energy stored in coal, oil, or natural gas, into electrical
energy. It would be very inconvenient for you to try to generate electricity at your
school by burning coal!

Unfortunately, energy transformation technologies are not 100% efficient.
According to the law of conservation of energy, the amount of energy present
before an energy transformation is equal to the amount of energy present after.
However, very often, some of the energy is not converted into a useful form and is
wasted. As from Chapter 4,

E
Ul % 100%
E.

m

efficiency =

Some transformations are more efficient than others, as shown in Table 1.

Practice

Understanding Concepts

1. Not many generations ago, homes, schoolhouses, and other buildings
were heated by wood stoves or coal furnaces. Describe reasons why
today’s methods of providing heat are safer and more convenient.

2. Refer to the data in Table 1.

(a) Both fossil-fuel power plants and hydroelectric power plants pro-
duce electrical energy. Why is one so much more efficient than
the other?

(b) Both incandescent lights and electric heaters produce heat. Why
do they have such a big difference in efficiency?

(c) Which of the two light-producing devices must operate at a
higher temperature? How can you judge?

Making Connections

3. Our society has come to rely heavily on energy transformation technolo-
gies, which we often take for granted. However, we soon realize how
dependent we are on these technologies when there is an electrical
blackout. Describe the effects that would occur in your area as a result of
an electrical blackout that lasts from several hours to several days.

Automobile Efficiency

Cars, trucks, boats, airplanes, and other vehicles that burn fuel to operate are
common energy transformation technologies. To learn about the efficiency of
these technologies, we will focus on the automobile.

Automobiles are highly inefficient. Suppose that an amount of fuel con-
taining 1000 J of chemical potential energy is used by an automobile’s engine.
Figure 2 shows what happens to this energy in a car with an internal combustion
engine. The efficiency of the car is

E
efficiency = —2** x 100%
Ein
_ 100]
1000 J

efficiency = 10%

x 100%



1000 J of energy in the fuel

5.2

In the engine:

fuel is vaporized and mixed with air

the fuel-air mixture is drawn into the cylinder,
which contains a piston

a spark from the spark plug ignites the mixture,
producing a high temperature and pressure
pressure pushes on the piston, which turns the
crankshaft, which turns the transmission

waste heat is carried away by exhaust gases
pushed out through the cylinder's exhaust valve
and by a water-antifreeze mixture circulating

from the car's radiator

In the transmission:

o energy is transferred through the differential to the wheels
- o heat caused by friction is generated (and lost) in the transmission,
differential, and wheels

100 J

Useful energy:
o only 100 J of useful work is done in producing the kinetic energy of the moving car

Engineers around the world are always seeking ways to reduce energy con-
sumption. Making machines more efficient is one way of doing this.

Practice

Understanding Concepts

4. (a) Calculate the efficiency of the car engine described in Figure 2 up
to the point where the energy reaches the transmission.
(b) Why is the efficiency of the entire car, shown to be only 10%, less
than the value you determined in (a)?

5. Assume that a fossil fuel power plant has an output of 25600 MW and
an efficiency of 38%.
(a) Determine its output energy in one day.
(b) Calculate the input energy required to produce this output energy.

Determining Waste Energy

In Chapter 4, you studied the principle of heat exchange, efficiency, and power.
You can combine these concepts to carry out calculations of the results of a lab-
oratory investigation to compare the efficiencies of different ways of trans-
forming electrical energy into thermal energy.

In this lab exercise, you will analyze a controlled experiment in which a
1.1-kg sample of pure water with an initial temperature of 12°C was heated until
it reached a temperature of 58°C. The temperatures are measured by a ther-
mometer supported in such a way that the bulb does not touch the container. A
stopwatch was used to determine the total time interval needed to cause this tem-
perature change. The sample was slowly and constantly stirred during the

Figure 2
Heat loss in a typical car

Answers
4. (a) 25%
5. (a) 2.2 x 10" J
(b) 5.7 x 10" J
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heating process. This procedure was repeated using other sources of heat, as
summarized in Table 2 under Evidence.

Prediction

(a) By comparing the five setups shown in the illustration, predict which heat
source and corresponding setup will waste the least amount of energy in
heating the water. Rank the setups, from least to greatest energy wasted,
according to your predictions.

Evidence

Table 2 shows the sources of heat and the observational data for the experiment.

Table 2
Source Electric kettle | Electric stove Hot plate Hot plate Hot plate
Power (W)| 1500 750 600 600 600
Setup
- —T
@ —, metal \E
= i beaker
I container
metal
container
At(s) 173 401 611 787 668
Analysis

(b) Copy Table 2 into your notebook, and add the following rows:
Output energy (J), Input energy (J), Waste energy (]), Efficiency (%).

(c) Apply the Chapter 4 equations to determine the values needed to complete
the Evidence table. (The specific heat capacity of water is 4.18 x 10° J/(kg+°C).)

(d) Describe patterns you observe in the calculations of energy wasted and
efficiency.

(e) Describe factors that influence the efficiency of the heat sources in this lab
exercise. (In your answer, be sure to discuss where the wasted energy has
gone.)

(f) If you were to perform a similar experiment, what safety precautions
would you implement?

Evaluation

(g) Evaluate your predictions in (a).
(h) Describe sources of random error and systematic error in the experiment.
(To review random and systematic errors, refer to Appendix A.)

Synthesis

(i) Assume you were testing an energy transformation technology to deter-
mine the efficiency with which it cooks noodles or potatoes.
(i) What factors would you control?
(ii) How do you think the efficiency would compare if you were to place a
cover on the container? Why?



SOV EY Energy Transformation Technologies

+ An energy transformation technology converts energy from some source
into a usable form; for example, a fossil-fuel generating station converts
chemical potential energy into electrical energy.

+ Almost all energy transformation technologies operate at efficiencies less
than 100%. A lot of the wasted energy becomes thermal energy.

+ The efficiency of an energy transformation technology can be found using
the equation

E
efficiency = bﬁ’ut x 100%.
in

Section 5.2 Questions

Understanding Concepts

1. State whether each statement below is true or false, and justify
your answer.

(a) Energy transformation technologies are more important to
individual Canadians now than they were when Canada first
became a country.

(b) Energy transformation technologies are more important on a
daily basis to people living on the Caribbean Islands than to
the average Canadian.

2. Write the energy transformation equation for an automobile.

3. An electric kettle, rated at 1.5 kW, heats 1.1 kg of water from 14°C
to 99°C in 4 min 45 s. Determine the efficiency of this application
of an energy transformation technology.

Energy Resources

You have seen that energy transformation technologies convert energy from
some source into a useful form of energy. The original source of the energy,
called an energy resource, is a raw material obtained from nature that can be
used to do work. A resource is considered renewable if it renews itself in the
normal human lifespan. All other resources are considered non-renewable. Both
types will be explored in this section.

Figure 1 illustrates Canada’s main sources of energy. Approximately 11%
of Canada’s energy consumption originates from water power (at waterfalls, for
example). This resource is renewable. Almost all the remaining energy con-
sumption comes from non-renewable resources—crude oil, natural gas, and
coal, which are fossil fuels, and uranium.

Non-Renewable Energy Resources

Fossil fuels make up the largest portion of non-renewable energy resources.
Energy from fossil fuel begins as radiant energy from the Sun that is absorbed by
plants. The plants use the energy to manufacture carbohydrates, which store
energy. Most of the stored energy is used during the lifetime of the plants, but
some remains after their death. If the plants are buried, they do not disappear;

5.3

energy resource: raw material obtained
from nature that can be used to do work

renewable energy resource: an
energy resource that renews itself in the
normal human lifespan

non-renewable energy resource: an
energy resource that does not renew itself in
the normal human lifespan

hydro other
power

nuclear

power

oil
coal
natural gas
Figure 1

Canada’s sources of energy
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hydrocarbons: compounds that contain
only carbon and hydrogen

KNOW ?

Oil Shale Kerogen

A very thick, almost solid, fossil fuel called
kerogen is found in oil shale rock. This fuel is
mined by underground explosions followed by
an injection of steam or hot air. The process
heats the shale to at least 500°C to vaporize
the oil for recovery. Kerogen was mined at
several locations in the world, including the
shores of Lake Huron in Ontario, until much
cheaper oil became available from oil wells.
Canada has significant quantities of kerogen,
much of it in New Brunswick. As energy prices
rise and supplies of other fossil fuels diminish,
this resource may become important.
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rather, they are compressed into various new forms. Their energy (chemical
potential energy) can be extracted later. Since it takes millions of years for plant
life to become useful fuel, once we have consumed the fossil fuels currently avail-
able, they are gone forever.

Fossil fuels are composed mainly of carbons and hydrocarbons.
Hydrocarbons are compounds that contain only carbon and hydrogen. (They
differ from carbohydrates such as starch and sugar, which contain oxygen as well
as carbon and hydrogen.) Hydrocarbons are found in the solid, liquid, or gaseous
state. Table 1 lists the main categories of fossil fuels currently mined in Canada
and their energy content per kilogram.

Table 1 Major Fossil Fuels

Fuel State Composition Energy content per kilogram (MJ)
coal solid 70% C 28
lignite solid 30% C 12
gasoline liquid varies 44
kerosene liquid varies 43
methane gas CH, 49
ethane gas C,Hg 44
propane gas CsHg 43

(Note: All values are approximate.)

Canada is fortunate in that it happens to be one of the most resource-rich
nations in the world. But just how much of Earth’s non-renewable resources do
we have, and how long will our supplies last? Table 2 answers these questions for
oil, natural gas, coal, and uranium.

Table 2 Canada’s Non-Renewable Resources on a World-Wide Scale

Energy resource Approximate portion Estimated time remaining
of world's supply (%) before depletion of world supply
oil 1 less than 100 a
natural gas 3 less than 200 a
coal 1 more than 1000 a
uranium 20 more than 1000 a

Fossil fuels are recovered from the ground in raw form. They then undergo
a conversion by some form of energy transformation technology to make them
useful. When burned directly, fuel products can be used to operate engines of
cars and other vehicles and operate furnaces to heat buildings. The fuel products
can also be used to generate electricity. In this process, the fossil fuel is used to
produce steam, which in turn drives huge electric generators. Figure 2 shows the
basic method of using fuel to generate electricity.

The fossil fuels already mentioned are relatively easy to recover from the
ground. However, as the supply of oil and natural gas diminishes, less conven-
tional fossil fuels, which are more difficult to recover, will become important.
One source of such fuels is in Western Canada’s tar sands, located predominantly
in Northern Alberta, which may become extremely valuable in the future. The
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largest known petroleum accumulation in the world is the deposit called the
Athabasca Tar Sands. In fact, the Athabasca Tar Sands are the site of the largest
mining operation in the world. This all sounds impressive, but there are
numerous problems to overcome before the tar sands can be mined efficiently.

Tar sands are composed of a mixture of sand grains, water, and a thick tar
called bitumen. Only about 10% of the bitumen can be surface-mined. The
remainder lies beneath the surface, down to a depth as far as 600 m. Currently,
surface mining is carried out using huge, expensive machines, shown in Figure 3.
Methods of extracting tar from below the surface use up to 50% of the energy
recovered. This is obviously a waste of energy, so much research and develop-
ment is being carried out to improve the techniques.

A source of energy for the generation of electricity that is not a fossil fuel is
uranium. Uranium undergoes nuclear fission, in which the nucleus (core) of
each atom splits and, in doing so, releases a relatively large amount of energy,
which heats water. Thus, for electrical energy production, uranium serves the
same function as fossil fuels. The basic operation of Canada’s nuclear generating
station, called the CANDU reactor, is shown in Figure 4.
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coolant reactor core fuel bundles (heat generated pump or lake

during fissioning of uranium)
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Figure 2

This drawing shows how fossil fuel is used to
generate electricity. Chemical potential
energy stored in the fuel changes to thermal
energy. The thermal energy boils water,
which changes to steam. The steam, under
pressure, forces the turbine to spin. The gen-
erator, connected to the turbine, changes the
mechanical energy of spinning into electrical
energy.

bitumen: a mixture of hydrocarbons and
other substances that occurs naturally or is
obtained by distillation from coal or petroleum

Figure 3

Surface mining in the Athabasca Tar Sands is
performed by large machines like the one
seen in this photograph. The bitumen
extracted is refined in the operation nearby.

nuclear fission: process in which the
nucleus of each atom splits and releases a
relatively large amount of energy

Figure 4

The basic operation of a CANDU generating
station. The name CANDU indicates that this
fission reactor is CANadian in design, uses
Deuterium oxide (heavy water) to control the
rate of the nuclear reaction, and uses
Uranium as its fuel.
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KNOW ?

