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In rock climbing, a Leader
(higher climber) is secured by
rope to a second climber who
is anchored to the rock wall.
The rope passes through one
or more runners (metal loops)
that the leader has driven into
the wall along the climbing
route. The advantage of using
runners is that the leader can
fall only a certain distance below the highest runner. A subtle danger, however, is that
the rope may snap as it is
stretched during the fall.
Many novice rock climbers
reason that this danger depends on the leader's height
above the last runner just before the fall: the greater this
height, the greater the stretch
and thus the greater the danger of snapping the rope.

Why is that

reasoning
wrong?
The answer is in this chapter.

I

Work and Potential Energy

1 8-1
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What Is Phvsics?

One job of physics is to identify the different types of energy in the world, especially those that are of common importance. One general type of energy is
potential energy U. Technically,potential energy is energy that can be associated
with the configuration (arrangement) of a system of objects that exert forces on
one another.
This is a pretty formal definition of something that is actually familiar to you.
An example might help better than the definition: A bungee-cord jumper plunges
from a staging platform (Fig. 8-1). The system of objects consists of Earth and
the jumper. The force between the objects is the gravitational force. The configuration of the system changes (the separation between the jumper and Earth
decreases-that is, of course, the thrill of the jump). We can account for the
jumper's motion and increase in kinetic energy by defining a gravitational potential energy U. This is the energy associated with the state of separation between two objects that attract each other by the gravitational force, here the
jumper and Earth.
When the jumper begins to stretch the bungee cord near the end of the
plunge, the system of objects consists of the cord and the jumper. The force
between the objects is an elastic (spring-like) force. The configuration of the
system changes (the cord stretches). We can account for the jumper's decrease
in kinetic energy and the cord's increase in length by defining an elastic potential
energy U. This is the energy associated with the state of compression or extension
of an elastic object, here the bungee cord.
Physics determines how the potential energy of a system can be calculated
so that energy might be stored or put to use. For example, before any particular
bungee-cord jumper takes the plunge, someone (probably a mechanical engineer) must determine the correct cord to be used by calculating the gravitational
and elastic potential energies than can be expected. Then the jump is only thrilling and not fatal.

13-2 Work and Potential Energy
In Chapter 7 we discussed the relation between work and a change in kinetic
energy. Here we discuss the relation between work and a change in potential
energy.
Let us throw a tomato upward (Fig. 8-2). We already know that as the tomato
rises, the work W, done on the tomato by the gravitational force is negative
because the force transfers energy from the kinetic energy of the tomato. We
can now finish the story by saying that this energy is transferred by the gravitational force to the gravitational potential energy of the tomato-Earth system.
The tomato slows, stops, and then begins to fall back down because of the
gravitational force. During the fall, the transfer is reversed: The work W, done
on the tomato by the gravitational force is now positive-that force transfers
energy fpom the gravitational potential energy of the tomato-Earth system to
the kinetic energy of the tomato.
For either rise or fall, the change AU in gravitational potential energy is
defined as being equal to the negative of the work done on the tomato by the
gravitational force. Using the general symbol W for work, we write this as

AU

=

-W.

(8-1)

This equation also applies to a block-spring system, as in Fig. 8-3. If we
abruptly shove the block to send it moving rightward, the spring force acts leftward and thus does negative work on the block, transferring energy from the
kinetic energy of the block to the elastic potential energy of the spring-block

84 The kinetic energy of a
bungee-cord jumper increases during the free fall, and then the cord
begins to stretch, slowing the
jumper.

Negative
work done
the

Positive
work done
by the

force

force

gravitational

z A tomato is thrown upward. As it rises, the gravitational
force does negative work on it, decreasing its kinetic energy. As the
tomato descends, the gravitational
force does positive work on it, increasing its kinetic energy.
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system. The block slows and eventually stops, and then begins to move leftward
because the spring force is still leftward. The transfer of energy is then reversedit is from potential energy of the spring-block system to kinetic energy of the
block.

Conservative and Monconservative Forces
Let us list the key elements of the two situations we just discussed:

X

o

(b)

Fig*8-3 A block, attached to a
and
is set in motion

at rest at

=

the 'ght.

0,

(1'

As the block moves rightward (as
indicated by the arrow), the spring
force does negative work on it. ( b )
Then, as the block moves back
toward = the 'pri% force does
positive work on it.
' 9

1. The system consists of two or more objects.
2. A force acts between a particle-like object (tomato or block) in the system
and the rest of the system.
3. When the system configuration changes, the force does work (call it Wl) on
the particle-like object, transferring energy between the kinetic energy K of
the object and some other type of energy of the system.
4. When the configuration change is reversed, the force reverses the energy
transfer, doing work W2 in the process.
In a situation in which W l = -W 2 is always true, the other type of energy is
a potential energy and the force is said to be a conservative force. As you might
suspect, the gravitational force and the spring force are both conservative (since
otherwise we could not have spoken of gravitational potential energy and elastic
potential energy, as we did previously).
A force that is not conservative is called a nonconservativeforce. The kinetic
frictional force and drag force are nonconservative. For an example, let us send
a block sliding across a floor that is not frictionless. During the sliding, a kinetic
frictional force from the floor does negative work on the block, slowing the block
by transferring energy from its kinetic energy to a type of energy called thermal
energy (which has to do with the random motions of atoms and molecules). We
know from experiment that this energy transfer cannot be reversed (thermal
energy cannot be transferred back to kinetic energy of the block by the kinetic
frictional force). Thus, although we have a system (made up of the block and the
floor), a force that acts between parts of the system, and a transfer of energy by
the force, the force is not conservative. Therefore, thermal energy is not a potential energy.
When only conservative forces act o n a particle-like object, we can greatly
s
motion of the object. The next secsimplify otherwise d i ~ c u l t p r o b l e m involving
tion, in which we develop a test for identifying conservative forces, provides one
means for simplifying such problems.

