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Chapter 10 Energy and Work

Chapter Goal: To introduce the concept of energy and to
learn a new problem-solving strategy based on conservation
of energy.
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Chapter 10 Preview
Looking Ahead: Forms of Energy

* This dolphin has lots of kinetic energy as it leaves the
water. At its highest point its energy is mostly potential
energy. T —

* You’ll learn about several of the most important forms of
energy—Kkinetic, potential, and thermal.
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Chapter 10 Preview
Looking Ahead: Work and Energy

* As the band is stretched, energy is transferred to it as
work. This energy is then transformed into kinetic energy
of the rock.

* You’ll learn how to calculate the work done by a force,
and how this work is related to the change in a system’s
energy.
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Chapter 10 Preview
Looking Ahead: Conservation of Energy

* As they slide, their potential energy decreases and their kinetic
energy increases, but their total energy is unchanged: It is
conserved.

* How fast will they be moving when they reach the bottom?
You’ll use a new before-and-after analysis to find out.
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Chapter 10 Preview

Forms of Energy Work and Energy Conservation of Energy

This dolphin has lots of kinetic energy as As the band is stretched, energy is transferred ~ As they slide, their potential energy decreases
it leaves the water. At its highest point its to it as work. This energy is then transformed ~ and their kinetic energy increases, but their
energy is mostly potential energy. into kinetic energy of the rock.

total energy is unchanged: It is conserved.

I ——

You’ll learn about several of the most You’ll learn how to calculate the work done How fast will they be moving when they reach

important forms of energy—kinetic, potential, by a force, and how this work is related to the bottom? You’ll use a new before-and-after
and thermal. the change in a system’s energy. analysis to find out.
Text: p. 283
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Chapter 10 Preview
Looking Back: Motion with Constant Acceleration

In Chapter 2 you learned how to describe the motion of a
particle that has a constant acceleration. In this chapter,
you’ll use the constant-acceleration equations to connect
work and energy.

_)
a #
9
M
A particle’s final velocity is related to its initial velocity, its
acceleration, and its displacement by

(v,); =(v,)] +2a,Ax
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Chapter 10 Preview
Stop to Think

A car pulls away from a stop sign with a constant
acceleration. After traveling 10 m, its speed is 5 m/s. What
will its speed be after traveling 40 m?

10 m/s
20 m/s
30 m/s
40 m/s

oCnawp»
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Reading Question 10.1

If a system is isolated, the total energy of the system

Increases constantly.

Decreases constantly.

Is constant.

Depends on the work into the system.
Depends on the work out of the system.

moaw»>
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Reading Question 10.1

If a system is isolated, the total energy of the system

A. Increases constantly.
B. Decreases constantly.
¢/ C. Is constant.
D. Depends on the work into the system.
E. Depends on the work out of the system.
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Reading Question 10.2

Which of the following is an energy transfer?

Kinetic energy
Work

Potential energy
Chemical energy

moawp>

Thermal energy
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Reading Question 10.2

Which of the following is an energy transfer?

A. Kinetic energy
¢/ B. Work

C. Potential energy

D. Chemical energy

E. Thermal energy
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Reading Question 10.3

If you raise an object to a greater height, you are increasing

Kinetic energy.
Heat.

Potential energy.
Chemical energy.
Thermal energy.

moaw»>
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Reading Question 10.3

If you raise an object to a greater height, you are increasing

Kinetic energy.
Heat.

. Potential energy.

Chemical energy.
Thermal energy.
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Reading Question 10.4

If you hold a heavy weight over your head, the work you do

Is greater than zero.

Is zero.

Is less than zero.

Is converted into chemical energy.
Is converted into potential energy.

moaw»
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Reading Question 10.4

If you hold a heavy weight over your head, the work you do

Is greater than zero.

. Is zero.

Is less than zero.
Is converted into chemical energy.
Is converted into potential energy.
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Reading Question 10.5

The unit of work is

The watt.
The poise.
The hertz.
The pascal.

monw»

The joule.
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Reading Question 10.5

The unit of work is

ooy

The watt.
The poise.
The hertz.
The pascal.

VE. The joule.
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Section 10.1 The Basic Energy Model

The Basic Energy Model

Every system in nature has a quantity we call its total

energy L.
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A system can have many Svstem bound
different kinds of energy. JoiclL DOUNGATY

System

b
K, Ug’ Us’ Eth’ Echem’ e

E:K+U+Eth+Echem+"'

A

“The total energy E is the sum of
the energies present in the system.
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Forms of Energy

Some important forms of energy are
* Kinetic energy K: energy of motion.

* Gravitational potential energy U,: stored energy associated
with an object’s height above the ground.

* Elastic or spring potential energy U : energy stored when a
spring or other elastic object is stretched.

e Thermal energy E,: the sum of the kinetic and potential
energies of all the molecules in an object.

* Chemical energy E . : energy stored in the bonds between
molecules.

* Nuclear energy E, ., energy stored in the mass of the

nucleus of an atom.
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Energy Transformations

Energy of one kind can be transformed into energy of
another kind within a system.

E:K+U+Eth+Echem+...
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Energy Transformations

The weightlifter converts Elastic potential energy of the
chemical energy in her body springboard is converted into
into gravitational potential kinetic energy. As the diver
energy of the barbell. rises into the air, this kinetic
energy is transformed into
gravitational potential energy.
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QuickCheck 10.1

A child is on a playground swing, motionless at the highest
point of his arc. What energy transformation takes place as
he swings back down to the lowest point of his motion?

A. K—>U,
B. U, »K
C. E, =K
D. U, >E,
E. K —E,
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QuickCheck 10.1

A child is on a playground swing, motionless at the highest
point of his arc. What energy transformation takes place as
he swings back down to the lowest point of his motion?

A K—U,
V' B. U,—K
C. E,—K
D. U, »E
E. K >E,
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QuickCheck 10.2

A skier is gliding down a gentle slope at a constant speed.
What energy transformation is taking place?

A. K—-U,
B. U, =K
C. E,—>K
D. U, »E,
E. K—>E,
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QuickCheck 10.2

A skier is gliding down a gentle slope at a constant speed.
What energy transformation is taking place?