Refuelling a CANDU Reactor

The horizontal design of the calandriain a
CANDU reactor allows the fuel bundles to be
replaced one at a time without shutting down
the reactor to refuel. Most other reactor
designs in the world require a shutdown of
approximately one week for refuelling, which
disrupts not only the supply of electrical
energy, but also the local ecology in lakes or

rivers where water temperatures are affected.

Answers
1. 49 x10%J
2.8.6x101%J
3.49x10%J
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The fuel used in a CANDU reactor is natural uranium in the form of ura-
nium oxide (UO,). The fuel is pressed into pellets and placed into long metal
tubes sealed at the ends. Several such tubes are assembled into bundles, each
bundle having a mass of about 22 kg. Each reactor contains about 5000 fuel bun-
dles placed horizontally in an assembly called a calandria. As the uranium under-
goes nuclear fission, the energy released heats the liquid coolant surrounding the
bundles. The coolant, a form of water called heavy water, in turn circulates under
pressure to heat the ordinary water in a boiler. Steam from the boiler water cir-
culates through the turbines, which in turn drive the generators that produce
electrical energy.

Try This
Activity
CANDU Reactors

* In a group, research Canada’s CANDU reactors. To share the respon-
sibilities, different students can focus on different components of
these reactors. Some choices of research are the historical develop-
ment, physics aspects, cost-benefit analysis, career risks of nuclear
industry workers, risks of accidents (such as meltdown), and
radioactive wastes. Follow the links for Nelson Physics 11, 5.3.

www.science.nelson.com

» Coordinate your group’s findings to create a summary of what the
members found.

Practice

Understanding Concepts

1. Assume that Canadians consume about 1.0 x 10"! kg of methane per
annum. Use the information in Table 1 of this section to determine
how much energy is available in that amount of methane.

2. Assume Canadians consume 2.0 x 108 kg of crude oil per day. If the
energy content per kilogram of oil is 43 MJ, how much energy do we
obtain from crude oil each day?

3. The giant tar sands excavator can move 4.5 x 107 kg of oil sand per
day. How much work is done just in lifting that amount of oil sand a
vertical height of 11 m?

4. Write the energy transformation equations for the following energy
transformation technologies:
(a) a fossil-fuel electrical generating station
(b) a CANDU electrical generating station
(c) a propane-driven car

Renewable Energy Resources

Fossil fuels and fissionable materials, such as uranium, will not last many more
centuries. But renewable energy resources are alternatives that can supply a
seemingly endless amount of energy. Our challenge is to develop means of con-
verting the available renewable energy into usable energy.

Many of the world’s renewable energy resources currently being used or
researched are briefly described here. As you read each description, try to cate-
gorize the resource as being available either locally or non-locally.



5.3

Solar energy, radiant energy from the Sun, can be used to produce small solar energy: radiant energy from the Sun
amounts of electrical energy when it strikes photovoltaic cells. These cells are used
in satellites and such instruments as calculators. Solar energy can also be used to

heat buildings and swimming pools directly. The expression passive solar passive solar heating: the pracess of
heating refers to the process of designing and building a structure to take best designing and building a structure to take
advantage of the Sun’s energy at all times of the year. The Sun’s rays enter such a best advantage of the Sun’s energy at all

building in winter but not in summer, as illustrated in Figure 5. Passive solar times of the year

heating is much less expensive to install than active solar heating.

N S
S'T‘a(;' large
window window
Figure 5
. The diagram illustrates the basic features of
evergreen trees deciduous trees a home with passive solar heating. Other fea-
and shrubs and shrubs tures may include carpets that absorb light
energy in winter, and window shutters that
are closed at night to prevent heat loss.
An active solar heating system (Figure 6) absorbs the Sun’s energy and con- active solar heating: the process of
verts it into other forms of energy, such as electricity. For instance, an array of absorbing the Sun's energy and converting it
solar cells placed on a slanted south-facing wall or roof can convert light energy into other forms of energy

into electrical energy.

(a) (b) (c)

7 the Sun’s rays

double glass plates

hot water return
I

o a.[....—._\-urj. IR
i

q

solar collector

hot air
TTT cold water

% heat-absorhing
collector plate insulation
| |
fan heat pump copper water
storage pipes
Figure 6
(a) Basic operation of an active solar heating
system

(b) An example of solar collector design
(¢) A house with an active solar heating
system
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hydraulic energy: energy generated by
harnessing the potential energy of water

wind energy: energy generated by har-
nessing the kinetic energy of wind

(a)

rotor

blade

bearing

mechanical
brake

pivot

generator

lrJMle

support structure flexible coupling

Figure 7

Wind energy

(a) This diagram shows the structure of a
wind generator. (The complete vertical-
axis generators are shown in the chapter
opener.)

(b) This map shows the mean annual wind
energy density available in Canada during
the period 1967-1976. The units of meas-
urement are GJ/m%/a at an elevation
of 10 m.

tidal energy: energy generated by har-
nessing the gravitational forces of the Moon
and the Sun that act on Earth
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Hydraulic energy comes indirectly from solar energy. The Sun’s radiant
energy strikes water on Earth. The water evaporates, rises, condenses into clouds,
and then falls as rain. The rain gathers in rivers and lakes and has gravitational
potential energy at the top of a dam or waterfall. This energy can then be
changed into another form, such as electricity, which is useful.

Wind energy, again caused indirectly by solar energy, is a distinct possibility
as an energy source in areas of Canada where wind is common throughout the
year. Wind generators can change the kinetic energy of the wind into clean, non-
polluting electrical energy, or into energy for pumping water. Figure 7(a) shows
how wind energy is transformed into electrical energy in a wind generator, and
Figure 7(b) shows the estimated wind energy available in Canada.
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The analysis is not valid at higher
elevations in mountainous areas.

Tidal energy is a possible energy resource in regions where ocean tides are
large. It is one of the few resources not resulting from the Sun’s radiation. It
occurs because of gravitational forces of the Moon and the Sun on Earth. To
obtain electrical energy from tidal action, a dam must first be built across the
mouth of a river that empties into the ocean. The gates of the dam are opened
when the tide rolls in. The moving water spins turbines that produce electricity.
When the tide stops rising, the gates are closed until low tide approaches. Then
the gates are opened and the trapped water rushes out past the turbines, once
again producing electricity. A major advantage of this system is that it does not
produce either air pollution or thermal pollution. Its disadvantages are that it is
difficult to produce a supply of electricity whenever it is most needed; as well, it
is hard to judge how the construction of the dam will affect the tides and the
local ecology.

North America’s first tidal-energy generating station began operation in the
mid-1980s. Built on an existing causeway, this station is located at Annapolis
Royal, Nova Scotia; it is linked to the Bay of Fundy system, which has among the
highest tides (over 15 m) in the world. (Refer to Figure 8.) Other possible sites in



Canada are at Ungava Bay in Northern Quebec, Frobisher Bay and Cumberland
Sound on Baffin Island, and Jervis and Sechelt Inlets near Vancouver.

Biomass energy is the chemical potential energy stored in plants and animal
wastes. Again, this energy comes indirectly from the Sun. Burning wood is a
common source of such energy. Wood is used both in home fireplaces and wood
stoves, and in large industries that burn the leftover products of the forestry
industry. Of course, good planning must be carried out to ensure that the trees
are replanted—otherwise, this resource cannot be called renewable.

Numerous schemes are being developed to use forms of biomass other than
wood. One proposal is to burn trash to produce heat. Another is the fermenta-
tion of sugar molecules in grain by bacteria to produce methane and ethanol
(grain alcohol). A mixture of one part of this alcohol in nine parts of gasoline
can be used to run automobile engines. This mixture, called gasohol, is being
used in various parts of Canada and to a large extent in Brazil, where it is sugar
cane, not grain, that is fermented.

One further biomass scheme has interesting possibilities. Certain plants pro-
duce not only carbohydrates but also hydrocarbons. An example of such a plant
is the rubber tree, which produces latex. Research is underway to develop the use
of fast-growing trees and shrubs that produce hydrocarbons directly, and thus
require much less processing than carbohydrates before being used as fuel.

Geothermal energy is thermal energy or heat taken from beneath Earth’s sur-
face. It results from radioactive decay (the nuclear fission of elements in rocks).
This enormous resource increases Earth’s subsurface temperature an average of
25°C with each kilometre of depth. Hot springs and geysers spew forth hot water
and steam from within Earth’s crust. They can be used directly to heat homes and
generate electricity. However, most of the thermal energy contained underground
does not find its way to the surface, so methods for its extraction are being
researched. For example, if the rocks are hot and dry, certainly no water or steam
will come to the surface. Still, there is a technique for utilizing this heat. First, two
holes are drilled deep into the ground a set distance apart. Water is poured down
one hole and it gains energy as it seeps through the hot, porous rocks. Then the
water rises up the other hole. The circulating water runs turbines to produce elec-
tricity. In Canada, geothermal energy is plentiful in the former volcanic regions of
British Columbia and the Yukon Territories, as well as in the Western Canada sed-
imentary basin in the Prairie provinces. Other places in the world with geo-
thermal activity are Iceland, California, and New Zealand (Figure 9).

Nuclear fusion is the process in which the nuclei of the atoms of light ele-
ments join together at extremely high temperatures to become larger nuclei.
(Notice that this process differs from nuclear fission, in which the nuclei of heavy
elements split apart.) With each fusion reaction, some mass is lost, changing into
a relatively large amount of energy. Fusion is the energy source for the Sun and
stars.

Hydrogen, one of the most abundant substances on Earth, is used, in certain
forms, as a common fuel to operate fusion reactors. Nuclear fusion has certain
advantages, one of them being a potentially limitless supply of fuel from the
world’s oceans. Another is that it produces much less radioactive waste than
nuclear fission, so it is more desirable from the environmental point of view.

Two main problems must be overcome in order to use fusion to generate
electricity. The first is producing temperatures as high as hundreds of millions of
degrees, which are needed to begin the fusion reaction. The second is confining
the reacting materials so that fusion may continue. Research is currently pro-
gressing in the use of magnetic fields and lasers to solve both problems. (A more
detailed explanation of fusion is left for more advanced physics texts.)

5.3

Figure 8

The Annapolis Tidal Generating Station,
Canada's first tidal generating station, takes
advantage of the high tides in the Bay of
Fundy.

biomass energy: the chemical potential
energy stored in plants and animal wastes

geothermal energy: thermal energy or
heat taken from beneath Earth's surface

Figure 9

New Zealand has several active geothermal
areas, some of which are used to generate
electrical energy. The steam field shown here
provides energy for the Wairakei Geothermal
Power Station. This station and the nearby
Ohaaki Station together provide about 8% of
New Zealand's electrical energy needs.

nuclear fusion: the process in which the
nuclei of the atoms of light elements join
together at extremely high temperatures to
become larger nuclei
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fuel cell: device that changes chemical
potential energy directly into electrical
energy
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Figure 10
A fuel cell

atmosphere: the air in a specific place
that can be used as a source of heat

heat pump: a device that uses evapora-
tion and condensation to heat a home in
winter and cool it in summer
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The basic operation of a heat pump

(a) In summer, evaporation occurs indoors to
absorb heat; condensation occurs out-
doors to give away the heat.

(b) In winter, evaporation occurs outdoors to
absorb heat; condensation occurs indoors
to give away the heat.
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Hydrogen has another important use in an energy transformation tech-
nology called a fuel cell. This device has attracted much attention after its use in
the space program. In a fuel cell, chemical potential energy is changed directly
into electrical energy. The chemical fuel used in a fuel cell is usually hydrogen
gas. The hydrogen combines with oxygen chemically in the presence of a third
chemical called a catalyst. The result is the production of water and an electric
current. (Refer to Figure 10.) Because the energy turns directly from chemical
potential into electrical energy, the fuel cell is much more efficient than electrical
generating stations. It can operate at a relatively low temperature, so it emits
fewer pollutants. Furthermore, it has few moving parts, so it is quiet and easy to
maintain. Electricity is taken from the fuel cell in a manner similar to the process
for a dry cell.

The atmosphere can also be used as a source of heat. An electric heat
pump, for instance, operates to heat a home in winter and cool it in summer. It
works on the principles that when a substance changes from a liquid to a vapour,
energy is absorbed (that is, evaporation requires heat), and when a substance
changes from a vapour to a liquid, energy is given off (that is, condensation
releases heat).