8-3 Path Independence of Conservathe Forces
The primary test for determining whether a force is conservative or nonconservative is this: Let the force act on a particle that moves along any closed path,
beginning at some initial position and eventually returning to that position (so
that the particle makes a round trip beginning and ending at the initial position).
The force is conservative only if the total energy it transfers to and from the
particle during the round trip along this and any other closed path is zero. In
other words:

We know from experiment that the gravitational force passes this closedpath test. An example is the tossed tomato of Fig. 8-2. The tomato leaves the
launch point with speed v. and kinetic energy $m$. The gravitational force acting
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on the tomato slows it, stops it, and then causes it to fall back down. When the
tomato returns to the launch point, it again has speed v. and kinetic energy
tmv;. Thus, the gravitational force transfers as much energy from the tomato
during the ascent as it transfers to the tomato during the descent back to the
launch point. The net work done on the tomato by the gravitational force during
the round trip is zero.
An important result of the closed-path test is that:

For example, suppose that a particle moves from point a to point b in Fig. 8-4a
along either path 1 or path 2. If only a conservative force acts on the particle,
then the work done on the particle is the same along the two paths. In symbols,
we can write this result as
U l a b , ~= W a h ~ r

(8-2)

where the mbscript ab indicates the initial and final points, respectively, and the
subscripts 1 and 2 indicate the path.
This result is powerful beoause it allows us to simphfy difficultproblcms when
only a conservative force is involved. Suppose you need to calculate the work
done by a conservative force along a given path between two points, and the
calculation is difficult or even impossible without additional information. You
can find the work by substituting some other path between those two paints for
which the calculation is easier and possible. Sample Problem 8-1 gives an example, but first we need to prove Eq, 8-2.

Figure 8-4b shows an arbitrary round trip for a particle that is acted upon by a
single force. The particle moves from an initial point a to point b along path 1
and then back to point a along path 2. The force does work on the particle as
the particle moves along each path. Without worrying about where positive work
is done and where negative work is done, let us just represent the work done
from a to b along path 1 as
and the work done from b back to a along path
2 as Wba,2.
If the force is conservative, then the net work done during the round
trip must be zero:
Wab.1 + W b a 2 = 09
and thus
Wab,l =

- Wba,2.

In words, the work done along the outward path must be the negative of the
work done along the path back.
Let us now consider the work Wab,2done on the particle by the force when
the particle moves from a to b along path 2, as indicated in Fig. 8-4a. If the force
is conservative, that work is the negative of Wba,2:
Wab,2 =

Substituting

-Wba,2

for -Wba,2 in Eq. 8-3, we obtain

which is what we set out to prove.
b@P#f S
The figure shows three
connecting points a and b. A single force 3
does the indicated work on a particle moving
along each path in the indicated direction. On the
basis of this information, is force F conservative?
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(4
(€4
Rg. 6-4 (a) As a conservative
force acts on it, a particle can move
from point a to point b along either
path 1or path 2. (b)The particle
moves in a round trip, from paint a
to point b along path l and then
back to point a along path 2.
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Figure 8-5a shows a 2.0 kg block of slippery cheese that sIides
along a frictionless track from point a to point b. The cheese
travels through a total distance of 2.0 m along the track, and
a net vertical distance of 0.80 m. How much work is done on
the cheese by the gravitational force during the slide?

SohItiotl: A Kcy !W here is that we cannot use Eq. 7-12

(W, = mgd cos 4) to calculate the work done by the gravitational force F, as the cheese moves along the track The
reason is that the-angle 4 between the directions of Fg and
the displacement d varies along the track in an unknown way.
(Even if we did know the shape of the track and could calculate 4 along it, the calculation could be+very difficult.)
A second Kay ldm is that because F, is a conservative
force, we can find the work by choosing some other path between a and h-one that makes the calculation easy. Let us
choose the dashed path in Fig. 8-56; it consists of two straight
segments. Along the horizontal segment, the angle +is a constant 90". Even though we do not know the displacement along
that l m ~ o n t a segment,
l
Eq. 7-12 tells us that the work Wh
done there is
Wh = mgd cos 90" = 0.

Alonkthe ve~ticalsegment, the displacement d is 0.80 m and,
with F, and d both downward, the angle 4 is a constant 0".
Thus, Eq. 7-12 gives us, for the work W, done along the ver-

(4

(b)

of cheese 'lides
a frictionless
(U) A
track from point a to point b. (h) Finding the work done on
the cheese by the gravitational force is easier along the
dashed path than along the actual path taken by the cheese;
the result is the same for both paths.
tical part of the dashed path,
W, = mgd cos 0"
= (2.0 kg)(9.8 m/s2)(0.80 m)(l)

=

15.7 J.

zg

The total work done on the cheese by as the cheese moves
from point a to point b along the dashed path is then
W = Wh + Wv = 0

+ 15.7 J = 16 J.

(Answer)

This is also the work done as the cheese slides along the track
from a to b.

8-4 Determining Pnbnntial Energy Values
H e r e we find equations that give the value of t h e two types of potential energy
discussed in this chapter: gravitational potential energy and elastic potential energy. However, first we must find a general relation between a conservative force
and the associated potential energy.
C2nsider a particle-like object that is part of a system in which a conservative
force F acts. W h e n that force does work W o n the object, t h e change AU in the
potential energy associated with t h e system is the negative of the work done. W e
wrote this fact as E q . 8-1 (AU = - W ) . F o r the most general case, in which the
force may vary with position, we may write the work W as in Eq. 7-32:

W

=

E

F(X)

dx.

This equation gives the work done by t h e force when the object moves from
point X, t o point xf, changing the configuration of the system. (Because the force
is conservative, the work is the same for all paths between those two points.)
Substituting Eq. 8-5 into Eq. 8-1,we find that the change in potential energy
due t o the change in configuration is

This is t h e general relation we sought. Let's put it t o use.

W e first consider a particle with mass m moving vertically along a y axis (the
positive direction is upward). A s the particle moves from point y, t o point yf, the

8-4 Defermining Potenfial Energy Values

Fg

gravitational force
does work on it. To find the corresponding change in the
gravitational potential energy of the particle-Earth system, we use Eq. 8-6 with
two changes: (1) We integrate along the y axis instead of the x axis, because the
gravitati~alforce acts vertically. (2) We substitute -mg for the force symbol F,
because Fghas the magnitude rng and is directed down the y axis. We then have

which yields
AU = mg(yf - y,) = mg Ay.
(8-7)
Only changes AU in gravitational potential energy (or any other type of
potential energy) are physically meaningful. However, to simplify a calculation
or a discussion, we sometimes would like to say that a certain gravitational potential value U is associated with a certain particle-Earth system when the particle is at a certain height y. To do so, we rewrite Eq. 8-7 as
U - U1 = mg(y - YJ
(8-8)
Then we take U, to be the gravitational potential energy of the system when it
is in a reference configuration in which the particle is at a reference point y,.
Usually we take U, = 0 and y, = 0. Doing this changes Eq. 8-8 to
'-ravitational potential energy

This equation tells us:
The gravitational potential energy associated with a particle-Earth system depends only an the vertical position y (or height) of the particle relative to the reference position y = 0, not on the horizontal position.