A. K—>U,
B. U, =K
C. E, =K
v D. U, —E,
E. K—=E,
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Energy Transfers and Work

* Energy can be transferred between a system and its
environment through work and heat.

* Work is the mechanical

transfer of energy to or from

a system by pushing or
pulling on it.

* Heat is the nonmechanical
transfer of energy between
a system and the
environment due to a
temperature difference
between the two.

© 2015 Pearson Education, Inc.

The environment is everything
that is not part of the system.

2
Environment

Energy is transferred
from the environment
to the system.

Work,

heat <

o
Energy is transferred

from the system to
the environment.
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Energy Transfers and Work

The athlete does The hand does The boy does
work on the work on the work on the
shot, giving it match, giving it slingshot,
kinetic energy, thermal energy, giving it elastic
K. E,. potential

energy, U..
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QuickCheck 10.3

A tow rope pulls a skier up the slope at constant speed.
What energy transfer (or transfers) is taking place?

A. WU,

B. W—>K

C. W=E,

D. Both A and B.
E. Both AandC.
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QuickCheck 10.3

A tow rope pulls a skier up the slope at constant speed.
What energy transfer (or transfers) is taking place?

A. WU,

B. W—>K

C. W=E,

D. Both A and B.
¢/ E. BothAandC.
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The Work-Energy Equation

* Work represents energy that is transferred into or out of a
system.

* The total energy of a system changes by the amount of
work done on it.

AE —AK+ AU, £ AU + AEy £ AE jon - 0o = W

* Work can increase or decrease the energy of a system.

* If no energy is transferred into or out of a system, that is
an isolated system.
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QuickCheck 10.4

A crane lowers a girder into place at constant speed.
Consider the work W, done by gravity and the work Wy
done by the tension in the cable. Which is true?

W,>0and W;>0
W,>0and W; <0
W,<0and W;>0
W,<0and W; <0
W,=0and W;=0

moawy

0]
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QuickCheck 10.4

A crane lowers a girder into place at constant speed.
Consider the work W, done by gravity and the work W
done by the tension in the cable. Which is true?

W,>0and W;>0
W,>0and W; <0 The downward force of gravity is in the
W, <0and W;>0 direction of motion = positive work.

W,<0and W;:<0 The upward tension is in the direction
W =0 and WT =0 opposite the motion = negative work.

]

v

moawy

[0=]
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QuickCheck 10.5

Robert pushes the box to the left at constant speed. In doing
so, Robert does work on the box.

A. positive
B. negative
C. zero
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QuickCheck 10.5

Robert pushes the box to the left at constant speed. In doing
so, Robert does work on the box.

t/ A. positive
B. negative
C. zero

Force is in the direction of displacement = positive work
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The Law of Conservation of Energy

The total energy of an isolated system remains constant.

The system is
isolated from the
environment.

Environment

\\ V /

Ew

Energy can still be
The system’s total transformed within
energy E is conserved. the system.
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Section 10.2 Work

Work

Work is done on a system by external forces: forces from
outside the system.

lm

The system’s kinetic

energy increases
and the surfer
speeds up.

g

oy

7=0 ;
The force of the wind F
does work on the system.
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Calculating Work

W=Fd

Work done by a constant force F in the direction of a displacement d

* Although both the force and the displacement are vectors,

work 1is a scalar.

* The unit of work (and energy) is:

ljoule=1J=1N-m

© 2015 Pearson Education, Inc.
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Example 10.1 Work done in pushing a crate

Sarah pushes a heavy crate 3.0 m along the floor at a
constant speed. She pushes with a constant horizontal force
of magnitude 70 N. How much work does Sarah do on the
crate?

Known

F=T70N
d=30m
legp ¥V = constant

Find

After w

Uy

Before
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Example 10.1 Work done in pushing a crate
(cont.)

PREPARE We begin with the before-and-after visual overview in FIGURE
10.6. Sarah pushes with a constant force in the direction of the crate’s
motion, so we can use Equation 10.5 to find the work done.

SOLVE The work done by Sarah is
W=Fd=(70 N)(3.0m)=210J

F Known
- [ P b F — 70 N
igg . 5? d=3.0m
_V> gy V= cOnstant
- _ - > - Find
Before d After w

By pushing on the crate Sarah increases its kinetic energy, so it makes sense
that the work done is positive.
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Force at an Angle to the Displacement

* Only the component of a force in the direction of displacement
does work.
W= Fyd = Fdcos0
Work done by a constant force Fatan angle 6 to the displacement d

(b) The rider undergoes a
displacement d. |

d Yo
Flp------ F 7
L , F F
a 6 ! [4
o, oy -
Fy=Fcos ", =
The component of F parallel to the
displacement accelerates the rider.
"The component of [::/w/‘/wm/[('u/m' to

the displacement only pulls up on the
rider. It doesn’t accelerate her.

* If the force is at an angle 6 to the displacement, the component
of the force, F, that does work is Fcosé.
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Force at an Angle to the Displacement

Direction of force Angles and
relative to displacement work done
0=0°
Before: After:
3 3 cosf =1
- —_— W= Fd
(_i -
e »
0=0°
— 0 < 90°
/f'e< e e W = Fdcos6
d
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Force at an Angle to the Displacement

Direction of force Angles and
relative to displacement work done
Before: After:
— | m— 0 =90°
9 = 90° % F cosf =0

d 4 W=0

— X —> 6 > 90°
6>90°  FWJ W= Fdcos6
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Force at an Angle to the Displacement

Direction of force Angles and
relative to displacement work done
Before: After:
—_— -> 0 = 180°

6 = 180° 5 i
| CoSU — —
I /-\ !t W= —Fd

The sign of W is determined by the angle 6 between the
force and the displacement.

Uy
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QuickCheck 10.6

A constant force F pushes a particle through a displacement
AF . In which of these three cases does the force do negative
work?
AF AF Ar
-—t

F

11
M

D. Both A and B.
E. Both AandC.
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QuickCheck 10.6

A constant force F pushes a particle through a displacement
AF . In which of these three cases does the force do negative
work?

Negative work is done when the
angle between F and A7 is >90°.