The substance that circulates in a heat pump system is called a refrigerant. It
flows in one direction in summer and the opposite direction in winter. The
refrigerant evaporates inside the home in summer, absorbing heat. It evaporates
outside in winter, again absorbing heat. Figure 11 illustrates the basic operation
of a heat pump in both seasons.

Practice

Understanding Concepts

5. (a) List as many renewable energy resources originating from the
Sun’s radiant energy as you can.
(b) Which renewable energy resources do not originate from the
Sun’s radiant energy?
(c) Classify each of the resources you named in (a) and (b) as either
locally or non-locally available.

6. Starting with the Sun, trace the energy transformations that occur in
order to cook a roast in an electric oven and write the energy trans-
formation equation. The electricity comes from a hydraulic gener-
ating system.

Making Connections

7. Think about the problems related to biomass energy production. Give
reasons why this energy source is not used to a great extent in
Canada.

S1WIEVAEY Energy Resources

+ Non-renewable energy resources include uranium and all the fossil fuels,
such as coal, oil, and natural gas.

+ Renewable energy resources include solar, hydraulic, wind, tidal, and
geothermal energies, as well as biomass, nuclear fusion, and the
atmosphere.



Section 5.3 Questions

Understanding Concepts

1. List four non-renewable energy resources and five renewable
energy resources.

2. Write the energy transformation equation for each of the fol-
lowing resources used to produce electrical energy:
(a) hydraulic energy (c) biomass
(b) the Sun (d) nuclear fusion

3. List some harmful effects to the environment resulting from each
of these types of electrical generating stations:
(a) coal-fired (c) tidal
(b) hydraulic (d) nuclear fission

Making Connections

4. Research the means of converting renewable energy to useful
energy, then list some reasons why renewable energy resources
are not emphasized more throughout Canada. Follow the links for
Nelson Physics 11, 5.3.

www.science.nelson.com

5. Which alternative energy resource described in this section is
most likely to be developed in your area? Explain why.

6. Most of Canada’s electrical energy is generated at enormous cen-
tralized generating stations that use a variety of fuels, mostly
non-renewable ones. The generated electricity then enters a grid
and spreads out to the consumers, who are often at great dis-
tances from the stations. Suggest an alternative generation and
supply system for your area that may make more sense consid-
ering the variety of renewable energy resources now available.

Using Energy Wisely

This topic, like the others in this chapter, could fill an entire book. In this section,
we will explore what we, as a society and as individuals, can do to ensure that our
energy supplies will be available for future generations.

Society’s Responsibilities in Using Energy

We all rely heavily on electricity. The production of most of our electricity cre-
ates much unwanted pollution and requires vast amounts of non-renewable
resources. To improve the efficiency of energy production, some of the thermal
energy created during electricity generation could be used as an alternative
source of energy. Doing this would reduce not only thermal pollution, but also
the need for other resources for heating purposes. The process of producing elec-
tricity and using the resulting thermal energy for heat is called cogeneration.
Cogeneration is used mainly in industrial plants located near generating stations.
It is likely to become more important in the future.

Another way to improve the efficiency of generating electricity is to learn
how to produce electricity for local consumption, so that the energy does not
have to be transferred over long distances using huge transmission lines. Sources
of energy for localized power include renewable resources such as solar,
hydraulic, and wind energy.

5.4

KNOW ?

Fuel Cell Applications

Fuel cell technology is being used and devel-
oped for many applications. Phosphoric fuel
cells, which operate at efficiencies between
40% and 85%, are used in buildings such as
hospitals and schools, and in buses and other
large vehicles. Solid oxide fuel cells are
applied in industry and electrical generating
stations. This method of generating electrical
energy is cheaper to set up and more effi-
cient than using fossil fuels. You can find
information about these and other fuel cell
applications on the Internet.

KNOW ?

Thermoacoustic Refrigeration

Like a heat pump, a refrigerator uses a refrig-
erant. Old refrigerants pose many difficulties,
so scientists try to find ways of producing
better refrigerants or not using them at all.
The latter case is possible with a new energy
transformation technology called a thermo-
acoustic refrigerator. This device has a driver
that is basically a high-powered loudspeaker
that sends sound waves vibrating back and
forth through gases in a resonating tube. The
vibrating gases carry heat away from the
food being cooled in the refrigerator to a
radiator that emits radiant energy to the air
outside the refrigerator.

cogeneration: the process of producing
electricity and using the resulting thermal
energy for heat

local consumption: generating energy
locally to avoid the transfer of energy over
long distances using transmission lines
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Conserving energy is another vital goal for all members of our society.
Governments have provided incentives for people to improve home insulation
and to replace old, inefficient furnaces with new ones that use cleaner, more
plentiful sources of energy. They also promote the use of active and passive solar
heating systems.

In transportation, governments support reduced speed limits, car pools,
public transportation, and lanes on city roads restricted to bus use only. Table 1
makes it clear that a person driving alone in a car consumes a relatively large
amount of energy for the distance travelled.

Table 1 A Comparison of Forms of Surface Transportation

Passenger kilometres per litre Average number
of passengers
0 10 20 30 40 50
highway bus 22
inter-city train 400
compact car 15
urban bus 12
large car in city 15

Canada’s Energy Efficiency Act and Regulations require that most household
appliances be tested to a prescribed standard, with the rating printed on the
EnerGuide label for each appliance (see Figure 1). A directory that lists the rat-
ings is published every year.

Try This
Activity
Saving Energy

In a group, brainstorm ways in which energy savings could be realized
within your school. Consider lighting, heating, air conditioning, the use
of water, reusing, recycling, and any other factors you can think of.
Describe your ideas, and write a proposal in which your school gains
half of the savings generated by the ways you describe. The proposal
can be aimed at the school board or your local school council.

Practice

Making Connections

1. Use at least one of the following questions to initiate a project,

debate, or class discussion:

(a) Is cogeneration of electricity possible in your region?

(b) Is electricity generation for local consumption possible in your area?

(c) Should highway express lanes in and near large cities be
reserved during rush hours for cars with three or more people?

(d) How could school officials improve energy consumption in your
school?

(e) If you were in control of time zones in Canada, would you advise
the use of standard time, daylight savings time, or a combina-
tion? Explain your reasons.




Our Personal Responsibilities in Using Energy

Ideally, we all would like our lives to be carefree and happy. To achieve this state,
we must all share responsibility for conserving energy. There are many ways to
conserve energy at home. Consider the following questions:

+ Do you use more hot water than necessary to take a bath or shower?

+ Do you leave the refrigerator door open while deciding what to eat?

+ Do you keep your home quite cool in the winter and wear a sweater?

« If you have a fireplace, does most of the heat it produces go up the
chimney? See Figure 2.

+ Is your home properly insulated?

+ Do you leave lights and electric appliances on when they are not in use?

+ Are you aware of which types of lights and appliances are most efficient?

+ When you use an appliance such as a toaster, clothes washer, or clothes
dryer, do you make maximum use of its energy?

Besides conserving energy in our homes, we should conserve it outside as
well. Consider these questions:

+ When you travel short distances, do you usually walk or take a car?

+ Do you take part in entertainment and sports activities that are large energy
consumers, such as water-skiing behind a motorboat? Can you think of fun
activities that would consume less energy, for example, wind surfing?

These are just a few of the many important questions about energy we can
ask ourselves. The answers will help determine the fate of future generations who
will, no doubt, wish to be able to continue to consume energy.

Practice

Understanding Concepts

2. Describe ways in which you can conserve energy in your own home.

3. Ice cubes that remain in the freezer compartment of a frost-free
refrigerator gradually disappear. Why does this occur? Is leaving ice
cubes in such a freezer an efficient use of energy? Explain.

Using Energy Wisely

+ Governments, industries, and individuals can all work toward using energy
wisely.

Section 5.4 Questions

Understanding Concepts

1. Describe what you can do to improve the efficiency of the ways
in which you use energy.

Making Connections
2. Which technique would be more effective at conserving automo-
bile fuel—fuel rationing or higher taxes? Justify your choice.

3. Should consumers pay more or less when they increase the rate
of electrical energy they consume? What is the current pricing
policy in your area?

5.4

Figure 2

In a fireplace heat circulator, cool air enters
through the lower vent and passes through a
duct adjacent to the fire. The hot air rises
and is discharged through the upper vent or
passes through ducts to other rooms.
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CAREER

Careers in Energy, Work, and Power

There are many different types of careers that involve the study of energy, work,
and power in one form or another. Have a look at the careers described on this
page and find out more about one of them or another career in energy, work,

and power that interests you.

iy

Building Systems and Engineering
Technologist

For admission to this three-year community college
diploma course, a high school diploma with mathematics
and English is required; physics and chemistry are an
asset. These technologists manage the electrical, water,
and mechanical systems of a building, and access land for
potential development, particularly with regard to soil
quality. They work for school boards, municipalities, and
major property development or property management com-
panies to provide the best energy-use options and to stabi-
lize contracts for energy suppliers.

= Practice

Heating, Refrigeration, and Air-
Conditioning Technician

To gain entry to this two-year community college program,
you would need a high school diploma with an advanced
mathematics credit, or you could be a mature student.
Many of the on-the-job technicians are sponsored by their
employers to study for this program. These technicians usu-
ally work for developers, work in factories and office build-
ings, or work for government agencies. They work with a
variety of hand tools and must be able to read diagrams.

Meteorologist
An entry-level position in meteorology or atmospheric sciences requires a bachelor's
degree in meteorology with a strong background in mathematics, physics, and computer
science. Meteorologists study the atmosphere and must be familiar with the physical char-
acteristics and the motion of Earth. They assess temperature, wind velocity, and humidity
in order to forecast the weather. They also study air pollution and climate trends, such as
global warming and ozone depletion. Meteorologists work with sophisticated computer
models, weather balloons, satellites, and radar.

Making Connections

1. ldentify several careers that require knowledge about energy, work,
and power. Select a career you are interested in from the list you
made or from the careers described above. Imagine that you have
been employed in your chosen career for five years and that you are
applying to work on a new project of interest.

(a) Describe the project. It should be related to some of the new
things you learned in this unit. Explain how the concepts from
this unit are applied in the project.

(b) Create a résumé listing your credentials and explaining why you
are qualified to work on the project. Include in your résumé
* your educational background—what university degree or

diploma program you graduated with, which educational
institute you attended, post-graduate training (if any);
* your duties and skills in previous jobs; and
* your salary expectations.
Follow the links for Nelson Physics 11, 5.4.

@ www.science.nelson.com
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Chapter 5

Key Expectations

Throughout this chapter, you have had
opportunities to

Summary

analyze, in qualitative and quantitative terms, simple
situations involving work, gravitational potential
energy, kinetic energy, thermal energy, and heat, using
the law of conservation of energy; (5.2, 5.3)

apply quantitatively the relationships among power,
energy, and time in a variety of contexts; (5.2)

analyze, in quantitative terms, the relationships among
percent efficiency, input energy, and useful output
energy for several energy transformations; (5.1, 5.2,

5.3, 5.4)

communicate the procedures, data, and conclusions of
investigations involving work, mechanical energy,
power, thermal energy, and heat, and the law of conser-
vation of energy, using appropriate means (e.g., oral
and written descriptions, numerical and/or graphical
analyses, tables, diagrams); (5.2)

analyze, using your own or given criteria, the economic,
social, and environmental impact of various energy
sources (e.g., wind, tidal flow, falling water, the Sun,
thermal energy, and heat) and energy transformation
technologies (e.g., hydroelectric power plants and
energy transformations produced by other renewable
sources, fossil fuel, and nuclear power plants) used

around the world; (5.3, 5.4)

identify and describe science and technology-based
careers related to energy, work, and power; (career

feature)

Key Terms

doubling time

energy transformation
technology

energy converter

energy resource

renewable energy
resource

non-renewable energy
resource

hydrocarbons

bitumen

nuclear fission

solar energy

passive solar heating
active solar heating
hydraulic energy
wind energy

tidal energy
biomass energy
geothermal energy
nuclear fusion

fuel cell
atmosphere

heat pump
cogeneration

local consumption

Make a
Summary

Draw a map of your area of the province and show
the approximate location of your home and school
as well as several other features, such as electrical
generating stations, garbage dumps, bodies of water,
rivers, and recycling depots. On your map, show
how electricity is generated and distributed to your
home and school. Add alternative ways that elec-
trical energy could be generated in the future. Use as
many of the concepts and key words from this
chapter as possible.