Elastic Potential Energy
We next consider the block-spring system shown in Fig. 8-3, with the block
moving on the end of a spring of spring constant k. As the block moves from
point x, to point xf, the spring force F, = -kx does work on the block. To find
the corresponding change in the elastic potential energy of the block-spring
system, we substitute -kx for F(x) in Eq. 8-6. We then have

4

4

'-

AU = kxf2 - kx?.
(8-10)
To associate a potential energy value U with the block at position X, we
choose the reference configuration to be when the spring is at its relaxed length
and the block is at X, = 0. Then the elastic potential energy U, is 0, and Eq. 8-10
becomes
U - 0 = ikx2 - 0,
which gives us
or

A particle is to move along an X axis
e a conservative force,directed along the
x a m , acts on the particle. The figure shows three situations
in which the X component of that force varies with X. The force
has the same maximum magnitude Fl in all three situations.
Rank the situations according to the change in the associated
potential Pnergy during t h nwticle's
~
motion mmt nnqitive
first.
2

at+-7

..

,is-

4

t 1 ~ ~ ~ k . a

A'

(1)

G
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z
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I

PROBLEM-SOLVING TACTICS
TA C ll C

Using the Term 'Potential Energy"

A potential energy is associated with a system as a whole.
However, you might see statements that associate it with only
part of the system. For example, you might read, "An apple
hanging in a tree has a gravitational potential energy of 30 J."
Such statements are often acceptable, but you should always

keep in mind that the potential energy is actually associated
with a system-here the apple-Earth system. Also keep in
mind that assigning a particular potential energy value, such
as 30 J here, to an object or even a system makes sense only
if the reference potential energy value is known, as explored
in Sample Problem 8-2.

A 2.0 kg sloth hangs 5.0 m above the ground (Fig, 8-6).
(a) What is the gravitational potential energy U of the slothEarth system if we take Lhe reference point y = 0 to be (1) at
the ground, (2) at a balcony floor that is 3.0 m above the
ground, (3) at the limb, and (4) 1.0 m above the limb? Take
the gravitational potential energy to be zero at y = 0.

Solution: The

Idea here is that once we have chosen
the reference point for y = 0, we can calculate the gravitational potential energy U of the system relative to that reference point with Eq. 8-9. For example, for choice (1) the sloth
is at y = 5.0 m, and
U = rngy = (2.0 kg)(9.8 m/s2)(5.0 m)
= 98 J.

(Answer)

For the other choices, the values of U are
(2) U = rngy = mg(2.0 m) = 39 J,
(3) U = rngy = mg(0) = 0 J,
14) U = mgy = mg(-1.0 m)
= -19.6 J = -20 J.

(Answer)

@. && Four choims of r~&rencepoint g = 0. Each y

(b) The sloth drops to the ground. For each choice of reference point, what is the change A U in the potential energy of
the sloth-Earth system due to the fall?

lilws is marked in units of meters. The e h o i e ~affects the;
value of the potential energy U of the sloth-E&h spbm.
However, it does not ai?£e~tthe &mge AU in potential energy of the system if the doth m m s by, my, falling.

Solution: The

(1) to (4), Eq. 8-7 tells us that

here is that the change in potential
energy does not u ~ p e r l uon the choice of the reference point
for y = 0; instead, it depends on the change in height Ay. For
all four situations, we have the same Ay = -5.0 m. Thus, for

AU

mg Ay
= -98 J.

=

=

(2.0 kg)(9.8 m/s2)(-5.0 m)
(Answer)

8-5 Conservation of Mechanical Energy
The mechanical energy Bm,, of a system is t h sum
~ of its potential energy U and
the m e t i c energy K of t h e objects within it:

In this section, we examine what happens to this mechanical energy when only
~onservativeform cause energy transfers within the ~ystm-that is, when hietional and drag forces d~ not act on the objects in the system. Also, we shall
assume that the s y g k m is isolated from its envir~ntmacthat is, no external force
from an object outside the system causes energy changes inside the system,

8-5 Conservation of Mechanical Energy
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When a conservative force does work W on an object within the system, that
force transfers energy between kinetic energy K of the object and potential energy U of the system. From Eq. 7-10, the change AK in kinetic energy is
and from Eq. 8-1, the change AU in potential energy is
A U = -W
Combining Eqs. 8-13 and 8-14, we find that
AK

=

-AU.

(8-15)

In words, one of these energies increases exactly as much as the other decreases.
We can rewrite Eq. 8-15 as
(8-16)
K2 - K, = -(U2 - Ul),
where the subscripts refer to two different instants and thus to two different
arrangements of the obiects in the system. Rearranging Eq. 8-16 yields

In words, this equation says:
the sum of K and U for
any state of a system

) (anytheother
sum of K and U for
state of the system
=

when the system is isolated and only conservative forces act on the objects in the
system. In other words:
kinetic eaergy and prsoential enwgy cm change, but their sum, t h mwh
ergy E, of %hesystem, cannot change,

r a l

m-

This result is called the principle of conservation of mechanical energy. (Now
you can see where conservative forces got their name.) With the aid of Eq. 8-15,
we can write this principle in one more form, as
The principle of conservation of mechanical energy allows us to solve problems that would be quite difficult to solve using only Newton's laws:

Figure 8-7 shows an example in which the principle of conservation of mechanical energy can be applied: As a pendulum swings, the energy of the pendulum-Earth system is transferred back and forth between kinetic energy K and
gravitational potential energy U , with the sum K + U being constant. If we know
the gravitational potential energy when the pendulum bob is at its highest point
(Fig. 8-7c), Eq. 8-17 gives us the kinetic energy of the bob at the lowest point
(Fig. 8-7e).
For example, let us choose the lowest point as the reference point, with the
gravitational potential energy U2 = 0. Suppose then that the potential energy at
the highest point is Ul = 20 J relative to the reference point. Because the bob
momentarily stops at its highest point, the kinetic energy there is Kl = 0. Substituting these values into Eq. 8-17 gives us the kinetic cnergy K2 at the lowest
point:
K 2 + 0 = O + 2 0 J or K 2 = 2 0 J .