¢/ D. Both A and B.
E. Both A and C.
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QuickCheck 10.7

Which force below does the most work? All three
displacements are the same.

A. The 10 N force. sin60° = 0.87
B. The 8 N force cos60° = 0.50
C. The 6 N force.

D. They all do the same work.

10N N
60° 6N
> > o—p
A7 A7

A7
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QuickCheck 10.7

Which force below does the most work? All three
displacements are the same.

A. The 10 N force. sin60° = 0.87
B. The 8 N force co0s60° = 0.50
¢/ C. The 6 N force.
D. They all do the same work.
10N 8N N
60° —
> o -
AF AF AF
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Example 10.2 Work done in pulling a suitcase

A strap inclined upward at a 45° angle pulls a suitcase
through the airport. The tension in the strap is 20 N. How
much work does the tension do if the suitcase is pulled
100 m at a constant speed?

Before: 7: ?_

T=30N
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Example 10.2 Work done in pulling a suitcase
(cont.)

PREPARE FIGURE 10.8 shows a visual overview. Since the
suitcase moves at a constant speed, there must be a rolling
friction force (not shown) acting to the left.

SOLVE We can use Equation 10.6 , with force F' =T, to find that
the tension does work:

W =1Td cos 6 = (20 N)(100 m)cos 45° = 1400 J

The tension is needed to do work on the suitcase even though the
suitcase is traveling at a constant speed to overcome friction. So
it makes sense that the work is positive. The work done goes
entirely into increasing the thermal energy of the suitcase and the
floor.
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Forces That Do No Work

A force does no work on an object if
* The object undergoes no displacement.

* The force is
perpendicular to the Before: After:

QuickCheck 10.8

I swing a ball around my head at constant speed in a circle
with circumference 3 m. What is the work done on the ball
by the 10 N tension force in the string during one revolution

displacement. of the ball?
* The part of the object

on which the force acts A. 307

undergoes no B. 20J

displacement (even if C. 10J

other parts of the object D. 0J

do move).

Text: p. 291
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QuickCheck 10.8

I swing a ball around my head at constant speed in a circle
with circumference 3 m. What is the work done on the ball
by the 10 N tension force in the string during one revolution
of the ball?

A. 30]J
B. 20J
v C. 10]
D. 0J
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Section 10.3 Kinetic Energy




Kinetic Energy

* Kinetic energy is energy of motion.

* Kinetic energy can be in two forms: translational, for
motion of an object along a path; and rotational, for the
motion of an object around an axis.

1
K=—m?
zmv

Kinetic energy of an object of mass m moving with speed v

1 2
K= EI W

Rotational kinetic energy of an object with
moment of inertia / and angular velocity @
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QuickCheck 10.9

Ball A has half the mass and eight times the kinetic energy
of ball B. What is the speed ratio v,/vg?

A. 16
B. 4
C. 2
D. 1/4
E. 1/16
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QuickCheck 10.9

Ball A has half the mass and eight times the kinetic energy
of ball B. What is the speed ratio v,/vg?

A. 16
v B 4
C. 2
D. 1/4
E. 1/16
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Rotational Kinetic Energy

 Rotational kinetic energy is a way of expressing the sum
of the kinetic energy of all the parts of a rotating object.

* In rotational kinetic energy,
the moment of inertia takes
the place of mass and the
angular velocity takes the
place of linear velocity.

V] = wr;

Each particle in the object
has kinetic energy as the
object rotates.
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Example 10.5 Speed of a bobsled after pushing

A two-man bobsled has a mass of 390 kg. Starting from rest,
the two racers push the sled for the first 50 m with a net
force of 270 N. Neglecting friction, what is the sled’s speed
at the end of the 50 m?

Example 10.5 Speed of a bobsled after pushing

(cont.)

PREPARE Because friction is negligible, there is no change in the sled’s
thermal energy. And, because the sled’s height is constant, its gravitational
potential energy is unchanged as well. Thus the work-energy equation is
simply AK = W. We can therefore find the sled’s final kinetic energy, and
hence its speed, by finding the work done by the racers as they push on the
sled. The figure lists the known quantities and the quantity v; that we want to

find.

Before:

After:

= s Al
& T ==
v, =0

Known
m=390kg F=270N
d =50m v; =0 m/s

The work done by the pushers increases the sled’s kinetic energy.
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Example 10.5 Speed of a bobsled after pushing QuickCheck 10.10
(cont.)
SOLVE From the work-energy equation, Equation 10.3, the change in A light plastic cart and a heavy F
the sled’s kinetic energy is AK = K; — K, = W. The sled’s final kinetic steel cart are both pushed with oo
energy is thus the same force for a distance
_ of 1.0 m, starting from rest. F
K=K+ W After the force is removed, g l;l
Using our expressions for kinetic energy and work, we get the kinetic energy of the light
1 . 1, plasticcartis_______ that
R = v+ Fd of the heavy steel cart.
Because v, = 0, the work-energy equation reduces to %mﬁ = Fd.
“ A. greater than
We can solve for the final speed to get B. equal to
= Ll m}gwmﬁg g lgss stthan It depends on how big the force i
i Aﬁ p ,%; T G 1004 1 . Can’t say. It depends on how big the force is.
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QuickCheck 10.10

A light plastic cart and a heavy F
steel cart are both pushed with (=N
the same force for a distance
of 1.0 m, starting from rest. F
—

After the force is removed,
the kinetic energy of the light
plastic cart is that
of the heavy steel cart.

A. greater than

V B. equal to Same force, same distance = same work done
C. less than Same work = change of kinetic energy
D. Can’t say. It depends on how big the force is.
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QuickCheck 10.11

Each of the boxes shown is pulled for 10 m across a level,
frictionless floor by the force given. Which box experiences
the greatest change in its kinetic energy?
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QuickCheck 10.11

Each of the boxes shown is pulled for 10 m across a level,
frictionless floor by the force given. Which box experiences
the greatest change in its kinetic energy?