Reflect Learning

Revisit your answers to the Reflect on Your Learning questions
at the beginning of this chapter.

+ How has your thinking changed?
+ What new questions do you have?
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Chapter 5

Review

Understanding Concepts

1

6. Why are automobiles so energy inefficient?

. Discuss reasons why Canada’s rate of energy consump-
tion is much higher than the world average.

. If the cost of natural gas increases at 3.6%/a, by what
factor will the price have increased after
(a) 20a? (b) 40 a? (c) 100 a?

. Assume that our federal government wants to be sure
that 50 years will elapse before the number of cars in
Canada doubles. What growth rate per annum should
the government advocate?

13.

. Explain why scientists and politicians should under-
stand growth rate when dealing with energy use.

. What is the final form of energy that renders all energy
transformation technologies less than 100% efficient?

7. Metal cooking pots can be made totally of aluminum or

with aluminum sides and copper bottoms. (Copper is a

better heat conductor than aluminum.) A chef puts

1.5 kg of 15°C water into an all-aluminum pot, which is

then placed on a stove burner rated at 1.8 kW. The

water takes 6 min 25 s to reach the boiling point, at

which time the chef adds the pasta and some salt.

(a) Determine the efficiency of the stove burner in
heating the water to the boiling point.

(b) Where does the wasted energy go?

(¢) How would using a copper-bottomed pot affect the
efficiency?

8. What is a fossil fuel? What are its main components?

9. Contrast and compare the use of falling water with the

10.

11.

12.

16.
use of fossil fuels for generating electricity.

State the main advantage and main disadvantage of
using each of the following non-renewable energy
resources:

(a) oil
(b) natural gas
(c) coal

(d) tar sands
(e) uranium

State the main advantage and main disadvantage of
each of the following renewable energy resources:

(a) solar energy (e) biomass

(b) hydraulic energy (f) geothermal energy
(¢) wind (g) nuclear fusion

(d) tides (h) the atmosphere

You are given a 20.0-L bucket, several other smaller
containers, an eye-dropper that dispenses 1.0 mL of
water in 50 drops, and access to water.
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14.

15.

(a) If you were to add one drop of water from the eye-
dropper to the empty bucket at time 0.0 s and then
cause the number of drops inside the bucket to
double every 10.0 s, estimate the time you would
need to fill the bucket.

(b) Calculate the number of drops of water needed to
fill the bucket.

(c) How full will the bucket be after 2.0 x 10% s? Show
your calculations.

Describe ways you could minimize wasting energy
when heating water in the kitchen. In your answer,
apply what you learned in Lab Exercise 5.2.1 and related
questions.

Suggest how the use of cars could become more
efficient.

Assume that the world’s annual energy consumption is

3.5 x 10%° ] and that Canadians consume an average of

1.0 x 103 MJ per person per day. To answer the ques-

tions below, you will need to know the approximate

population of Canada and the world.

(a) How much energy does each Canadian consume
per annum?

(b) How much energy does all of Canada consume
per annum?

(c) What percent of the world’s population lives in
Canada?

(d) What percent of the annual world energy con-
sumption does Canada consume?

(e) Calculate the ratio of the answer in (d) to the
answer in (c). What do you conclude?

Engineers have long dreamed of harnessing the tides in
the Bay of Fundy. Although in some places the differ-
ence between high tide and low tide can be over 15 m,
the average change in height for the entire bay is about
4.0 m. The bay has the same area as a rectangle that is
about 3.0 x 102 km long and 65 km wide. Water has a
density of 1.0 x 103 kg/m>.

(a) Calculate the volume of water and the mass of
water that flows out of the bay between high tide
and low tide.

Determine the loss in gravitational potential energy
when the water flows out of the bay. Assume that
the decrease in gravitational potential energy is
equal to that of the mass calculated in (a) being
lowered a distance of 2.0 m.

If half the gravitational potential energy lost when
the tide flows out could be converted to electricity
over a 6-h period, determine the amount of elec-
trical power that would be generated.

(b)

(c)



Applying Inquiry Skills

17. Figure 1 shows a graph of the world’s energy use from
1800 to 2000. From the graph, estimate the doubling
time between the years 1900 and 2000.

2000
c
2
g
1500 -
Z 3
ST
> § 1000
22
5 500
S
= 0%
T 1 -
1800 1900 2000 Figure 2 o
Vi For centuries, Maori natives in New Zealand have used geothermal
ear energy for cooking food. Tourists in Rotorua can enjoy corn-on-the-cab
Figure 1 cooked in the heat from the steam vent in the geothermal field called
Whakarewarewa.
Making Connections 23. The Toyota Prius (Figure 3) was the world’s first

production car to combine a gasoline engine with an
electric motor that never needs to be plugged in. The
electric motor gains energy and becomes charged
whenever brakes are applied in an energy transforma-
tion that converts kinetic energy back into stored elec-
trical energy. Find out more about the Prius, and
explain why it is more efficient and less polluting than
most cars.

18. State immediate objectives that all of us can pursue to
help alleviate the problems of energy use in our
country.

19. Suppose you are a planner for a Canadian electrical
utility company. You wish to build a hydraulic gener-
ating station. Describe briefly the main factors you
would have to consider in selecting a site for such a
development.

20. Describe long-term objectives that governments in
Canada should pursue to ensure that we have a plentiful
supply of low-pollution energy in the future.

Exploring

21. Research and report on current statistics on the annual
growth rate of energy consumption in Canada and
around the world. Follow the links for Nelson Physics
11, Chapter 5 Review.

www.science.nelson.com

22. Figure 2 shows one example of a use of geothermal
energy besides producing electrical energy. Use the
Internet or other resources to research other such uses
of geothermal energy. Two countries where these appli-
cations are found are Iceland and New Zealand.

Figure 3

24. According to Table 2 in section 5.3, Canada has large
reserves of uranium (enough to meet a significant por-
tion of foreseeable energy requirements). Research why
Canada has not made more of a commitment to devel-
oping this energy potential. Follow the links for Nelson
Physics 11, Chapter 5 Review.

www.science.nelson.com
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Energy Cost-Benefit Analysis

Energy transformation technologies that produce electrical energy apply the
concepts presented in Unit 2 in a variety of ways. All of the energy transforma-
tions involved obey the law of conservation of energy. The efficiencies of the
transformations and the power of the generation systems can be determined and
compared.

Studying energy resources and energy transformation technologies becomes
increasingly important in our society as our population grows, our dependence
on electrical energy increases, and our fossil-fuel supplies diminish. Thus,
making a cost-benefit analysis of our energy resources and energy transforma-
tion technologies is important to our lives. Numerous sources of information are
available, including books, encyclopedias, magazines, and CD-ROMs. Follow the
links for Nelson Physics 11, Unit 2 Performance Task.

@ www.science.nelson.com

A Unique Example

One unique example of producing electrical energy is found in the southwest
region of New Zealand in an area called Fiordland National Park, a region known
for huge rainfalls—more than 8.5 m per year in some locations! An underground
hydroelectric generating station, the Manapouri Power Station, was designed to
allow water from Lake Manapouri to flow through seven shafts to the generating
station 170 m below the lake, as illustrated in Figure 1. The water discharged
from the station flows out through a tunnel to an inlet from the Tasman Sea,
which is at sea level. To build this 10-km tunnel, workers needed almost 5 years
to blast through some of the hardest rock in the world.

The history of this energy transformation technology is even more inter-
esting than the design. If you choose to research this technology, you will dis-
cover how the New Zealand citizens banded together to prevent the designers
from raising the water level in Lake Manapouri, which would have destroyed a
large area of precious natural beauty. You will also find that changes to the design
had to be made more recently to improve the efficiency of the generating system.

Studying this example or any of the many other technologies will help you
appreciate the process of technological development of a major project. A need
is identified, a plan is drawn up, a cost-benefit analysis is carried out, the tech-
nology is built and set into operation, problems are observed and corrected, and
the entire project is studied by others.

The Task

For this task, you will be expected to analyze the costs and benefits of an energy
resource or energy transformation technology used anywhere in the world. You
should consider the economig, social, and environmental impact of the resource
or technology you choose to analyze. In your process and final product, you
should demonstrate an understanding, in qualitative and quantitative terms, of
the concepts of work, energy, energy transformations, efficiency, and power.

Some of the energy resources to choose from are wind, tidal flow, falling
water, the Sun, and biomass. Some of the energy transformation technologies to
choose from are fossil-fuel power plants, nuclear power plants, or electric plants
that use a renewable energy resource, such as hydroelectric power plants. Because
so much information is available, you should focus on only one choice.
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Analysis

You should consider the criteria listed below in your analysis.

+ What are the physics principles applied in the design and/or use of the
resource or technology?

» What are the economic, social, and environmental costs of the resource or
technology?

+ What are the benefits of the resource or technology?

Once you have chosen the resource or technology to research, you can design
more detailed criteria based on the three main criteria given above. For instance,
with the New Zealand example, you could analyze the environmental cost that
would have ensued if the original design had been used, and the economic and
environmental costs if an earthquake were to occur in the future at or near the
generating station.

Assessment

Your completed task will be
assessed according to the

following criteria:

Process

» Develop detailed criteria for
your cost-benefit analysis.

» Choose appropriate research
tools, such as books, maga-
zines, and the Internet.

» Carry out the research and
summarize the information
found with sufficient detail and
appropriate organization.

» Analyze the physical principles
and the costs and benefits of
the energy resource or energy
transformation technology.

» Evaluate the research and
reporting process.

Product

+ Demonstrate an understanding
of the related physics concepts,
principles, laws, and theories.

* Prepare a suitable research
portfolio.

* Use terms, symbols, equations,
and S| metric units correctly.

* Produce a final communication,
such as an audiovisual presen-
tation, to summarize the
analysis.

Figure 1

The Manapouri Power Station in New

Zealand is unique because it is built almost

200 m beneath the surface. Most hydroelec-

tric plants are built at waterfalls or on

dammed rivers.

(a) The diagram shows the basic design of
the underground station that allows the
gravitational potential energy of the lake
water to be transformed into the kinetic
energy of spinning turbines, which is then
transformed into electrical energy in the
generators. Only one of the seven vertical
shafts is shown. Each shaft is 3.7 m in
diameter and 170 m deep. Each generator
produces electrical energy at a rate of
100 MW. Sadly, 16 people died during the
construction of this project in the 1960s.

(b) The station is built on the west end of
Lake Manapouri, located in the southwest
corner of New Zealand's South Island.
Water discharging from the generating
station passes through a discharge
tunnel, which is 9.5 m in diameter, and
dumps into Doubtful Sound.
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Understanding Concepts

1. Starting with radiant energy from the Sun, write the
energy transformation equation for each situation.
(a) Wind is used to produce electrical energy.
(b) Biomass is burned to produce electrical energy.
(c) A home uses passive solar heating.
(d) Waterfalls are used to produce electrical energy.
(e) Which of the situations above involve renewable
energy?
. Give an example of a situation in which
(a) aforce is acting, but there is no motion and there-
fore no work done
(b) a force is acting, but the displacement is perpendi-
cular to the force and therefore no work is done
(c) there is motion, but since no force is acting to cause
the motion, no work is done

. Give an example in which positive work is done and an
example in which negative work is done.

. An electric motor does 1.7 MJ of work on a roller
coaster to raise it and its riders to the top of the first
hill. If the magnitude of the force needed to raise the
coaster at a constant velocity along the ramp is 25 kN,
how long is the ramp?

. Which, if any, of the graphs shown in Figure 1 applies
to the equation W = FAd? Explain why the others do

= = E
= =3 =
LS LS o
0 G(mIE) 0 G(mIE) 0 d(miE)
Figure 1

6. At the bottom of a hill, a snowboarder with a velocity of

16 m/s [forward] skids to a stop after moving a distance

of 9.4 m. The mass of the board and rider is 71 kg, and

the magnitude of the force of kinetic friction during the

skid is 9.5 x 102 N.

(a) Draw an FBD of the snowboarder during skidding.

(b) Determine the work done by the force of friction
on the snowboarder during skidding.

(c) Determine the coefficient of kinetic friction during
skidding.

(d) Why is the value of the coefficient of kinetic fric-
tion so much higher than the typical value of a
snowboard on snow?

. Estimate how high a typical highrise elevator, loaded to
its safe capacity, can raise its passengers for each mega-
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10.

11.

12.

13.

joule of energy output. Assume that this output work
goes entirely to working against force of gravity to raise
the passengers only. Show your reasoning.