In olden days, a native Alaskan
would be tossed via a blanket to be
able to see farther over the flat terrain. Nowadays, it is done just for
fun. During the ascent of the child
in the photograph, energy is transferred from kinetic energy to gravitational potential energy. The maximum height is reached when that
transfer is complete. Then the transfer is reversed during the fall.
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8.p A pendulum, with its
mass wn~entrateclin a bob at the
lower end, s w i m back and farth.
One full cycle of the motion is
shorn. D&g tbs cycle ths values
of the potenthl and k & i e energies
of the penddum-Earth tySGiem vary
as the bob rims end W,but the
medrded enmm E,, of the system remains constant. The energy
E, can be described as continuously shifting between the kinetic
and potential forms. In stages (a)
and (e),all the energy is kinetic energy. The bob then has its greatest
speed and is at its lowest point. In
stages (c) and (g), all the energy is
potential energy*The bob then h&
zero speed and is at its highest
point. In stages (b),(d), (f ), and
(h),half the energy is kinetic energy
and half is potential energy. If the
swinging involved a frictional force
at the paint where the pendulum is
attached to the ceiling, or a drag
force due to the air, then E,,,,
would not be conserved, and eventually the pendulum would stop.

Note that we get this result without considering the motion between the highest
and lowest points (such as in Fig. 8-7d) and without finding the work done by
any forces involved in the motion.
The figure shows four situations-one in which an initially
ionary block is dropped and three in which the block is allowed to slide down
frictionless ramps. (a) Rank the situations according to the kinetic energy of the block
at point B, greatest first. (b) Rank them according to the speed of the block at point
B, greatest first.

8-4 Conservation of Mechanical Energy
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In Fig. 8-8, a child of mass m is released from rest at the top
of a water slide, at height h = 8.5 m above the bottom of the
slide. Assuming that the slide is frictionless because of the
water on it, find the child's speed at the bottom of the slide.

my Idha here is that we cannot find her spccd
at the bottom by using her acceleration along the slide as we
might have in earlier chapters because we do not know the
slope (angle) of the slide. However, because that speed is related to her kinetic energy, perhaps we can use the principle
of conservation of mechanical energy to get the speed. Then
we would not need to know the slope. A second
1Qmis
that mechanical energy is conserved in a system if the system
is isolated and if only conservative forces cause energy transfers within it. Let's check.
Forces: Two forces act on the child. The gravitational
force, a conservative force, does work on her. The normal
forre on her from the slide does no work because its direction
at any point during the descent is always perpendicular to the
direction in which the child moves.
System: Because the only force doing work on the child
is the gravitational force, we choose the child-Earth system
as our system, which we can take to be isolated.
Thus, we have only a conservative force doing work in
an isolated system, so we can use the principle of conservation
of mechanical energy. Let the mechanical energy be E,,,,
when the child is at the top of the slide and E,,,, when she
is at the bottom. Then the conservation principle tells us
Sohltion: A

To show both kinds of mechanical energy, we have

z m p l e Problem 8-4

'

down a water slide as she
descends a height h.

1

$m$ + mgyb = fmvf
Dividing by m and rearranging yield

or

Putting v,

-

-

v% v?

+2

+ mgy,.

d ~ t yb)*

0 and y, - yb = h leads to

vb =

m

=

= 13 mts.

$(2)(9.8 m/s2)(8.5 m)
(Answer)

This is the same speed that the child would reach if she fell
8.5 m verticdly. On an a u a l slide, some frictional forces
would act and the child would not be moving quite so East,
Although this problem is hard to solve directly with Newton's laws, using con~ervationof mechantcal energy makes the
solution much easier. However, if we were asked to find the
time taken for the child to reach the bottom of the slide, energy methads would be of no use; we would need to know the
shape of the slide, and we would have a .difficult problem.

'

Figure 8-9a shows a rock-climbing situation in which a leader
f a h from a height H above a runner (the kxed metal loop
through which the rope runs) while a (lower) second climber
holds fast to the rope, to limit the fall. When the falling leader
reaches distance H below the runner, the rope begins to
stretch. The stretch is maximum when the leader has fallen an
additional distance d and has come to a stop. The force on the
rope is then maximum at magnitude F.,
That is the really
dangerous part of the fall because F,, could be large enough
to snap the rope.
To calculate F,,,
we first approximate that a rope is
stretched like a spring according to Hooke's law (Eq. 7-21,
F, = -kx). For any particular rope, the spring constant k depends on (1) the length L of the rope and (2) the elasticity
er,,, of the rope material (roughly, the material's ability to
stretch):
Here, assume the rope has a typical elasticity of em,, = 20 kN
and the leader has a mass of m = 80 kg. Take the positive
direction of a vertical y axis to be up. Calculate F,, for the
long fall of Fig. 8-9a and the short fall of Fig. 8-9c. For which
fall is the rope in more danger of snapping?

S0hfi0n: Because it stretches like a spring, a rope stores
elastic potential energy due to the conservative spring force.

Idea, then, is that perhaps we can apply the principle
A
of conservation of mechanical energy between the leader's
initial position (at the start of the fall) and the leader's lowest

B-9 (a)A leader located at & m c e L above a second c h b e r and at distance H above a metal rumer anchored to the rock wall. (b] The lowest positkm of the fallen
leader, with the rope gtretched by distance d. (c) A leader at
shorter distances L and H.
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position (at maximum stretch of the rope). In that case, a second
I&a is that mechanical energy is conserved in our
system (leader-Earth-rope) if the system is isolated and if
only conservative forces cause energy transfers within it. Let's
check.
Forces: The gravitational force between the leader and
Earth transfers energy from gravitational potential energy to
kinetic energy. Once the rope begins to stretch, the spring
force transfers energy to elastic potential energy of the rope.
The gravitational force and the spring-like force are both con-

~rvatlve,
System: The system includes both forces and all the energy transfers, and we can take it to be isolated.
~ h u we
s can apply the principle of conservation of mechanical energy to this system. From Eq. 8-18, we can write
the principle as

AK + AU, + AU,,,,

=

0,

= mg

Ay = mg(-2H - d).

Elastic potential energy: At the beginning of the fall, the
rope is not stretched; at the end, it is stretched by distance d.
Thus, from Eq. 8-10 (AU = $k$ - ikxz), the change in the
elastic potential energy is
AU,

=

4kd2 - 4 k(0)'

= $kd2.

Inserting these three energy changes into Eq. 8-20, we obtain
0

+ mg(-2H

- d)

hkd2 - mgd

or

-

+ ikd2 = 0,

2mgH = 0.

This is a quadratic equation in terms of d. Its general
solution (see Appendix E) is

-

-

TACT r c

F,,,,, = kd
= mg

+ J(mg)2 + 4kmgH.