Work-energy equation: AK = W = Fd.
All have same d, so largest work (and
hence largest AK) corresponds to
largest force.
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QuickCheck 10.12

Each of the 1.0 kg boxes starts at rest and is then is pulled
for 2.0 m across a level, frictionless floor by a rope with the
noted force at the noted angle. Which box has the highest
final speed?
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QuickCheck 10.12

Each of the 1.0 kg boxes starts at rest and is then is pulled
for 2.0 m across a level, frictionless floor by a rope with the
noted force at the noted angle. Which box has the highest
final speed?

,..
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Section 10.4 Potential Energy

Potential Energy

* Potential energy is stored energy that can be readily
converted to other forms of energy, such as kinetic or
thermal energy.

* Forces that can store useful energy are conservative
forces:
* Gravity
¢ Elastic forces

* Forces such as friction that cannot store useful energy are
nonconservative forces.
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Gravitational Potential Energy

The external force F ; 1tati
@ e The change in gr.avuatlonal
potential energy is
proportional to the change in
its height.

Vi (U7

This work increases the
Ay system’s gravitational
potential energy.

Yi> (Ugi—— Before

*The book and

~the earth are

%, the system.
a

System
boundary

Earth
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Gravitational Potential Energy

U, = mgy

Gravitational potential energy of an object of mass m at height y
(assuming U, = 0 when the object is at y = 0)

* We can choose the reference level where gravitational potential
energy U, = 0 since only changes in U, matter.

* Because gravity is a conservative force, U, =160 kJ
gravitational potential energy depends
only on the height of an object and
not on the path the object took to get
to that height.

0m
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QuickCheck 10.13

Rank in order, from largest to smallest, the gravitational
potential energies of the balls.
30v=0

1>2=4>3
1>2>3>4
3>2>4>1 2 4
3>2=4>1

oSawp
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QuickCheck 10.13

Rank in order, from largest to smallest, the gravitational
potential energies of the balls.
30v=0

1>2=4>3
1>2>3>4
3>2>4>1 2 4
3>2=4>1

oawp
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QuickCheck 10.14

Starting from rest, a marble first rolls down a steeper hill,
then down a less steep hill of the same height. For which is

it going faster at the bottom?

Faster at the bottom of the steeper hill.

Faster at the bottom of the less steep hill.

Same speed at the bottom of both hills.

Can’t say without knowing the mass of the marble.

ocawp>
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QuickCheck 10.14

Starting from rest, a marble first rolls down a steeper hill,
then down a less steep hill of the same height. For which is

it going faster at the bottom?

A. Faster at the bottom of the steeper hill.
B. Faster at the bottom of the less steep hill.
¢/ C. Same speed at the bottom of both hills.
D. Can’t say without knowing the mass of the marble.
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QuickCheck 10.15

A small child slides down the four frictionless slides A—D.
Rank in order, from largest to smallest, her speeds at the

bottom.
A, vp>va>vp > Ve
C. ve>vy>vg>vp
D. vy=vg=ve=vp A. B. - D.
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QuickCheck 10.15

A small child slides down the four frictionless slides A-D.
Rank in order, from largest to smallest, her speeds at the

bottom.
A, vp>va>vE >V
C. ve>vy>vg>vp
V' D vi=vg=ve=p A. B. c. D
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Elastic Potential Energy

¢ Elastic (or spring) potential x=0

energy is stored when a N
. Spring in equilibrium
force compresses a spring.

* Hooke’s law describes the
force required to compress
a spring.

... As x increases,
-+ 50 does F.
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Elastic Potential Energy

The elastic potential energy stored in a spring is determined
by the average force required to compress the spring from
its equilibrium length.

1
Uy = ~kx?
2

Elastic potential energy of a spring displaced a distance x from
equilibrium (assuming U; = 0 when the end of the spring is at x = 0)
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QuickCheck 10.16

Three balls are thrown from a cliff with the same speed but
at different angles. Which ball has the greatest speed just
before it hits the ground?

Ball A.
Ball B.
Ball C.
All balls have the same speed.

oawp
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QuickCheck 10.16

Three balls are thrown from a cliff with the same speed but
at different angles. Which ball has the greatest speed just
before it hits the ground?

Ball A.
Ball B.
Ball C.
All balls have the same speed.

Sowp
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QuickCheck 10.17

A hockey puck sliding on smooth ice at 4 m/s comes to a
I-m-high hill. Will it make it to the top of the hill?

4 m/s
—
] 1m

A. Yes.
B. No.
C. Can’t answer without knowing the mass of the puck.
D. Can’t say without knowing the angle of the hill.
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QuickCheck 10.17

A hockey puck sliding on smooth ice at 4 m/s comes to a
I-m-high hill. Will it make it to the top of the hill?

4 m/s
—
[E 3] I'm

A. Yes. 1, ' i -
V B. No. Emv = mgy requires v- = 2gy ~ 20 m“/s

C. Can’t answer without knowing the mass of the puck.
D. Can’t say without knowing the angle of the hill.
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Example 10.8 Pulling back on a bow

An archer pulls back the string on her bow to a distance of
70 cm from its equilibrium position. To hold the string at
this position takes a force of 140 N. How much elastic
potential energy is stored in the bow?

PREPARE A bow is an elastic material, so we will model it as
obeying Hooke’s law, F; = —kx, where x 1s the distance the
string is pulled back. We can use the force required to hold
the string, and the distance it is pulled back, to find the
bow’s spring constant k. Then we can use Equation 10.15 to
find the elastic potential energy.
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Example 10.8 Pulling back on a bow (cont.)

SOLVE From Hooke’s law, the spring constant is

_F_ MON _

x 070m
Then the elastic potential energy of the flexed bow is
U= %&x‘i = %@@@ N/m}0. 70 mpPF =49

ASSESS When the arrow is released, this elastic potential energy
will be transformed into the kinetic energy of the arrow.
According to Table 10.1, the kinetic energy of a 100 mph fastball
is about 150 J, so 49 J of kinetic energy for a fast-moving arrow
seems reasonable.
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Section 10.5 Thermal Energy




Thermal Energy

Hot object: Fast-moving molecules have lots of
kinetic and elastic potcnlial energy.

Thermal energy is the sum _ .
of the kinetic energy of - J J /) Y 2
atoms and molecules in a Ry [ J\ / d
substance and the elastic v ¥
potential energy stored in
the molecular bonds
between atoms.