. A black-backed gull cannot crack open an mollusk, so it

carries the mollusk up to a height of 18 m and drops it
to the pebbly shore below. If the gravitational potential
energy of the mollusk is 7.9 J relative to the shore, what
is its mass?

. Before jumping off the platform, the bungee jumper in
Figure 2 has 2.5 x 10* ] of gravitational potential energy
relative to the river below. Assume the jumper’s mass is
59 kg. How high is the platform above the river?

Figure 2
Bungee jumping in New Zealand

When the speed of running water increases by a factor
of 3.1, by what factor does its kinetic energy change?

A 5.5 x 10* kg airplane, travelling at an altitude of

9.9 km, has a speed of 260 m/s relative to the ground.
Nearing the end of the flight, the plane slows to a speed
of 140 m/s while descending to an altitude of 2.1 km.
Determine the plane’s total loss of mechanical energy
during this change of speed and altitude.

A player spikes a 270 g volleyball, giving it 24 J of
kinetic energy. How fast is the ball travelling after it is
spiked?

When the magnetic levitation train built in Germany is
travelling at its maximum speed of 125 m/s, its kinetic
energy is 875 MJ. What is its mass?



14. A 65-kg student and a 45-kg friend sit on identical
swings. They are each given a push so that the two

swings move through the same angle from the vertical.

How will their speeds compare as they swing through
the bottom of the cycle? Explain your answer.

15. A pendulum is drawn aside so that the centre of the

bob is at position A as shown in Figure 3. A horizontal

rod is positioned at B so that when the pendulum is
released, the string catches at B, forcing the bob to
swing in an arc that has a smaller radius. How will the
height to which the bob swings on the right side of B
compare with /4? Explain your answer.

Figure 3

16. An engineer uses a single car to test the roller coaster
track shown in Figure 4. In answering the following
questions, assume that friction can be ignored and the
speed at A is zero. In each case, give a reason for your
answer.

(a) Where is the gravitational potential energy the
greatest?

(b) Where is the kinetic energy the greatest?

(c) Where is the speed the greatest?

(d) Given a written description of what happens to the

speed of the car as it rolls from A to B and so on to E.

Figure 4

17. Most satellites circle Earth in elliptical orbits so that they

are not always the same distance from Earth. (As shown
in Figure 5, an ellipse is an oval shape.) A satellite in a
stable elliptical orbit has a total mechanical energy that
remains constant. At what point in the orbit would the
speed of the satellite be the greatest? At what point
would it be the least? Explain your reasoning.

Earth

satellite

Figure 5

18. Some children go tobogganing on an icy hill. They start

from rest at the top of the hill as shown in Figure 6. The

toboggan and children have a combined mass of 94 kg.

If friction is small enough to be ignored, apply the law

of conservation of energy to determine

(a) the total mechanical energy of the toboggan at A
relative to B

(b) the speed of the toboggan at B

(c) the speed of the toboggan at C

®

-

A

120m
C
A
B 3.(\)1/

Figure 6

19. A high jumper of mass 55 kg wishes to jump over a bar

1.8 m above the ground. The centre of mass of the
jumper is located 1.0 m above the ground. (We can
imagine that all of the mass is located at this point for
calculation purposes.) Use the law of conservation of
energy to solve these questions.

(a) If the jumper wishes to clear the bar while travel-
ling at a speed of 0.40 m/s, how fast must the
jumper be travelling the instant the jumper’s feet
leave the ground?

(b) The jumper lands on the back on a foam pad that is
0.40 m thick. At what speed will the jumper be
travelling upon first contact with the pad?
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

(c) Shortly after landing, the jumper will be at rest.
What has happened to the mechanical energy the
jumper had moments earlier?

It is estimated that 1.0 kg of body fat will provide

3.8 x 107 J of energy. A 67-kg mountain climber decides

to climb a mountain 3500 m high.

(a) How much work does the climber do against
gravity in climbing to the top of the mountain?

(b) If the body’s efficiency in converting energy stored as
fat to mechanical energy is 25%, determine the
amount of fat the climber will use up in providing the
energy required to work against the force of gravity.

Explain why it is impossible to have a motor that is
100% efficient.

What features distinguish radiant energy from other
forms of energy?

Compare the thermal energies of each pair of sub-
stances described:

(a) 500 g of water at 11°C and 500 g of water at 22°C
(b) 400 g of water at 33°C and 800 g of water at 33°C

Describe an example of each of the three methods of
heat transfer found in a typical modern kitchen.

Determine the heat gained or heat lost in each case:
(a) 85 g of water is heated from 15°C to 79°C in 2.0 min
(b) 2.5 kg of aluminum cools from 185°C to 12°C

A farmer drives a 0.10-kg iron spike with a 2.0-kg
sledgehammer. The sledgehammer moves at a speed of
3.0 m/s and comes to rest on the spike after each swing.
Assuming all the energy is absorbed by the nail and
ignoring the work done by the nail, how much would
the nail’s temperature rise after 10 successive swings?

A power mower does 9.00 x 10° J of work in 0.500 h.
How much power does it develop?

How long would it take a 0.500 kW-electric motor to do
1.50 x 10° J of work?

How much work can a 22-kW car engine do in 6.5 min?

The motor for an elevator can produce 14 kW of power.
The elevator has a mass of 1100 kg, including its con-
tents. At what constant speed will the elevator rise?

Explain why generating electrical energy by taking
advantage of gravitational potential energy is a more
efficient energy transformation technology than by
using fossil fuels.

The equation for efficiency is defined using the energy
input and energy output, but it could also be defined
using the power input and power output. Show why,
stating any assumptions you need to make.
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33.

The output of a certain electric generating station is

2500 MW.

(a) Convert this quantity to watts, writing your answer

in scientific notation.

Determine the energy output of the station each

second, hour, day, and year.

If the station is 41% efficient, how much energy

input is required during a single day’s operation?

(d) Assume that 1.5 x 10'0 kg of water from a nearby
lake circulates each day to cool the operating parts
of the station. How much warmer is the return
water than the intake water, assuming that all the
waste energy goes to heating the returned water?

(b)
(c)

Applying Inquiry Skills

34.

35.

36.

37.

Draw a graph to show in each case how the first vari-

able named depends on the second one.

(a) work and applied force

(b) the kinetic energy of an object and the object’s
speed

(c) the gain in temperature of a liquid sample and the
specific heat capacity of the liquid

(d) power and time interval

(e) doubling time and growth rate

Sketch a graph to show the general relationship between
the efficiency of a moving energy transformation device
and the friction the device experiences.

A student performs an activity to determine the specific

heat capacity of liquid L.

(a) List the materials needed to perform the activity.

(b) List the steps you would use to perform the activity.

(c) Describe sources of error in the activity.

(d) The student finds that, to two significant digits, the
specific heat capacity of liquid L is 4300 J/(kg+°C).
What is likely the identity of liquid L?

At Paramount Canada’s Wonderland, The Bat is a roller

coaster that takes its riders both forward and backward

(Figure 7). A motor is used to pull the coaster from the

loading platform to the top of the starting side. After

the coaster is released, it travels along the tracks,
through the loops, and partway up the second side.

There, the coaster is pulled by a motor to the top before

being released for the backward trip.

(a) Describe the energy transformations that occur
from the time the coaster starts at the loading plat-
form to when it stops at the same platform.

(b) Why is the roller coaster unable to get to the top of
the second side without the aid of a motor?



(c) Describe how you would experimentally determine
the amount of energy lost to friction on this ride.
Assume that measurements would have to be taken
from outside the area of the ride.

How would you estimate the efficiency of the ride?

(d)

Figure 7

In order to travel through the loops, this
roller coaster must be released from the
highest position of the track.

Making Connections

38.

39.

40.

41.

42.

List advantages and disadvantages of using fossil fuels
as an energy resource to

(a) operate automobiles

(b) generate electrical energy

(a) What are the advantages of the cogeneration of
electricity?

(b) Does using cogeneration have any effect on the effi-
ciency of the energy transformation technology
involved? Explain your answer, showing that you
understand the law of conservation of energy.

Create a concept map related to your own energy con-
sumption. Start with the word “Energy” in the middle
of the page, and then branch off to show “Sources” and
“Uses” of energy. Continue the map by indicating direct
and indirect sources and uses, and adding as many
details about your energy consumption as you can.

Describe how night-vision goggles and infrared detec-
tors allow us to “see in the dark.”

One day while using an electric blow drier, a hair
designer notices that the air from the drier is hotter
than usual. Suddenly the drier quits working. Several
minutes later, the hair designer tries the drier again and
it works, although it is hotter than usual.
(a) What is the cause of the overheating of the drier?
What must be done to eliminate the overheating?
(b) How does the efficiency of the drier described com-
pare with its efficiency when it was new? Where
does the wasted energy go?

43.

44.

45.

(c) Based on this example, make a suggestion for the
proper maintenance of electric appliances that have
air moving across or through them.

In your opinion, are the following groups of people doing
enough to aid in conserving energy? Justify each response.
(a) officials at all levels of government

(b) local school officials

(¢) automobile manufacturers

(d) individual Canadians, on average

When a head-on traffic mishap between two vehicles
occurs, the initial kinetic energy of each vehicle trans-
forms into other forms of energy. To determine the
total kinetic energy before any collision, assume that a
compact car with a total mass (including passengers) of
1300 kg collides head-on with a sports utility vehicle
(SUV) with a total mass (including the same number of
passengers) of 3500 kg. Both vehicles are travelling at
the same speed before each collision.
(a) Setup a table of data to show the kinetic energy of
each vehicle and the total kinetic energy for the fol-
lowing speeds of both vehicles: 0.0 m/s, 5.0 m/s,
10.0 m/s, 15 m/s, . . ., 35 m/s. Calculate the values
needed to complete the table.
Plot a graph of kinetic energy as a function of speed.
Plot all three sets of values on the same graph.
(c) Use your graph to explain why high-speed crashes
are far more dangerous than low-speed ones.

(b)

One suggestion that has been made for efficient travel
between two cities is to link them with a straight tunnel
bored through a portion of Earth’s core, as shown in
Figure 8. Passengers would then travel through the
tunnel, rather than travel along the circumference.
Using energy relationships, explain why this approach
should greatly reduce the fuel required to get from one
city to the other.

Figure 8
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Are You Ready?

Knowledge and Understanding

1. If you are positioned outdoors about 20 m from a friend, think of all the
ways in which you can attract your friend’s attention. Make two lists to
classify the ways according to whether or not they involve the sense of
hearing or any of your friend’s other senses.

d 2. Figure 1 shows waves being produced on a rope that has one end tied
tightly to a post.

Waves al (a) Where does the energy that produces the waves come from?

SO un d (b) Which wave was produced first, the one in segment A or the one in
segment B?

(c) Did the waves in the two segments take the same amount of time to be
produced? How do you know?

(d) In your notebook, draw a sketch to show how the hand moved to
create the waves shown. How many cycles were used?

(e) What name would you give to the top part of each wave? the bottom
part of each wave?

(f) Use a ruler to estimate in centimetres the “wavelength” of the waves.

Figure 1
The waves on the rope are moving to the right.

3. Can sound travel in a solid? a liquid? a gas? a vacuum? Give an example of
each “yes” answer, and explain any “no” answers that you give.

4. Why are you able to see lightning before you hear the sound of the thunder
caused by the lightning strike?

5. You are standing 85 m from a batter who is hitting a baseball. You see the
bat touch the ball, but you do not hear the sound made by the hit until
0.24 s after. What is the speed of the sound in air?

Inquiry and Communication Skills

6. (a) Describe in your own words the differences between noise and music.
(b) Do you consider music to be a subjective or an objective topic? Why?

7. Some of the terms you will encounter in this unit are infrasonic sounds,
ultrasonic sounds, sound barrier, sonic boom, subsonic speed, and super-
sonic speed. What do you think each of these terms means?
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8. Figure 2 shows a child on a playground swing.
(a) What factor(s) do you think affects the amount of time for each back-
and-forth cycle of the swing?
(b) Describe how you would set up a controlled experiment to determine
how the factor(s) you named in (a) affects the time for each cycle.

Figure 2

9. Which line on the graph in Figure 3 best represents what happens to the

speed of sound in air as the temperature increases? Give a scientific reason
for your choice.

Making Connections

10. List some musical instruments and sound equipment that you enjoy lis-
tening to. What are some of the features that these instruments have that
help to improve the sounds they produce? ¢

Speed

11. Some auditoriums and other “sound halls” have good acoustics, while

others are not as high quality. What are some of the features of good
acoustics that you like?