Aubstituting for k from Eq. 8-19, we can next write

(8-20)

where AK is the change in the leader's kinetic energy, AU, is
the change in the system's gravitational potential energy, and
AU,,, is the change in the system's elastic potential energy.
All three energy changes in Eq. 8-20 must be computed between the leader's initial and lowest positions.
Kinetic energy: Because the leader is momentarily stationary at both points, we have AK = 0.
Gravitational potential energy: From Eq. 8-7, we know
that AU, = mg Ay, where Ay is the change in the leader's
elevation during the fall. The leader falls by distance H to
reach the runner, by H again to the point where the rope
begins to stretch, and then by distance d during the stretching
(Fig. 8-96). So we have
AU,

Only the positive root gives a positive value for stretch disthe magnitude of
tance d. Then, from Eq. 7-21 (F, = -h),
the force on the rope is

The quantity 2His the distance the leader falls before the rope
begins to stretch. In the long fall of Fig. 8-9a, 2H = 6.0 m and
the length of the rope is L = 13 m. The weight of the leader
is mg = (80 kg)(9.8 m/s2) = 784 N, and the elasticity of the
rope material is er,*, = 20 000 N. Substituting these values
into Eq. 8-21 gives us

(Answer)
For the short fall of Fig. 8-9c, the leader falls by only
2H = 2.0 m before the rope begins to stretch; thus, the danger
of snapping the rope seems less. However, when we substitute
2 H = 2.0 m and L = 3.0 m into Eq. 8-21, we find
F,,

= 5.4 X lo3 N.

(Answer)

Thus, the shorter fall here is actually more dangerous.
Skilled climbers know that the danger of snapping the
rope does not depend only on the leader's distance H above
the highest runner. Rather, it depends on the ratio of 2H/L,
which is known as the fall factor. To estimate the danger during a climb, a skilled climber simply estimates the fall factor;
the greater its value, the greater the danger of snapping the
rope. When the danger is too high, the climber anchors another runner to reduce it. The fall factor for the long fall of
Fig. 8-9a is 6/13 = 0.46, and for the short fall of Fig. 8-9c it is
2/3 = 0.67. Thus Fig. 8-9c has the greater danger, and the leader
should anchor another runner before going much higher.

-

Conservation of Mechanical Energy
Asking the following questions will help you to solve problems
involving the principle of conservation of mechanical energy.
For what system is mechanical energy conserved? You
should be able to separate your system from its environment.
Imagine drawing a closed surface such that whatever is inside
is your system and whatever is outside is the environment of
that system. In Sample Problem 8-3 the system is the child +
Earth; in Sample Problem 8-4 it is the leader + Earth + rope.
Is fnction or drag present? If friction or drag is present,
mechanical energy is not conserved.
2:

Is your system isolated? The principle of conservation of
mechanical energy applies only to isolated systems. That
means that no external forces (forces exerted by objects outside the system) should do work on the objects in the system.
What are the initial and final states of your system? The
system changes from some initial configuration to some final
configuration. You apply the principle of conservation of mechanical energy by saying that E,, has the same value in both
these configurations. Be very clear about what these two configurations are.

8-6 Reading a Potential Energy Curve
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8 4 Reading a Potential Energy Curve
Once again we consider a particle that is part of a system in which a conservative
force acts. This time suppose that the particle is constrained to move along an X
axis while the conservative force does work on it. We can learn a lot about the
motion of the particle from a plot of the system's potential energy U(x). However
before we discuss such plots, we need one more relationship.

Equation 8-6 tells us how to find the change AUin potential energy between two
points in a one-dimensional situation if we know the force F(x). Now we want
to go the other way; that is, we know the potential energy function U(x) and
want to find the force.
For one-dimensional motion, the work W done by a force that acts on a
particle as the particle moves through a distance Ax is F(x) Ax. We can then
write Eq. 8-1 as
AU(x) = -W = -F(x) Ax.
Solving for F(x) and passing to the differential limit yield

which is the relation we sought.
We can check this result by putting U(x) = $ kx2,which is the elastic potential
energy function for a spring force. Equation 8-22 then yields, as expected,
F(x) = -kx, which is Hooke's law. Similarly, we can substitute U(x) = mgx,
which is the gravitational potential energy function for a particle-Earth system,
with a particle of mass m at height X above Earth's surface. Equation 8-22 then
yields F = -mg,which is the gravitational force on the particle.

Figure 8-10a is a plot of a potential energy function U(x) for a system in which
a particle is in one-dimensional motion while a conservativeforce F(x) does work

F&

@-S# (a) A plot of U(x),
the potential energy function
of a system containing a particle confined to move along an
X axis. There is no friction, so mechanical energy is conserved. (b) A plot of the force F(x)acting on the particle,
derived from the potential energy plot by taking its slope at
various points. (c) The U(x) plot of (a) with three possible
values of E,, shown.

\ \ - ~ i force, -X direction
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on it. We can easily find F(x) by (graphically) taking the slope of the U(x) curve
at various points. (Equation 8-22 tells us that F(x) is the negative of the slope of
the U(x) curve.) Figure 8-lob is a plot of F(x) found in this way.

Turning Point's
In the absence of a nonconservative force, the mechanical energy E of a system
has a constant value given by
(8-23)
U(x) + K(x) = E,,,.
Here K(x) is the kinetic energy function of a particle in the system (this K(x)
gives the kinetic energy as a function of the particle's locationx). We may rewrite
Eq. 8-23 as
(8-24)
K(x) = E,,, - U(X).
Suppose that E,, (which has a constant value, remember) happens to be 5.0 J.
It would be represented in Fig. 8-10a by a horizontal line that runs through the
value 5.0 J on the energy axis. (It is, in fact, shown there.)
Equation 8-24 tells us how to determine the kinetic energy K for any location
X of the particle: On the U(x) curve, find U for that location x and then subtract
U from E,,, . For example, if the particle is at any point to the right of X,, then
K = 1.0 J. The value of K is greatest (5.0 J) when the particle is at x2 and least
(0 J) when the particle is at X,.
Since K can never be negative (because v2 is always positive), the particle
can never move to the left of X,, where E,, - U is negative. Instead, as the
particle moves toward xl from x2, K decreases (the particle slows) until K = 0
at xl (the particle slops there).
Note that when the particle reaches XI,the force on the particle, given by
Eq. 8-22, is positive (because the slope dUldx is negative). This means that the
particle does not remain at xl but instead begins to move to the right, opposite
its earlier motion. Hence X, is a turning point, a place where K = 0 (because
U = E ) and the particle changes direction. There is no turning point (where
K = 0) on the right side of the graph. When the particle heads to the right, it
will continue indefinitely.