Cold object: Slow-moving molecules have little
kinetic and elastic potential energy.

AL
w)u,)uw )
o Qur PR YS
A 47
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Creating Thermal Energy

Trail along which
box was dragged

Outline of box

Friction on a moving object does work. That work creates
thermal energy.

AElh fk Ax

Change in thermal energy for a system consisting of
an object and the surface it slides on, as the object undergoes
displacement Ax while acted on by friction force fi
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Example 10.9 Creating thermal energy by
rubbing

A 0.30 kg block of wood is rubbed back and forth against a
wood table 30 times in each direction. The block is moved 8.0
cm during each stroke and pressed against the table with a force
of 22 N. How much thermal energy is created in this process?

PREPARE The hand holding the block does work to push the
block back and forth. Work transfers energy into the block +
table system, where it appears as thermal energy according to
Equation 10.16. The force of friction can be found from the
model of kinetic friction introduced in Chapter 5, f, = #4n; from
Table 5.2 the coefficient of kinetic friction for wood sliding on
wood 1s g = 0.20.
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Example 10.9 Creating thermal energy by
rubbing (cont.)

To find the normal force n acting on the block, we draw the
free-body diagram of the figure, which shows only the
vertical forces acting on the block.

y

=
n

sy
Yy
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Example 10.9 Creating thermal energy by
rubbing (cont.)

SOLVE From Equation 10.16 we have AE,; = f, Ax, where f, = y#4n. The
block is not accelerating in the y-direction, so from the free-body
diagram Newton’s second law gives
YFy=n-w-F=ma,=0
or
n=w+F=mg+F=(030kg)(9.8 m/s?) +22 N =249 N

The friction force is then f, = t4n = (0.20)(24.9 N) = 4.98 N. The total
displacement of the block is 2 x 30 X 8.0 cm = 4.8 m. Thus the
thermal energy created is

AE, =f, Ax= (498 N)(4.8 m) =24 ]

ASSESS This modest amount of thermal energy seems reasonable for a
person to create by rubbing.
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Try It Yourself: Agitating Atoms

Vigorously rub a somewhat soft object such as a blackboard
eraser on your desktop for about 10 seconds. If you then
pass your fingers over the spot where you rubbed, you’ll
feel a distinct warm area. Congratulations: You’ve just set
some 100,000,000,000,000,000,000,000 atoms into motion!
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Section 10.6 Using the Law of

Conservation of Energy

Using the Law of Conservation of Energy
* We can use the law of conservation of energy to develop a
before-and-after perspective for energy conservation:
AK+ AU, + AU+ AE, =W
K + (Ug)f + (Uy;+ AE, =K, + (Ug)i + Uy, +W

* This is analogous to the before-and-after approach used
with the law of conservation of momentum.

* In an isolated system, W = 0:
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Choosing an Isolated System

TABLE 10.2 Choosing an isolated system

An object in free fall An object sliding down a An object compressing An object sliding along a
frictionless ramp a spring surface with friction

/

| i W= Fearhonball |
T Fuali on eartn f

Earth

f
Surface |

\
\

We choose the ball and the earth  The external force the ramp exerts ~ We choose the object and the The block and the surface

as the system, so that the forces  on the object is perpendicular to spring to be the system. The interact via kinetic friction
between them are internal forces.  the motion, and so does no work. forces between them are internal ~ forces, but these forces are
There are no external forces to do  The object and the earth together forces, so no work is done. internal to the system. There are
work, so the system is isolated. form an isolated system. no external forces to do work,

so the system is isolated.

Text: p. 300
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QuickCheck 10.18

A spring-loaded gun shoots a plastic ball with a launch
speed of 2.0 m/s. If the spring is compressed twice as far,
the ball’s launch speed will be

1.0 m/s
2.0 m/s
2.8 m/s
4.0 m/s
16.0 m/s

moawy
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QuickCheck 10.18

A spring-loaded gun shoots a plastic ball with a launch
speed of 2.0 m/s. If the spring is compressed twice as far,
the ball’s launch speed will be

1.0 m/s
2.0 m/s
2.8 m/s

1 1
4.0 m/s Conservation of energy: —mv?* = Ek(Ax)z
16.0 m/s Double Ax = double v

moaQw»
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QuickCheck 10.19

A spring-loaded gun shoots a plastic ball with a launch
speed of 2.0 m/s. If the spring is replaced with a new spring
having twice the spring constant (but still compressed the
same distance), the ball’s launch speed will be

1.0 m/s
2.0 m/s
2.8 m/s
4.0 m/s
16.0 m/s

SESNOR- I
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QuickCheck 10.19

A spring-loaded gun shoots a plastic ball with a launch
speed of 2.0 m/s. If the spring is replaced with a new spring
having twice the spring constant (but still compressed the
same distance), the ball’s launch speed will be

A. 1.0m/s
B. 2.0 m/s

1 1
v/ C. 28 m/s Conservation of energy: —mv?* = —k(Ax)*
D. 4.0 m/s Double k = increase 2 -

E. 16.0m/s " bYysquarerootof?2
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Example Problem

A car sits at rest at the top of a hill. A small push sends it
rolling down the hill. After its height has dropped by 5.0 m,
it is moving at a good clip. Write down the equation for
conservation of energy, noting the choice of system, the
initial and final states, and what energy transformation has
taken place.
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Example Problem

A child slides down a slide at a constant speed of 1.5 m/s.
The height of the slide is 3.0 m. Write down the equation for
conservation of energy, noting the choice of system, the
initial and final states, and what energy transformation has
taken place.
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Example 10.11 Speed at the bottom of a water
slide

While at the county fair, Katie tries the water slide, whose shape
is shown in the figure. The starting point is 9.0 m above the
ground. She pushes off with an initial speed of 2.0 m/s. If the
slide is frictionless, how fast will Katie be traveling at the
bottom?

Y Before:
¥i=9.0m
%\’/i =2.0m/s
Find: v¢
After:
yr=0m

Ve
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Example 10.11 Speed at the bottom of a water
slide (cont.)

PREPARE Table 10.2 showed that the system consisting of
Katie and the earth is isolated because the normal force of
the slide is perpendicular to Katie’s motion and does no
work. If we assume the slide is frictionless, we can use the
conservation of mechanical energy equation.