12. If you were designing a device to help a deaf person experience music,

what features would the device have? (Figure 4 shows one way this is Temperature
done—in a sensory-perception facility called a “Snoezelen room.”) Figure 3

For question 9

Figure 4

A Snoezelen room is designed to help people
experience sensations related to all five
senses. In this phatograph, a child is experi-
encing sound by touching a device that
vibrates.
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use a variety of activities to study
the behaviour of vibrating objects
and measure their frequency and
period

distinguish between objects
vibrating in phase and out of
phase

describe the various parts of and
the behaviour of transverse and
longitudinal waves

use equations relating the
frequency, period, wavelength,
and speed of a wave

determine the result of two waves
interfering, using the principle of
superposition

determine the wavelength of
interfering waves, using the
standing wave pattern

draw a diagram of the
interference pattern between

two point sources in phase
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Vibrations and Waves

A moving object can transmit energy from one place to another. For example,
when a pitcher throws a baseball to a catcher, the kinetic energy given to the ball
by the pitcher is transferred to the catcher. However, energy is also transferred
from the source to the receiver by means of a wave. A water-ski boat creates a
large wake that travels across the surface of the water and crashes into a dock.
Such a travelling disturbance is called a wave.

We live in a world surrounded by waves. Some waves are visible; others are
not. We can see water waves (Figure 1) and the waves in a rope or spring. We
cannot see sound waves and radio waves. A wave is a transfer of energy over a dis-
tance, in the form of a disturbance. For example, when you shake a spiral
“Slinky,” the energy you impart is transferred from coil to coil down the spring.
When you throw a rock into a pool of water, creating a splash, circular waves
radiate out from the point of contact. Energy is transferred as a wave from one
water molecule to the next by the forces that hold the water molecules together.
By observing the visible waves in ropes, springs, and water, you can discover
characteristics that all waves have in common.

Reflect Learning

1. List similarities and differences between sound waves and water waves.
2. What is the difference between a transverse wave and a longitudinal wave?

3. List two medical and two non-medical technologies involving wave
phenomena.

4. (a) State the law of reflection.
(b) Draw a diagram illustrating the law of reflection.
(c) Distinguish between reflection and refraction.

Throughout this chapter, note any changes in your ideas as you learn new con-
cepts and develop your skills.
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Activity

In this activity, you will observe the transfer of energy through a
medium. You will also observe the differences in how the medium b
moves as the wave passes through it. s

Wave Action

La )

» Line up at least six students side by side, with their arms linked
(Figure 2(a)). Gently push the first student back and forth at right
angles to the line. Watch as energy passes up the line as a trans-
verse wave.

w

» Line up some students single file, each with their hands on the
shoulders of the student in front (Figure 2(b)). Gently push and pull
the last student forward and back. Watch as the motion is passed up h -
the line from student to student as a longitudinal wave. 1

» Tie a long length of light rope to a door knob or other rigid point.
After stretching the rope taut, shake the free end back and forth
sending a series of waves down the rope.

(a) In each case, how does the medium move with respect to the
direction in which the wave is moving?

Figure 2
A human wave

Figure 1
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wave: a transfer of energy over a distance,
in the form of a disturbance

periodic motion: motion that occurs
when the vibration, or oscillation, of an
object is repeated in equal time intervals

transverse vibration: occurs when an
object vibrates perpendicular to its axis

longitudinal vibration: occurs when an
object vibrates parallel to its axis

torsional vibration: occurs when an
object twists around its axis

Figure 1

The three basic types of vibration
(a) Transverse vibration

(b) Longitudinal vibration

(c) Torsional vibration

cycle: one complete vibration or oscillation

frequency: (f) the number of cycles per
second;

_number of cycles
total time

hertz: 1Hz=1cycle/sor 1 Hz=1s"",
since cycle is a counted quantity, not a
measured unit

period: (T) the time required for one cycle;

total time
number of cycles
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Vibrations

Waves are disturbances that transfer energy over a distance. Water waves, sound
waves, waves in a rope, and earthquake waves all originate from objects that are
vibrating. For example, a water wave can result from the vibration caused by a
boat rocking on the water, while sound waves could originate from a vibrating
tuning fork or a vibrating guitar or piano string. In each case, the vibrating
source supplies the energy that is transferred through the medium as a wave.
Often the objects are vibrating so rapidly that they are difficult to observe with
our eyes. For the purpose of studying the properties of vibrating objects, a slowly
moving device, such as a mass bouncing up and down on a spring, or a swinging
pendulum is ideal.

When an object repeats a pattern of motion—as a bouncing spring does—
we say the object exhibits periodic motion. The vibration, or oscillation, of the
object is repeated over and over with the same time interval each time.

There are three basic types of vibration. A transverse vibration occurs when
an object vibrates perpendicular to its axis at the normal rest position. An
example of a transverse vibration is a child swinging on a swing. A longitudinal
vibration occurs when an object vibrates parallel to its axis at the rest position.
An example is a coil spring supporting a vehicle. A torsional vibration occurs
when an object twists around its axis at the rest position. An example occurs
when a string supporting an object is twisted, causing the object to turn or
vibrate around and back. The three kinds of vibration are shown in Figure 1.
Throughout this chapter, the term oscillation could also be used instead of
vibration.

(a) (b) (c)

1
1
: <,
' < >
@ : D rest axis
. ! < D
! rest axis < O | motionis
! <l D paralle! to
' < | restaxis motion twists
: around rest
! D axis
motion is perpendicular :
to rest axis rest axis

< >

When we describe the motion of a vibrating object, we call one complete
oscillation a cycle (Figure 2). The number of cycles per second is called the
frequency (f). The SI unit used to measure frequency is the hertz (Hz), named
after Heinrich Hertz (1857-1894), the German scientist who first produced elec-
tromagnetic waves in the laboratory.

Another term used in describing vibrations is the period (T). The period is
the time required for one cycle. Usually the second (s) is used for measuring the
period, but for a longer period, like that of the rotation of the Moon, the day (d)
or the year (yr) is used.



6.1

Since frequency is measured in cycles per second and period is measured in
seconds per cycle, frequency and period are reciprocals of each other. Thus,

As a pendulum swings, it repeats the same motion in equal time intervals.
The distance in either direction from the equilibrium, or rest, position to max-
imum displacement is called the amplitude (A) (Figure 3).

rest position

one vibration

or cycle
® Figure 2
rest position One cycle is equal to one complete vibration.
(® = amplitude @ <@><B)>
Figure 3
rest The rest position is where the object will
position remain at rest. An object can move through

its rest position.

Two identical pendulums are said to be vibrating in phase if they have the amplitude: distance from the equilibrium
same period and pass through the rest position at the same time (Figure 4). Two position to maximum displacement
identical pendulums are vibrating out of phase if they do not have the same
period or if they have the same period but they do not pass through the rest posi- in phase: objects are vibrating in phase if
tion at the same time. they have the same period and pass through

the rest position at the same time

out of phase: objects are vibrating out of
phase if they do not have the same period or
if they have the same period but they do not
pass through the rest position at the same
time

Figure 4
Pendulums A and D are in phase. Pendulums
B and C are not. Why?

~, 0

'
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Sample Problem 1

A mass hung from a spring vibrates 15 times in 12 s. Calculate (a) the frequency
and (b) the period of the vibration.

Solution

(a) number of cycles = 15 cycles
total time = 12's
f=2
T=2
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fe number of cycles

total time

15 cycles
12's

f = 1.2 cycles/s

The frequency is 1.2 Hz.

total time 1
b T=——7——— or T=-—
(b) number of cycles f
125 !
15 cycles 1.2 Hz
T = 0.80 s/cycle, or 0.80 s T=080s
The period is 0.80 s.

Sample Problem 2

A child is swinging on a swing with a constant amplitude of 1.2 m. What total
distance does the child move through horizontally in 3 cycles?

Solution

In one cycle the child moves 4 X 1.2 m = 4.8 m.
In 3 cycles the child moves 3 X 4.8 m = 14.4 m.
The child moves 14.4 m in 3 cycles.

Sample Problem 3
The frequency of a wave is 6.0 X 10! Hz. Calculate the period.

Solution
f=6.0x10"Hz
T=1
1
T=—
f
_
~ 6.0 x 10! Hz
T=0.017s
The period is 0.017 s.

Practice

Understanding Concepts

Answers 1. State the type of vibration in each of the following:
2.(a) 0.60 s (a) atree sways in the wind
(b) 4.0 s (b) a sewing-machine needle moves up and down
(c)2.4%x102s 2. Calculate the period in seconds of each of these motions:

(a) a pulse beats 25 times in 15 s
(b) a woman shovels snow at a rate of 15 shovelsful per minute
(c) acar motor turns at 2450 rpm (revolutions per minute)
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3. A1\ stroboscope is flashing so that the time interval between flashes is
30 S- Calculate the frequency of the strobe light’s flashes.

4. A child on a swing completes 20 cycles in 25 s. Calculate the fre-
quency and the period of the swing.

5. Calculate the frequency and period of a tuning fork that vibrates
2.40 x 10* times in 1.00 min.

6. Calculate the frequency of the following:
(a) a violin string vibrates 88 times in 0.20 s
(b) a physics ticker-tape timer produces 3600 dots in 1.0 min
(c) a CD player rotates 4.5 x 103 times in 1.0 minute

7. If the Moon orbits Earth six times in 163.8 d, what is its period of
revolution?

8. As you walk, describe the movement of your arms and legs as in-
phase or out-of-phase oscillations.

The Pendulum

A pendulum swings with a regular period, so it is a useful device for measuring
time. In fact, early drawings of a pendulum clock were developed by Galileo
Galilei in 1641. His ideas for a pendulum clock were based on his observations of
the regular period of vibration of a lamp hanging in a church in Pisa, Italy. He
then postulated laboratory experiments similar to this one to determine the fac-
tors that affected the period and frequency of a swinging pendulum (Figure 5).

Question

What are the relationships between the frequency of a simple pendulum and its
mass, amplitude, and length?

Materials

utility stand

clamp

test-tube clamp

split rubber stopper

string

stopwatch

metre stick

metal masses (50 g, 100 g, and 200 g)

Prediction

(a) Predict what will happen to the frequency of the pendulum in the fol-
lowing situations:
(i) the mass increases, but the length and amplitude remain constant
(ii) the amplitude increases, but the mass and length remain constant
(iii) the length increases, but the mass and amplitude remain constant

6.1

Answers
3. 80 Hz
4. 0.80Hz; 1.2 s
5. 4.00 x 102 Hz; 2.5 x 103 s
6. (a) 4.4 x 102 Hz
(b) 60 Hz
(c) 75 Hz
7.27.30d
INQUIRY SKILLS
O Questioning O Recording
QO Hypothesizing O Analyzing
O Predicting O Evaluating
O Planning O Communicating
O Conducting

Figure 5
A strobe photograph of an oscillating
pendulum
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Procedure

1. Set up a chart as shown in Table 1.

Table 1

Length (cm) | Mass (g) | Amplitude (cm) | Time for 20 cycles (s) | Frequency (Hz)
100 200 10

2. Set up the utility stand as illustrated, ensuring that it is clamped securely
and there is clearance on either side of at least 30 cm.

3. Obtain a string about 110 cm long and securely attach a 200-g mass to
one end. Place the other end of the string into the split rubber stopper
(Figure 6), adjust the pendulum length to 100 cm, and clamp the rubber
stopper firmly so the string does not slip. Remember that the length is
measured to the centre of the mass.

4. Keeping the string fully extended, pull the mass to one side for an ampli-
tude of 10 cm. Release the mass, making sure not to push it as you let it go.

5. Measure the time taken for 20 complete cycles. Repeat once or twice for
accuracy, then calculate the frequency. Enter the data in your observation
table.

6. Repeat step 5 using amplitudes of 20 cm and 30 cm. Tabulate your data.

7. Determine the time taken for 20 complete cycles of the pendulum using a
pendulum length of 100 cm, an amplitude of 10 cm, and 50 g, 100 g, and
200 g masses. Make sure you measure the length to the middle of each
split rubber stopper mass. Tabulate your data.