Equtiibfium Points
Figure 8-10c shows three different values for E,, superposed on the plot of the
potential energy function U(x) of Fig. 8-10a. Let us see how they change the
situation. If E,, = 4.0 J (purple line), the turning point shifts from X, to a point
between X, and x2. Also, at any point to the right of x5, the system's mechanical
energy is equal to its potential energy; thus, the particle has no kinetic energy
and (by Eq. 8-22) no force acts on it, and so it must be stationary. A particle at
such a position is said to be in neutral equilibrium. (A marble placed on a horizontal tabletop is in that state.)
If E,, = 3.0 J (pink line), there are two turning points: One is between X,
and x2, and the other is between x4 and x5. In addition, x3 is a point at which
K = 0. If the particle is located exactly there, the force on it is also zero, and the
particle remains stationary. However, if it is displaced even slightly in either
direction, a nonzero force pushes it farther in the same direction, and the particle
continues to move. A particle at such a position is said to be in unstable equilibrium. (A marble balanced on top of a bowling ball is an example.)
Next consider the particle's behavior if E,, = 1.0 J (green line). If we place
it at x4, it is stuck there. It cannot move left or right on its own because to do so
would require a negative kinetic energy. If we push it slightly left or right, a
restoring force appears that moves it back to X,. A particle at such a position is
said to be in stable equilibrium. (A marble placed at the bottom of a hemispher-

&p

Work Done on a System by an External Force

ical bowl is an example.) If we place the particle in the cup-like potential well
centered at x 2 , it is between two turning points. It can still move somewhat, but
only partway to xlor x3.

8-7 Work Done on o mSystem by on External Force
In Chapter 7, we defined work as being energy transferred to or from an object
by means of a force acting on the object. We can now extend that definition to
an external farce acting on a system of obiects.
Work is energy transferred to or from a s
m that %%tern.

Figure 8-11a represents positive work (a transfer of ezlergy to a system), and Fig.
8-llb represents negative work {a trarasfer of energy from a system), When more
than one force acts on a system, their net work is the energy transferred to or
from the system.
These transfers are like transfers of money to and from a bank account. If a
system consists of a single partide or particle-like object, as in Chapter 7, the
work done on the system by a force can change only the kinetic energy of the
system. The energy statement for such transfers is the work-kinetic energy theorem of Eq. 7-10 (M = W); that is, a single particle has only one energy account,
called kinetic energy. External forces can transfer energy into or out of that
account. If a system is more complicated, however, an external force can change
other f o r m of energy (such as potential energy); that is, a more camplicated
system can have multiple energy accounts.
Let us find energy statements for such systems by e x a a i n i g two basic dtuations, one that does not involve Mction and one that do&.

(5)
-i;l

(a) Positive work W

dcme on an arbitrary system means
a transfer of energy to the system.
(b)Negative work W means a transfer of energy from the system

To compete in a bowling-ball-hurling contest, you first squat and cup your hands
under the ball on the floor. Then you rapidly straighten up while also pulling
your hands up sharply, launching the ball upward at about face level. During
your upward motion, your applied force on the ball obviously does work; that is,
it is an external Iorce that transfers energy, but to what system?
To answer, we check to see which energies change. There is a change AK in
the ball's kinetic energy and, because the ball and Earth become more separated,
there is a change AU in the gravitational potential energy of the ball-Earth
system. To include both changes, we need to consider the ball-Earth system.
Then your force is an external force doing work on that system, and the work is
m~ a
,
-

-

- .;

,a , *-*..&,/,i
*-;

-

(work done on system, no friction involved), @';

where A E,,

(8-26)

is the change in the mechanical energy of the system. These two
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8-22

Ball-Earth

Positive work W is done

on a system of a bowling ball and

causiilg iichange A E,,
the mechanical energy of the SY$tem, a change AK in the ball's kinetic energy, and a change AU in
the system's gravitational potential
energy.

equations, which are represented in Fig. 8-12, are equivalent energy statements
for work done on a system by an external force when friction is not involved.

We next consider the example in Fig. 8-13a. A constant horizontal force Fpulls
a block along an x axis and through a displacement of magnitude d, increasing
the block's velocity from goto C. During the motion, a constant kinetic frictional
force
from the floor acts on the block. Let us first choose the block as our
system and apply Newton's second law to it. We can write that law for compo-

Tk

nents along the X axis (F,,, = W )
F - fk = ma.

(8-27)

Because the forces are constant, the acceleration is also constant. Thus, we can
use Eq. 2-16 to write

Solving this equation for a, substituting the result into Eq. 8-27, and rearranging
then give us
or, because $mv2- tmvi = AK for the block,
In a more general situation (say, one in which the block is moving up a ramp),
there can be a change in potential energy. To include such a possible change, we
generalize Eq. 8-29 by writing
Fd = A E,,,,,

/ C

__-l
\
. .system

+ fkd.

By experiment we find that the block and the portion of the floor along which
it slides become warmer as the block slides. As we shall discuss in Chapter 18,
the temperature of an object is related to the object's thermal energy Eth(the
energy associated with the random motion of the atoms and molecules in the
object). Here, the thermal energy of the block and floor increases because (1)
there is friction between them and (2) there is sliding. Recall that friction is due
to the cold-welding between two surfaces. As the block slides over the floor, the
sliding causes repeated tearing and reforming of the welds between the block
and the floor, which makes the block and floor warmer. Thus, the sliding increases
their thermal energy Eth.
Through experiment, we find that the increase AEthin thermal energy is
equal to the product of the magnitudes fk and d:
!

h

,i

AEth = fAd

(mmca\e in thern~alenergy by sliding).

(€m)

Thus, we can rewrite Eq. 8-30 as

Fd = AE,,,

(6)

Fig. 8-13 (a) A block is pulled
across a floor by force_?while a kinetic frictional force f opposes the
motion. The block has velo5ty F'' at
the start of a displacement d and
velocity Fat the end of the displacement. (6) Positive work W is
done o_nthe block-floor system by
force F, resulting in a change AE,,
in the block's mechanical energy
and a change AEth in the thermal
energy of the block and floor.

+ AE,.

(8-32)

Fd is the work W done by the external force ? (the energy transferred by
the force), but on which system is the work done (where are the energy transfers
made)? To answer, we check to see which energies change. The block's mechanical energy changes, and the thermal2nergies of the block and floor also change.
Therefore, the work done by force F is done on the block-floor system. That
work is

WI
equazim, which is represeated in Fig. 8-138,is t
ke m r w statement for the
work done on a system by

an external force w h ~ friction
n
is involved.