SOLVE Conservation of mechanical energy gives

or

S Fomgyy= Smvd + g
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Example 10.11 Speed at the bottom of a water
slide (cont.)

Taking y; = 0 m, we have

1 .
— Ny q— " .3 "
SV = o+ mgy

s

which we can solve to get

wo="Y "+ dgn

="V (20 mif® 4 2008 ud o0 u = 13w/

Notice that the shape of the slide does not matter because
gravitational potential energy depends only on the height above a
reference level.
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Example 10.13 Pulling a bike trailer

Monica pulls her daughter Jessie in a bike trailer. The trailer
and Jessie together have a mass of 25 kg. Monica starts up a
100-m-long slope that’s 4.0 m high. On the slope, Monica’s
bike pulls on the trailer with a constant force of 8.0 N. They
start out at the bottom of the slope with a speed of 5.3 m/s.
What is their speed at the top of the slope?
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Example 10.13 Pulling a bike trailer (cont.)

PREPARE Taking Jessie and the trailer as the system, we see that
Monica’s bike is applying a force to the system as it moves
through a displacement; that is, Monica’s bike is doing work on
the system. Thus we’ll need to use the full version of Equation
10.18, including the work term W.

y Known
Before: m=25kg
F=80N
d=100m

0
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Example 10.13 Pulling a bike trailer (cont.)

SOLVE If we assume there’s no friction, so that AE, =0,

then Equation 10.18 is

Ki+ (Ui =K+ (Uy), + W

or

2

© 2015 Pearson Education, Inc.

1 i .,
Svi + mgyy=—mvil + mgy + W
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Example 10.13 Pulling a bike trailer (cont.)
Taking y; = 0 m and writing W = Fd, we can solve for the final speed:

, _omd
v =i — gyt o

= (4.3 av/al® = 2(9.8 /)40 ) + 2B 0NK100 m)
‘ ‘ ’ Bky
=137 m'/s*
from which we find that v, = 3.7 m/s. Note that we took the work to be a

positive quantity because the force is in the same direction as the
displacement.

ASSESS A speed of 3.7 m/s—about 8 mph—seems reasonable for a bicycle’s
speed. Jessie’s final speed is less than her initial speed, indicating that the
uphill force of Monica’s bike on the trailer is less than the downbhill
component of gravity.
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Energy and Its Conservation

Gravitational potential energy is stored
energy associated with an object’s height
above the ground.

-Mass (kg) . Free-fall acceleration

Kinetic energy is the
energy of motion.

K=1my? U, :m‘;y
2% s = T8,
“=Velocity (m/s) Mass (kg)-" “-Height (m) above a

reference level y = 0

© 2015 Pearson Education, Inc.

Elastic potential energy is stored energy
associated with a stretched or compressed
spring.
DRSS . Spring constant (N/m)
— 3D
U, = skx
29
“e Displacement of end of spring
from equilibrium (m)

Text: p. 304
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Energy and Its Conservation

The system consisting of an object and the surface it
slides on gains thermal energy if friction is present.

Afth =fAx object slides (m)
. "

Change in-" " Friction
thermal energy force (N)

For an isolated system, the law of conservation of energy is

K; + (Upk + (U + AEy = K; + (Up); + (Up);

Final total energy Initial total energy

A system’s final total energy, including any increase in its
thermal energy, is equal to its initial energy.

Text: p. 304
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Section 10.7 Energy in Collisions

Energy in Collisions

* A collision in which the colliding objects stick together
and then move with a common final velocity is a perfectly
inelastic collision.

* A collision in which mechanical energy is conserved is
called a perfectly elastic collision.

* While momentum is conserved in all collisions,
mechanical energy is only conserved in a perfectly elastic
collision.

* In an inelastic collision, some mechanical energy is
converted to thermal energy.
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Example 10.15 Energy transformations in a
perfectly inelastic collision

The figure shows two train cars that move toward each other,

collide, and couple together. In Example 9.8, we used

conservation of momentum to find the final velocity shown in
the figure from the given initial velocities. How much thermal

energy is created in this collision?

Before:
ii=15m/s (v );=-—1.1m/s

my = 2.0 X 10*kg my = 4.0 X 10° kg

After:
vor=-025m/s
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Example 10.15 Energy transformations in a
perfectly inelastic collision (cont.)

PREPARE We’ll choose our system to be the two cars.
Because the track is horizontal, there is no change in
potential energy. Thus the law of conservation of energy,
Equation 10.18a, is K; + AE,;, = K,. The total energy before
the collision must equal the total energy afterward, but the
mechanical energies need not be equal.
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Example 10.15 Energy transformations in a
perfectly inelastic collision (cont.)
SOLVE The initial kinetic energy is
K= 2 S
= %m X 10 KgH(LS /5 + 40 10 kg~ mil?
=473 10%F

Because the cars stick together and move as a single object
with mass m, + m,, the final kinetic energy is
Ee= m + mpo

%{Qiﬂ = 10 k‘g}(_@xgﬁ mf 5}2 = 1966 T
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Example 10.15 Energy transformations in a
perfectly inelastic collision (cont.)

From the conservation of energy equation on the previous
slide, we find that the thermal energy increases by

AE, =K, — K;=4.7x10°T—1900J = 4.5 x 10*]

This amount of the initial kinetic energy is transformed into
thermal energy during the impact of the collision.

ASSESS About 96% of the initial kinetic energy is
transformed into thermal energy. This is typical of many
real-world collisions.
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Elastic Collisions

Elastic collisions obey conservation of momentum and
conservation of mechanical energy.

B
Before: ®;> @ K;

Energy is stored in
compressed

During: @ molecular bonds,
then released as the
bonds re-expand.

After: @'_.V @T’ Ky = K;
Vat

vif
Momentum: m, (le )i =m, (le )f +m, (sz )f

1 1 1
Energy: Eml(le)iz =5ml(V1X)?+§m2(V2X)?
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Example 10.16 Velocities in an air hockey
collision

On an air hockey table, a moving puck, traveling to the right
at 2.3 m/s, makes a head-on collision with an identical puck
at rest. What is the final velocity of each puck?
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Example 10.16 Velocities in an air hockey
collision (cont.)