\ \ 8. Determine the time taken for 20 complete cycles of the pendulum using an
| J}' amplitude of 10 cm and a constant mass. Use pendulum lengths of 100 cm,
i 80 cm, 60 cm, 40 cm, and 20 cm. Tabulate your data.

e

/

test-tube clamp Analysis

(b) With frequency as the dependent variable, plot graphs of frequency versus
(i) amplitude, for a length of 100 cm and a constant mass
(ii) mass, for a length of 100 cm and a constant amplitude
(iii) length, for a constant amplitude and a constant mass

(c) Answer the Question by describing the relationship between frequency and
amplitude, frequency and mass, and frequency and length, both in words
and mathematically.

utility stand —

(d) For each of the different lengths, calculate the period of vibration. Plot a
graph of period as a function of the length of the pendulum. Replot the
graph to try to obtain a straight line. (Hint: You can either square the

y values of the period or find the square roots of the values of the length.)

length of pendulum

\
I Evaluation
|

(e) Evaluate the predictions you made regarding the frequency, mass, ampli-
I tude, and length of a pendulum.
mass __ . . . c . .
’ (f) Describe the sources of error in the investigation and evaluate their effect
Figure 6 on the results. Suggest one or two improvements to the experimental
Setup for Investigation 6.1.1 design.
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Synthesis

(g) Calculate the maximum speed of the 100 g pendulum mass when it has a
length of 100 cm and an amplitude of 50 cm. (Hint: You can apply the law
of conservation of mechanical energy to this problem. The maximum ver-
tical displacement of the mass above its rest position can be found by
means of a scale diagram, by actual measurement using the pendulum, by
applying the Pythagorean theorem, or by using trigonometry.)

As you will have discovered in the investigation, the frequency and period of a
pendulum are affected only by its length. The frequency is inversely proportional
to the square root of the length (f « il), or we could say the period is directly
proportional to the square root of the length (T « V). The equation for the
period of a pendulum involves only one other variable, Earth’s gravitational field.
Since Earth’s gravitational field does not vary significantly, the pendulum’s
period remains constant for a specific length. Changes in the mass or amplitude
have no effect, as long as the length remains constant. For these reasons the first
accurate clocks usually involved a pendulum of some kind. Today the grandfa-
ther clock uses a long pendulum to keep accurate time, and the force of gravity
on suspended weights provides the energy to maintain the amplitude of the
vibration.

MUY NA@ Characteristics of Vibrations and Waves

+ Most waves originate from a vibrating source.

+ A wave is a transfer of energy over a distance in the form of a disturbance.

+ In a transverse vibration, the object vibrates perpendicular to its length,
while in a longitudinal vibration it vibrates parallel to its length.

+ The frequency (f) is the number of cycles per second.

+ The period (T) is the time required for one cycle. 1

+ The frequency and the period are inversely related < f= ?)

+ Objects are vibrating in phase if they have the same period and pass
through the rest position at the same time.

+ The period of a pendulum is directly proportional to the square root of its
length.

Section 6.1 Questions

Understanding Concepts

1. State the type of vibration in each of the following:
(a) a diving board vibrates momentarily after a diver jumps off
(b) a woodpecker's beak pecks a tree trunk
(c) the shock absorbers on a mountain bike vibrate as it travels
over a rough trail

2. For the pendulum shown in Figure 7, state
(a) the type of vibration
(b) the amplitude
(c) the total distance the mass moves through horizontally in
five cycles

(continued)

6.1

KNOW ?

Calculating Acceleration
Due to Gravity

The equation T = 27 —Z]vvas used

historically to determine the acceleration due
to gravity. How? (In this equation, [ is the
length of the pendulum, and g is the magni-
tude of the gravitational field.)

| 17|cm |
1

rest
position

Figure 7
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10.

11.

. Calculate the frequency in hertz and the period in seconds for

each of the following:

(a) atelevision displays 1800 pictures each minute

(b) a South African bird, the horned sungem, has the fastest
wing-beat of any bird, at 1800 beats in 20.0 s

(c) a butterfly beats its wings between 460 and 640 times per
minute (In this case, find a range for the answer.)

(d) the second hand of a watch

(e) the minute hand of a watch

. Figure 8 shows a mass at rest on a spring and a mass vibrating.

State

(a) the type of vibration

(b) the amplitude

(c) the total distance the mass moves through in 3.5 cycles

. State the relationship (if any) between these pairs of variables:

(a) period and frequency of a vibration
(b) period and length of a pendulum
(c) mass and frequency of a pendulum

. Musicians use a metronome, an inverted pendulum that pro-

duces ticks at various frequencies. The frequency can be altered
by moving the mass on the metronome closer to or farther from
the pivot point. What should a music student do to increase the
metronome's frequency of vibration?

. The accuracy of pendulum clocks is adjusted by moving the weight

up and down on the pendulum, changing its effective length. If you
move to another city where the force of gravity is slightly lower,
will you have to move the weight up or down to keep accurate
time? (Hint: See the equation for the period of a pendulum.)

. In some clocks a spring mechanism is used with a balance wheel

to keep accurate time. Why could these clocks also be called pen-
dulum clocks?

. If you knew the period of a pendulum measured at Earth’s sur-

face, how would its period change if you measured it on
(a) the Moon? (b) Jupiter?

A pendulum was traditionally used to measure the acceleration
due to gravity (g) at various points on Earth’s surface. Using the
equation for the pendulum | T= 27 V;f , determine a value for g if
the pendulum length is 1.00 m and its period is 2.00 s.

In the individual medley, swimmers cover the four swimming
styles in the following order: butterfly, backstroke, breaststroke,
and freestyle. Describe each stroke as having an in-phase or out-
of-phase arm motion.

Applying Inquiry Skills

12.

Describe a method for determining the length of a swing without
physically measuring it.

Making Connections

13.

Many watches today are digital with a small battery that provides

the energy. Research to determine what is vibrating to keep accu-

rate time. Follow the links for Nelson Physics 11, 6.1.
www.science.nelson.com



6.2

Wave Motion

A high-wire artist kicks one end of the wire before starting to cross. She sees a
small transverse movement dart along the wire and reflect back from the far end.
The time taken for this round trip will tell her if the tension is correct. A football
coach blows a whistle, creating fluctuations in the positions of air molecules and
air pressure within it that make a shrill sound. Children drop pebbles into a
pond; the surface of the water oscillates up and down, and concentric ripples
spread out in ever-expanding circles. Electrons shift energy levels at the surface
of the Sun, sending fluctuating electric and magnetic fields through the vacuum
of space. These are all examples of wave motion, or transmission.

We should be quite clear about what is being transmitted. It is a disturbance
from some normal value of the medium that is transmitted, not the medium
itself. For the wire, it was a small sideways displacement from the normal equi-
librium position. For the sound, it was a slight forward and backward motion of
air molecules about their normal average position. In the water, the disturbance
was a raising and lowering of the water level from equilibrium. The activity
within the sunshine is a little harder to imagine, but here the disturbance is a
fluctuating electromagnetic field.

INQUIRY SKILLS

Wave Transmission: Pulses on a Coiled Spring © Questioning © fecording
O Hypothesizing O Analyzing
Q Predicting O Evaluating
If you hold a piece of rope in your hand and you move your hand up and down, O Planning © Communicating
a wave will travel along the rope away from you. Your hand is the vibrating source O Conducting
of energy and the rope is the material medium through which the energy is
transferred. By moving your hand through one-half of a cycle, as shown in
Figure 1, you can create a pulse.
During an investigation, it is sometimes easier to observe a single pulse in a
spring than to try to study a wave consisting of a series of pulses. The knowledge
gained by studying pulses on a spring can be applied to all types of waves. Thus,
the concepts learned in this investigation are important to the study of waves.
Questions
(i) How do pulses move along a coiled spring? Figure 1

(ii) How are pulses reflected from a fixed end and a free end? Producing a pulse

Materials

coiled spring (such as a Slinky toy)
masking tape

metre stick

piece of paper

stopwatch

string at least 4 m long
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Procedure

Hold the spring firmly and 1. Attach the masking tape to a coil near the middle of the spring. Stretch the
@ do not overstretch it. spring along a smooth surface (such as the floor or a long table) to a length of
Observe from the side, in the

2.0 m. With one end of the spring held rigidly, use a rapid sideways jerk at the
other end to produce a transverse pulse (Figure 2(a)). Describe the motion of
the coils of the spring. (Hint: Watch the tape attached to the spring.)

case of an accidental
release.

(a)

masking tape

creation of
transverse pulse U fixed end
e
motion of pulse
(b) masking tape
longitudinal pulse 3| fixed end
- motion of pulse
(c)
source of U
energy I fixed end
folded E
paper __
motion of pulse
(d)
transverse pulse free end
Figure 2 to “free” end string

—_—

Procedure for Investigation 6.2.1 -
motion of pulse

2. Use a rapid forward push to produce a longitudinal pulse along the spring
(Figure 2(b)). Describe the motion of the coils of the spring.

3. Stand a folded piece of paper on the floor close to the end of the spring as
shown in Figure 2(c). Use the energy transferred by a transverse pulse to
knock the paper over. Describe where the energy came from and how it
was transmitted to the paper.

4. Holding one end of the spring rigid and stretching the spring as in step 1,
send a transverse pulse toward the other end. Determine whether or not
the pulse that reflects off this fixed end returns on the same side of the rest
axis as the original or incident pulse.

5. Tie a piece of string at least 4 m in length to one end of the spring. Using
the string to stretch the spring to approximately 2.0 m, send a transverse
pulse toward the string as shown in Figure 2(d). Determine whether or not
the pulse that reflects off this free end of the spring returns on the same
side as the incident pulse. (Note that while the free end is not truly “free”
because a string is attached, it is a good approximation.)

6. Remove the string and stretch the spring to an appropriate length (e.g.,
2.0 m). Measure the time taken for a transverse pulse to travel from one
end of the spring to the other. Repeat the measurement several times for
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accuracy while trying to keep the amplitude constant. Then find the time
taken for the same type of pulse to travel from one end of the spring to the
other and back again. Determine whether or not the reflected pulse takes
the same time to travel the spring’s length as the incident pulse.

7. Determine whether the time taken for a transverse pulse to travel from one
end to the other and back again depends on the amplitude of the pulse, by
sending pulses of different amplitudes and estimating the times. Repeated
tests will be necessary, since the pulse moves so quickly.

8. Predict the relationship between the speed of the pulse and the stretch of
the spring. Test your prediction experimentally by stretching the spring to
various lengths and noting the time for a transverse pulse to travel down
and back again.

9. If different types of springs are available, compare the speed of a transverse
pulse along each spring.

Analysis

(a) Based on the observations in this experiment, discuss whether the fol-
lowing statements are true or false:
(i) Energy may move from one end of a spring to the other.
(ii) When energy is transferred from one end of a spring to the other, the
particles of the spring are also transferred.
(b) State what happens to the speed of a pulse in a material under the fol-
lowing circumstances:
(i) The condition of the material changes. For instance, stretching a spring
changes its condition.
(ii) The amplitude of the pulse increases.
(iii) The pulse is reflected off one end of the material.

(c) A reflected pulse that is on the same side as the incident pulse is said to be
in phase with the incident pulse. A reflected pulse on the opposite side of
the incident pulse is out of phase with it. Is the reflected pulse in phase or
out of phase for
(i) fixed-end reflection?

(ii) free-end reflection?

Evaluation

(d) Evaluate the prediction you made in step 8 of the procedure.

Transverse Waves

When a water wave moves across an ocean or a lake, it moves at a uniform speed.
But the water itself remains in essentially the same position, merely moving up
and down as the wave goes by. Similarly, when a rope is being vibrated at one
end, the rope itself does not move in the direction of the wave motion; sections
of the rope move back and forth or up and down as the wave travels along it.
Water waves and waves in a rope are examples of transverse waves (Figure 3).
In a transverse wave the particles in the medium vibrate at right angles to the

‘@ crest
trough

particle vibrates at right angles to direction

\/\I of wave travel

maximum displacement (crest)

iy

maximum displacement (trough)

T

Figure 3
A crest moves through a rope from right to left.

transverse wave: particles in the
medium move at right angles to the direction
in which the wave travels
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crest or positive pulse: high section of
a wave

trough or negative pulse: low section
of a wave

periodic waves: originate from periodic
vibrations where the motions are continuous
and are repeated in the same time intervals

pulse: wave that consists of a single
disturbance

wavelength: (\) distance between
successive wave particles that are in phase

Figure 4

To make analysis easier, we will assume that
the waves we are examining are ideal
waves.

longitudinal wave: particles vibrate
parallel to the direction of motion of the
wave

compression: region in a longitudinal
wave where the particles are closer together
than normal

rarefaction: region in a longitudinal wave
where the particles are farther apart than
normal

Figure 5
Longitudinal waves in a coiled spring
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direction in which the wave travels. The high section of the wave is called a crest
and the low section is called a trough. Since the crest lies above and the trough
below the rest position (equilibrium), a crest can be referred to as a positive
pulse and a trough as a negative pulse.