Bcz

Trial

C

F

Result on Block's Speed

8.0 N

decreases
remains constant
increases
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Sample Problem 8-5The prehistoric people of Easter Island carved hundreds of
gigantic stone statues in a quarry and then moved them to
sites all over the island (Fig. 8-14). How they managed to
move the statues by as much as 10 km without the use of
sophisticated machines has been hatly debated. They most
likely cradled each statue in a wooden sled and then pulled
the sled over a "runway" consisting of almost identical logs
acting as rollers. In a modem reenactment of this technique,
25 men were able to move a 9000 kg Easter Island-type statue
45 m over level ground in 2 min.
(a) Estimate the work the net force Ffrom the men did during
the 45 m displacement of the statue, and determine the system
on which that force did the work.

B*&$ Easter I s b d stone statue.

Solution:

One Ihy idea is that we can calculate the work
done with Eq. 7-7 (W = Fd cos 4). Here d is the distance
45 m, F is the magnitude of the net force on the statue from
the 25 men, and 4 = 0". Let us estimate that each man pulled
with a force magnitude equal to twice his weight, which we
take to be the same value mg for all the men. Thus, the magnitude of the net force was F = (25)(2mg) = 50mg. Estimating
a man's mass as 80 kg, we can then write Eq. 7-7 as

W = Fd cos 4 = 50mgd cos 4
= (50)(80 kg)(9.8 m/s2)(45 m) cos 0"
= 1.8 X 106 J = 2 MJ.
(Answer)
t&a in determining the system on which the
The
work is done is to see which energies change. Because the
statue moved, there was certainly a change AK in its kinetic
energy during the motion. We can easily guess that there must
have been considerable kinetic friction between the sled, logs,
and ground, resulting in a change AE, in their thermal energies. Thus, the system on which the work was done consisted
of the statue, sled, logs, and ground.
(b) What was the increase AE, in the thermal energy of the
system during the 45 m displacement?

SOhItiOIl: The K e y Idm here is that we can relate AEth to
the work W done by F with the energy statement of Eq. 8-33

for a system that involves friction:
W

AE,,,

+ AEth.

We know the value of W from (a). The change AE,,, in the
statue's mechanical energy was zero because the statuc was
stationary at the beginning and the end of the move and its
elevation did not change. Thus, we find

AE, = W = 1.8 X 106J

-

2 MJ.

(Answer)

(c) Estimate the work that would have been done by the 25
men if they had moved the statue 10 km across level ground
on Easter Island. Also estimate the total change AE, that
would have occurred in the statue-sled-logs-ground system.

S0hlfiOtl:

The LZay td- here are the same as in (a) and (b).
Thus we calculate W as in (a), but with 1 X 104 m now substituted for d. Also, we again equate AEth to W. We get

W = AEth = 3.9 X 108J = 400 MJ.

(Answer)

This would have been a staggering amount of energy for the
men to have transferred during the movement of a statue. Still,
the 25 men could have moved the statue 10 km, and the required energy does not suggest some mysterious source.
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A food shipper pushes a wood crate of cabbage heads (total
mass m = 14)g) across a concrete floor with a constant horizontal force F of magnitude 40 N. In a straight-line displacement of magnitude d = 0.50 m, the speed of the crate decreases from v. = 0.60 mls to v = 0.20 mls.
(a) Haw much work is done by force p, and on what system

mal energy of the crate and the floor. Therefore, the system
on which the work is done is the crate-floor system, because
both energy changes occur in that system.
(b) What is the increase AEth in the thermal energy of the
crate and floor?

dmii do the woxk?

S0hti0n: The l& lidaia here is that we can relate AE* to
the work W done by ?with the energy statement of Eq. 8-33

Solution: One Kaqr: tQIPa is that Eq. 7-7 holds here: The work

for a system that involves friction:

W done by 3 can be calculated as

W = Fd cos C$
= 20 J.

=

W = AE,,,

(40 N)(0.50 m) cos 0"
(Answer)

Ii&
in determining the system on which the
The
work is done is to see which energies change. Because the
crate's speed changes, there is certainly a change AK in the
crate's kinetic energy. Is there friction between the floor a n t
the crate, and thus a change in thermal energy? Note that F
and the crate's velocity have the same directi2n. Thus, a
Idea here is that if there is no friction, then F should be accelerating the crate to a greater speed. However, the crate is
slowing, so there must be friction and a change AEa in ther-

+ A&.

(8-34)

We know the value of W from (a). The change AE,
in the
crate's mechanical energy is just the change in its kinetic energy because no potential energy changes occur, so we have
AEme, = AK

= $m2-

imv:.

Substituting this into Eq. 8-34 and solving for AEth,we find

AE,

- $mv$) = W - $m(v2- V:)
W20 J - $(l4 kg)[(0.20 m l ~ -) ~(0.60 m l ~ ) ~ ]
(Answer)
= 22.2 J = 22 J.

=
=

8-8 Conservation of Energy
We now have discussed several situations in which energy is transferred to or
from objects and systems, much like money is transferred between accounts. I n
each situation we assume that the energy that was involved could always be
accounted for; that is, energy could not magically appear or disappear. In more
formal language, we assumed (correctly) that energy obeys a law called the law
of conservation of energy, which is concerned with the total energy E of a system.
That total is the sum of the system's mechanical energy, thermal energy, and any
type of internal energy in addition to thermal energy. (We have not yet discussed
other types of internal energy.) The law states that

The only type of energy transfer that we have considered is work W done o n a
system. Thus, for us at this point, this law states that
-15 To descend, the rock
climber must transfer energy from
the gravitational potential energy of
a system consisting of her, her gear,
and Earth. She has wrapped the
rope around metal rings so that the
rope rubs against the rings. This allows most of the transferred energy
to go to the thermal energy of the
rope and rings rather than to her kinetic energy.

where A E, is my change in the mechanical energy of the systm, A Ea is any
change in the thermal energy of the system, and P E , is any change in any other
type of internal energy of the system. Included in BE,,, are changes AK in
kinetic energy and changes AU in potential energy (elastic, gravitational, or any
other type we might find).
This law of conservation of energy is not something we have derived from
basic physics principles. Rather, it is a law based on countless experiments. Scientists and engineers have never found a n exception t o it.