Before: (vi,); =23 m/s (v,); =0m/s

- -
Uli Vai = 0

— [ ]

After: Find: (vi)f and (vo,)¢

Vit Var

(>

PREPARE The before-and-after visual overview is shown in the
figure. We’ve shown the final velocities in the picture, but we
don’t really know yet which way the pucks will move. Because
one puck was initially at rest, we can use Equations 10.20 to find
the final velocities of the pucks. The pucks are identical, so we
have m; =m, =m.
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Example 10.16 Velocities in an air hockey
collision (cont.)

SOLVE We use Equations 10.20 with m; = m, = m to get

= m
{0 = vk =0 mss

L Vit "+ mg 'ﬂ,:.a}:i

(voudy = Wih = (v = 2.3 m/f's

m+m
The incoming puck stops dead, and the initially stationary

puck goes off with the same velocity that the incoming one
had.
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Example 10.17 Protecting your head

A bike helmet—basically a shell of hard, crushable foam—is tested by
being strapped onto a 5.0 kg headform and dropped from a height of
2.0 m onto a hard anvil. What force is encountered by the headform if
the impact crushes the foam by 3.0 cm?

PREPARE We can use the work-energy
equation, Equation 10.18, to calculate the
force on the headform. We’ll choose the
headform and the earth to be the system;
the foam in the helmet is part of the
environment. We make this choice so
that the force on the headform due to the
foam is an external force that does

work W on the headform.
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Example 10.17 Protecting your head (cont.)

The headform is dropped
from a height of 2.0 m.

¢ The helmet has just touched
¥ the anvil. The foam is now

¢ pushing up on the headform.
-5 Y Vi : : :
The headform is subject to
a large force from the foam.
This force does negative
work on the headform,
slowing it down.

e, Vi

d=0.030m
Before: After:
¥ =20m,v,=0m/s Find: F yr=0m,v;=0m/s

Before-and-after visual overview of the bike helmet test
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Example 10.17 Protecting your head (cont.)

SOLVE The headform starts at rest, speeds up as it falls, then returns to rest
during the impact. Overall, then, K; = K;. Furthermore, AE,, = 0 because
there’s no friction to increase the thermal energy. Only the gravitational
potential energy changes, so the work-energy equation is

(Ug)f_ (Ug)i =W

The upward force of the foam on the headform is opposite the downward
displacement of the headform. Referring to Tactics Box 10.1, we see that the
work done is negative: W = —Fd, where we’ve assumed that the force is
constant. Using this result in the work-energy equation and solving for F,
we find

Ui — WU (Uh— Wy

Example 10.17 Protecting your head (cont.)

Taking our reference height to be y = 0 m at the anvil, we have
(Ug)f = 0. We’re left with (Ug)i = mgy,, SO
P mEgy (5.0 k)98 m/ 20 m) _
4 0030 m
This is the force that acts on the head to bring it to a halt in 3.0 cm. More

important from the perspective of possible brain injury is the head’s
acceleration:

3300N

ASSESS The accepted threshold for serious brain injury is around 300g, so
this helmet would protect the rider in all but the most serious accidents.

F= p ; p Without the helmet, the rider’s head would come to a stop in a much shorter
' distance and thus be subjected to a much larger acceleration.
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Power

Section 10.8 Power

* Power is the rate at which energy is transformed or
transferred.

_AE
At

Power when an amount of energy AE is transformed in a time interval At

P

w
P=c
At

Power when an amount of work W is done in a time interval A¢

* The unit of power is the watt:
Iwatt=1W=11J/s
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Output Power of a Force

* A force doing work transfers energy.

* The rate that this force transfers energy is the output
power of that force:

p VW I pAE g,
Af Mt Ar
P=Fy

Rate of energy transfer due to a force F acting on an object moving at velocity v
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QuickCheck 10.20

Four students run up the stairs in the time shown. Which
student has the largest power output?

80 kg 80 kg 64 kg
10 m
At=10s At=38s At=38s
A. B. c

20 m
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QuickCheck 10.20

Four students run up the stairs in the time shown. Which
student has the largest power output?

80 kg 80 kg 64 kg
10 m
At=10s At=38s At=38s
A. B. c

20 m
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QuickCheck 10.21

Four toy cars accelerate from rest to their top speed in a
certain amount of time. The masses of the cars, the final
speeds, and the time to reach this speed are noted in the
table. Which car has the greatest power?

Mass (g) Speedi (i) | Time {5)

HU(}E?&%&
8 8 8 & =
el = v me| w
] wf w| w| e
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QuickCheck 10.21

Four toy cars accelerate from rest to their top speed in a
certain amount of time. The masses of the cars, the final
speeds, and the time to reach this speed are noted in the
table. Which car has the greatest power?

Caw Dliags fg) Spoed (fs) | Time ()
V 5 108 3 z
B 200 2 2
T 0 3 3
v e 1 3
® 0 7 3
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Example 10.18 Power to pass a truck

Your 1500 kg car is behind a truck traveling at 60 mph (27
m/s). To pass the truck, you speed up to 75 mph (34 m/s) in
6.0 s. What engine power is required to do this?

PREPARE Your engine is transforming the chemical energy
of its fuel into the kinetic energy of the car. We can calculate
the rate of transformation by finding the change AK in the
kinetic energy and using the known time interval.

© 2015 Pearson Education, Inc. Slide 10-134

Example 10.18 Power to pass a truck (cont.)

SOLVE We have
1 1 ) :
K =_nwi= 5 (1500 kg)(21 m/s) =547 % 10°)

K =omvf= %{12‘%{}@% kg)34 m/s)f =867 X 10°]
so that £ ©

AK=K,-K,

1

=8.67x10]) - (5.47x10°J)=320%x10°J
To transform this amount of energy in 6 s, the power required is
_AK_320X16°]
fiks Gle
This is about 71 hp. This power is in addition to the power needed to

overcome drag and friction and cruise at 60 mph, so the total power required
from the engine will be even greater than this.

g =53000W =5 kW
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Summary: General Principles

Basic Energy Model Encrey i Environment

transformed
within the
system.,

Within a system, energy can be transformed
between various forms.