Periodic waves are waves where the motions are repeated at regular time
intervals. However, a wave can also consist of a single disturbance called a pulse,
or shock wave.

In periodic waves, the lengths of successive crests and troughs are equal.
The distance from the midpoint of one crest to the midpoint of the next crest
(or from the midpoint of one trough to the midpoint of the next) is called the
wavelength and is represented by the Greek letter A (lambda).

We have said that the amplitude of a wave is the distance from the rest posi-
tion to maximum displacement. For a simple periodic wave, the amplitude is the
same on either side of the rest position. As a wave travels through a medium, its
amplitude usually decreases because some of its energy is being lost to friction.
If no energy were required to overcome friction, there would be no decrease in
amplitude and the wave would be what is called an ideal wave (Figure 4).

B direction of wave motion —_—

ideal wave

N
\/

Longitudinal Waves

In some types of waves the particles vibrate parallel to the direction of motion of
the wave, and not at right angles to it. Such waves are called longitudinal waves.
Longitudinal waves can be produced in “slinky” springs by moving one end of
the spring back and forth in the direction of its length (Figure 5).

The most common longitudinal waves are sound waves, where the mole-
cules, usually air, are displaced back and forth in the direction of the wave
motion. In a longitudinal wave, the regions where the particles are closer
together than normal are called compressions; the regions where they are farther
apart are called rarefactions.

In longitudinal waves, one wavelength is the distance between the midpoints
of successive compressions or rarefactions (refer to Figure 5). The maximum dis-
placement of the particles from the rest position is the amplitude of the longitu-
dinal wave. This will be discussed in more detail in Chapter 7.

direction of motion
A A of pulse

rarefaction

e

N compression



Sample Problem

Draw a periodic transverse wave consisting of two wavelengths with A = 1.0 cm
and N = 2.0 cm.

Solution

Draw the rest axis (PQ), then draw two lines 1.0 cm above and below PQ as
shown in Figure 6. Label a starting point (B) and mark the points where the wave
will cross the rest axis (at D, F, H, and J). Between B and D, mark the top of the
crest (C) and mark all other crests and troughs in a similar fashion. Finally, draw
a smooth curve joining the outlined points.

Practice

Understanding Concepts

1. A cross-section of a wave is shown in Figure 7. Name the parts of the
wave indicated by the letters on the diagram.

2. Measure the amplitude and wavelength of the periodic transverse
wave in Figure 7.

3. Measure the wavelength of the periodic longitudinal wave in Figure 8.

4. Draw a periodic wave consisting of two complete wavelengths, each
with A = 4.0 cm, for
(a) atransverse wave (use A = 0.5 cm)
(b) a longitudinal wave

5. Figure 9 shows the profile of waves in a ripple tank.
(a) Find the wavelength and the amplitude of the waves.
(b) If crest A takes 2.0 s to move to where crest C is now, what is the
speed of the waves?

SO WY NN \Wave Motion

+ Periodic waves originate from periodic vibrations where the motions are
continuous and are repeated in the same time intervals.

+ In a transverse wave, the particles of the medium move at right angles to
the direction of the wave motion.

+ In a longitudinal wave, the particles in the medium vibrate parallel to the
direction in which the wave is moving.

+ A transverse wave consists of alternate crests and troughs.

+ A longitudinal wave consists of alternate compressions and rarefactions.

+ One wavelength is the distance between equivalent points on successive
crests or troughs in a transverse wave.

+ In a longitudinal wave, one wavelength is the distance between the mid-
points of successive compressions or rarefactions.

+ The speed of a wave is unaffected by changes in the frequency or amplitude
of the vibrating source.

6.2

Figure 6
For Sample Problem

AA

Figure 7
For questions 1 and 2

wavelength (\) A

N>

Figure 8
For question 3

direction of wave motion

undisturbed /\ /\ /\
N

water

Figure 9
For question 5
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Section 6.2 Questions

Understanding Concepts
1. Explain the difference between transverse and longitudinal waves.
2. Define the terms amplitude and wavelength.

3. Examine Figure 10.
(a) List all pairs of points that are in phase.
(b) Determine the wavelength, in centimetres, by measurement.
(c) Determine the speed of the waves, if they take 0.50 s to travel

from X to Y.
—_—
B C F
G
/ X E YN
D
Figure 10

4. If you send a pulse down a long taut rope, its amplitude dimin-
ishes the farther it travels until eventually the pulse disappears.
Explain why, using the law of conservation of energy.

5. A popular activity at a stadium sporting event is the “audience
wave.” The people in one section stand up quickly, then sit down;
the people in the adjacent sections follow suit in succession,
resulting in a wave pattern moving around the stadium. What
type of wave is this? Why?

6. Describe one or more situations in your everyday life that involve
waves of some kind.

Applying Inquiry Skills

7. How could you demonstrate a pulse given six billiard balls and a
flat billiard table?

Making Connections

8. In 1883, a tsunami wave hit the coast of Java and Sumatra in the
Pacific Ocean. Do some research on tsunamis to answer the fol-
lowing questions.

(a) What type of wave is a tsunami?
(b) What was the amplitude or range of amplitudes of the 1883
wave when it hit the shore?

9. Lithotripsy is a common treatment for kidney stones. Do some
research on lithotripsy to answer the following questions. Follow
the links for Nelson Physics 11, 6.2.

(a) What are kidney stones?

(b) How does lithotripsy help remove kidney stones?

(c) What is the traditional method for removing kidney stones?
(d) Why is lithotripsy the preferred method today?

www.science.nelson.com



The Universal Wave Equation

If you hold a piece of rope in your hand, you can create a crest along the rope by
moving your hand through one-half of a cycle (Figure 1). When you move your
hand in the opposite direction, a trough is produced that also travels along the
rope behind the crest. If the motion is continued, a series of crests and troughs
moves along the rope at a uniform speed. One cycle of the source produces one
crest and one trough. The frequency of the wave is defined as the number of
crests and troughs, or complete cycles, that pass a given point in the medium per
unit of time (usually 1 s). The frequency of the wave is exactly the same as that
of the source. It is the source alone that determines the frequency of the wave.
Once the wave is produced, its frequency never changes, even if its speed and
wavelength do change. This behaviour is characteristic of all waves.

6.3

distance travelled by wave during
one cycle or period of the source

Figure 1
Creating a crest and a trough along a string

E .

rest position
E .

end of first quarter-cycle
E ,

end of first half-cycle
E

end of three-quarters of a cycle
£ amplitude

end of first cycle

amplitude

Vibrations and Waves 209



universal wave equation: v = f\

210 Chapter 6

When a wave is generated in a spring or a rope, the wave travels one wave-
length (A\) along the rope in the time required for one complete vibration of the

source. Recall that this time is defined as the period (T) of the source. Since
distance

speed (v) =

v=% or v=f\

» WE can say

This equation is known as the universal wave equation. It applies to all waves,
visible and invisible.

Universal Wave Equation

v="F\

Sample Problem 1

The wavelength of a water wave in a ripple tank is 0.080 m. If the frequency of
the wave is 2.5 Hz, what is its speed?

Solution
A =0.080 m
f=25Hz
y=72
v=f\
= (2.5Hz)(0.080 m)
v = 0.20 m/s

The speed of the wave is 0.20 m/s.

Sample Problem 2

The distance between successive crests in a series of water waves is 4.0 m, and the
crests travel 9.0 m in 4.5 s. What is the frequency of the waves?

Solution Ad
Ad =9.0m V= A—t
At=45s
A=40m _90m
f=2 45s
y=2.0m/s
v=fA
v
f= A
20 m/s
T 40m
f=0.50 Hz

The frequency of the waves is 0.50 Hz.



Sample Problem 3

The period of a sound wave from a piano is 1.18 x 1073 s. If the speed of the wave

in the air is 3.4 x 102 m/s, what is its wavelength?

Solution
T=118%1073s
v =3.4x%x10%m/s

A=2 N
T
AN=+vT
= (3.4x102m/s) (1.18 x 1073 s)
A= 0.40 m

The wavelength is 0.40 m.

Practice

Understanding the Concepts

1. Calculate the speed (in metres per second) of the waves for each of
the following:
(a) f=18Hz,\=27m
(b) f=2.1x10*Hz, A\=2.0x10%cm
() T=45x10%s,A=9.0x10*m
(d) T=2.0ms, N\ =3.4km
2. Write an equation for each of the following:
(a) finterms of vand A\ (b) Tinterms of vand A\
() Ninterms of vand f (d) Nintermsof vand T

N1WILEVAEY The Universal Wave Equation

+ One vibration of the source produces one complete wavelength.

+ The frequency and the period of a wave are the same as those of the
source, and they are not affected by changes in the speed of the wave.

+ The universal wave equation, v = f \, applies to all waves.

Section 6.3 Questions

Understanding Concepts

1. A vibrator in a ripple tank with a frequency of 20.0 Hz produces
waves with a wavelength of 3.0 cm. What is the speed of the
waves?

2. A wave in a skipping rope travels at a speed of 2.5 m/s. If the
wavelength is 1.3 m, what is the period of the wave?

3. Waves travel along a wire at a speed of 10.0 m/s. Find the fre-
quency and the period of the source if the wavelength is 0.10 m.

4. A crest of a water wave requires 5.2 s to travel between two
points on a fishing pier located 19 m apart. It is noted in a series
of waves that 20 crests pass the first point in 17 s. What is the
wavelength of the waves?

(continued)

6.3

Answers
1. (a) 49 m/s
(b) 4.2 x 107 m/s
(c) 2.0 x 108 m/s
(d) 1.7 x 108 m/s
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Figure 1
A pulse from a heavy spring (left) to a light
spring (right)

fixed-end reflection: reflection from a
rigid obstacle when a pulse is inverted

free-end reflection: reflection where the
new medium is free to move and there is no
inversion
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5. The period of a sound wave emitted by a vibrating guitar string is
3.0 x 1073 s. If the speed of the sound wave is 343 m/s, what is its
wavelength?

6. Bats emit ultrasonic sound to help them locate obstacles. The
waves have a frequency of 5.5 x 10* Hz. If they travel at 350 m/s,
what is their wavelength?

7. What is the speed of a sound wave with a wavelength of 3.4 m
and a frequency of 1.0 x 102 Hz?

8. An FM station broadcasts radio signals with a frequency of
102 MHz. These radio waves travel at a speed of 3.00 x 108 m/s.
What is their wavelength?

Transmission and Reflection

Water waves and waves in long springs travel at a uniform speed as long as the
medium they are in does not change. But if two long springs that differ in stift-
ness are joined together, the speed of a wave changes abruptly at the junction
between the two springs (Figure 1). The speed change corresponds to a wave-
length change. This wavelength change is predicted by the universal wave equa-
tion. Since the frequency of a wave remains constant, the wavelength is directly
proportional to the speed; that is, A v.

When a wave travels from a light rope into a heavy rope having the same ten-
sion, the wave slows down and the wavelength decreases. On the other hand, if
the wave travels from a heavy rope to a light rope, both the speed and the wave-
length increase. These properties are true of all waves. A change in medium
results in changes both in the speed of the wave and in its wavelength. In 2
medium where the speed is constant, the relationship v = f\ predicts that A« 1
In other words, if the frequency of a wave increases, its wavelength decreases, a
fact easily demonstrated when waves of different frequencies are generated in a
rope or spring.

As you saw in Investigation 6.2.1, one-dimensional waves, such as those in a
spring or rope, behave in a special way when they are reflected. In the case of
reflection from a rigid obstacle, usually referred to as fixed-end reflection, the
pulse is inverted. A crest is reflected as a trough and a trough is reflected as a crest
(Figures 2 and 3). If the reflection occurs from a free end, where the medium is
free to move, there is no inversion—crests are reflected as crests and troughs as
troughs (Figure 2). In both fixed-end and free-end reflection there is no change
in the frequency or wavelength. Nor is there any change in the speed of the pulse,
since the medium is the same.

end end

Y, . I fixed / \_ free
Figure 2
Fixed-end and free-end reflection



What happens when a wave travels into a different medium? At the
boundary between the two media, the speed and wavelength change, and some
reflection occurs. This is called partial reflection because some of the energy is
transmitted into the new medium and some is reflected back into the original
medium. This phenomenon is shown in Figure 4 for a wave passing from a fast
medium to a slow medium. Sinc