Energy can be transferred into or out of a system
in two basic ways: ‘_/ A

* Work: The transfer of energy by mechanical Work,
forces heat .
Energy is transferred to
or from the system from
or to the environment.

¢ Heat: The nonmechanical transfer of energy
from a hotter to a colder object

Text: p. 310
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Summary: General Principles

Conservation of Energy

When work W is done on a system, the system’s total energy changes by
the amount of work done. In mathematical form, this is the work-energy
equation:

AE=AK+ AU, + AU, + AEy + AEgpeny + -+ =W

A system is isolated when no energy is transferred into or out of the system.
This means the work is zero, giving the law of conservation of energy:

AK + AU, + AU, + AEg + AEgen + =+ =0

Text: p. 310
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Summary: General Principles

Solving Energy Transfer and
Energy Conservation Problems
PREPARE Draw a before-and-after visual overview.
SOLVE

» If work is done on the system, then use the before-
and-after version of the work-energy equation:

Ki + (Upe + (U + AEy = K; + (U + (Up)i + W

If the system is isolated but there’s friction present,
then the total energy is conserved:

Ki + (U + (Ups + AEy, = K + (Up); + (Uy);

If the system is isolated and there’s no friction,
then mechanical energy is conserved:

Ki + (Ut + (Uo)e = K + (Up)i + (Uy);
Assess Kinetic energy is always positive, as is the
change in thermal energy.
Text: p. 310
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Summary: Important Concepts

Kinetic energy is an energy of motion:

K= %va IF %Iw2
?,_/ (S
& F,
Translational -=*** *+==.- Rotational
Potential energy is energy stored in a system of interacting
objects.

* Gravitational potential energy: U, = mgy
1

¢ Elastic potential energy: U,= 5 kx?

Mechanical energy is the sum of a system’s kinetic and
potential energies:

Mechanical energy = K + U = K+ U, + U
Text: p. 310
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Summary: Important Concepts

Thermal energy is the sum of the microscopic kinetic and
potential energies of all the molecules in an object. The hotter
an object, the more thermal energy it has. When kinetic
(sliding) friction is present, the increase in the thermal energy
is AEth :fk A

Text: p. 310
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Summary: Important Concepts

Worle is the process by which energy is
transferred to or from a system by the
application of mechanical forces.

If a particle moves through a displacement d
while acted upon by a constant force F, the Fy = F cos 0%,

force does work %
Only the component of

the force parallel to the
displacement does work.

W= F,d= Fdcos6

Text: p. 310
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Summary: Applications

Perfectly elastic collisions
Both mechanical energy and
momentum are conserved.

Object 2 initially at rest

V1o

Before: @—> @L K;

After: Ki=K; @—> @—>

i) (e
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( lx)f_ m + ( 1x)1

(VZx)f = m . ( 1x)1

Text: p. 310
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Summary: Applications

Power is the rate at which energy is transformed . . .

pi— AE ¢--+-ee:- Amount of energy transformed

At ¢eeeeeeeee- Time required to transform it

... or at which work is done.

W ¢meemmnnnaann Amount of work done

B= Kt(- ------------ Time required to do work

Text: p. 310
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Summary

GENERAL PRINCIPLES
Basic Energy Model

Within a system, energy can be transformed
between various forms.

Energy can be transferred into or out of a system
in two basic ways:

* Work: The transfer of energy by mechanical
forces

* Heat: The nonmechanical transfer of energy
from a hotter to a colder object

Conservation of Energy

Energy is  Environment
transformed
within the
system.,

Energy is transferred to
or from the system from
or to the environment.

When work W is done on a system, the system’s total energy changes by
the amount of work done. In mathematical form, this is the work-energy

equation:

AE=AK+ AU+ AU, + AEy + AEgpem + -+ =W

A system is isolated when no energy is transferred into or out of the system.
This means the work is zero, giving the law of conservation of energy:

AK+ AU, + AU, + AEy + ABgop +
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Solving Energy Transfer and
Energy Conservation Problems

PREPARE Draw a before-and-after visual overview.

SOLVE

If work is done on the system, then use the before-
and-after version of the work-energy equation:

K+ (Upp + (U + AEy = Ki + (Up) + (Ui + W

« If the system is isolated but there’s friction present,
then the total energy is conserved:

Ki+ (U + (U + AEy = K + (Up); + (Uy);

If the system is isolated and there’s no friction,
then mechanical energy is conserved:

Ki + (U + (U = K + (Upi + (Uy);

Assess Kinetic energy is always positive, as is the
change in thermal energy.

Text: p. 310
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Summary Summary

IMPORTANT CONCEPTS

Kinetic energy is an energy of motion: Thermal energy is the sum of the microscopic kinetic and
1 1 potential energies of all the molecules in an object. The hotter
K= sm?+ 31w’ an object, the more thermal energy it has. When kinetic
2 2 S e 5 3
S S (sliding) friction is present, the increase in the thermal energy APPLICATIONS
ranslational -+ is AEy, = fiAx. : o : 5 : "
Il e . Rotations] . ) is AByp = filix Perfectly elastic collisions Power is the rate at which energy is transformed . . .
Potential energy is energy stored in a system of interacting Both mechanical energy and m = my
objects. Work is the process by which energy is momentum are conserved. Vi = m("u)i p = AE ¢ Amountof energy transformed
* Gravitational potential energy: U, = mgy transferred to or from a system by the U N ! - At €-wrreseer- Time required to transform it
1 application of mechanical forces. oo Stz 2m,
Elasti ial 3 == kx® : : 5 . . . Vo = ———— (1) ... or at which work is done.
s Cnetentiatenay U 2 Ed If a particle moves through a displacement d ] Before: C>_’ @‘ K § mytmy
. . N while acted upon by a constant force F, the Fy=Fcos 6 _ W Amount of work done
Mechanical energy is the sum of a system’s kinetic and force does work After: K=K At

: " s Time required to do work
potential energies: Only the component of (ORI

the force parallel to the
W= Fd = Fdcos6 displacement does work

Mechanical energy = K + U =K + U, + U

Text: p. 310
Text: p. 310
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