8.8 Conservation of Energy

If a system is isolated fkom its environment, there can be no energy transfers to
or from it. For that case, the law of conservation of energy states:

Many energy transfers may be p i n g on withi~1an isolated system-between, say,
kinetic energy and a potential energy or between kinetic energy and therm1
energy. However, the total of all the types of energy in the system c m o t change.
We can use the rock climber in Fig. 8-15 as an example, approximating her,
her gear, and Earth as an isolated system. As she rappels dawn the rock face,
changing the configuration of the system, she needs to control the transfer of
energy from the gravitational potential energy of the system. (Tnat energy cannot
just disappear.) Some of it is transferred to her kinetic energy. However, she
obviously does not want very much transferred to that type or she will be moving
too quickly, so she has wrapped the rope around metal rings to produce friction
between the rope and the rings as she moves down. The sliding of the rings on
the rope then transfars the gravitational potential energy of the system to thermal
energy of the rings and rope in a way that she can control. The total energy of
the climber-gear-Earth system (the total of its gravitational potential energy,
kinetic energy, and thermal energy) does not change during her descent,
For an isolated system, the law of c o ~ r v a t i o nof energy can be written in
two ways. First, by sctting W = 0 in Eq. 8-35, we get

We c m also let A Em% = Emz where the subscripts 1and 2 refer to
two different instants-say, before and after a certain proceso has occurred. Then
Eq. 8-36 becomes

In an isolated system, we can relate the total energy at one instaat to the total
energy at another instant without considering the energies at intermediate time2

This fact can be a very powerful tool in solving problems about isolated systems
when you need to relate energies of a system before and after a certain process
occurs in the system.
Tn Section 8-5, we discussed a special situation for isolated systcms-namely,
the situation in which nonconservative forces (such as a kinetic frictional force)
do not act within them. In that special situation, AE,, and AEi,, are both zero,
and so Eq. 8-37 reduces to Eq. 8-18. In other words, the mechanical energy of
an isolated system is conserved when nonconservative forces do not act in it.

X

(C)

An external force can change the kinetic energy or potential energy of an object
without doing work on the object-that is, without transferring energy to the
object. Instead, the force is responsible for transfers of energy from one type to
another inside the object.
Figure 8-16 shows an example. An initially stationary ice skater pushes away
from a railing and then slides over the ice (Figs. 8-16a and 6). Her kinetic energy
increases because of an external force 3 on her from the rail. However, that force
does not transfer energy from the rail to her. Thus, the force does no work on

( a ) As a skater pushes
herself away from a railing, the
force on her from the railing is 2.
(b) After the skater leaves the railing, sh_e has velocity $. (c) External
force F acts on the skater, at angle
with a horizontal x axis. When the
skater goes through displacement
2, her velocity is changed from To
(= 0) to-? by the horizontal component of F.

+
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8-27 A vehicle accelerates to
the right using four-wheel drive.
The road exerts four frictional
farces (two of them shown) on the
bottom surfaces of the tires. Taken
together, these four forces make up
the net external force F acting on
the car.

her. Rather, her kinetic energy increases as a result of internal transfers from the
biochemical energy in her muscles.
Figure 8-17 shows another example. An engine increases the speed of a car
with four-wheel drive (all four wheels are made to turn by the engine). During
the acceleration, the engine causes the-tires to push backward on the road surface.
This push produces frictional forces f that act on each tire in the forward direction. The net external force 3 from the road, which is the sum of these frictional
forces, accelerates the car, increasing its kinetic energy. However, F does not
transfer energy from the road to the car and so does no work on the car. Rather,
the car's kinetic energy increases as a result of internal transfers from the energy

stored in the fuel.
In situations like these two, we can ~ ~ m e W relate
t j : the external force Fon
an object to the change in the object's mechanical energy if we can simplify the
situation. Consider the ice skater example. During her push through distance d
in Fig. 8-l6c, we can simplify by assuming that the acc_elerationis constant, her
speed changing from v. = 0 to v. (That is, we assume F has constant magnitude
F and angle 4.)After the push, we can simplify the skater as being a particle and
neglect the fact that the exertions of her muscles have increased the thermal
energy in her muscles and changed other physiological features. Then we can
apply Eq. 7-5 ($mv2 - imvg = Fxd) to write
K - K O = ( F cos +)d,
AK = Fd cos 4.
If the situation also involves a change in the elevation of an object, we can
include the change AU in gravitational potential energy by writing
AU

+ AK = Fdcos 4.

The force on the right side of this equation does no work on the object but is
still responsible for the changes in energy shown on the left side.

Now that you have seen how energy can be transferred from one type to another,
we can expand the definition of power given in Section 7-9. There power is defined as the rate at which work is done by a force. In a more general sense, power
P is the rate at which energy is transferred by a force from one type to another.
If an amount of energy AE is transferred in an amount of time At, the average
power due to the force is

Similarly, the ins~tantsouspower due to the force is

In Fig. 8-18, a 2.0 kg package of tamale slides along a floor
with speed vl = 4.0 mls. It then runs into and compresses a
spring, until the package momentarily stops. Tts path to the
initially relaxed spring is frictionless, but as it compresses the
spring, a kinetic frictional force from the floor, of magnitude
15 N, acts on the package. If k = 10 000 Nlm, by what distance
d is the spring compressed when the package stops?

Solution: A starting
id@is to examine all the lorces
and then to determine whether we have an isolated system or
a system on which an external force is doing work.
Forces: The normal force on the package from the floor
does no work on the package because the direction of this
forceis always perpendicular to the direction of the package's
displacement. For the same reason, the gravitational force on
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the package does no work. As the spring is compressed, however, a spring force does work on the package, transferring
energy to elastic potential energy of the spring. The spring
force also pushes against a rigid wall. Because there is friction
between the package and the floor, the sliding of the package
across the floor increases their thermal energies.
System: The package-spring-floor-wall system includes
all thcse forces and energy transfers in one isolated system.
Therefore, a second Key Idea is that, because the system is
isolated, its total energy cannot change. We can then apply
the law of conservation of energy in the form of Eq. 8-37 to
the system:

F@ 8-18 A package slides across a frictionless floor with
velocity It, toward a spring of spring constant k. When the
package reaches the spring, a frictional force from the floor
acts on the package.
compression distance is d. Therefore, we have

E,,,,
Let subscript 1correspond to the initial state of the sliding
package and subscript 2 correspond to the state in which the
package is momentarily stopped and the spring is compressed
by distance d. For both states the mechanical energy of the
system is the sum of the package's kinetic energy (K = $m2)
and the spring's potential energy ( U = 4kx2). For state 1,
U = 0 (because the spring is not compressed), and the package's speed is vl. Thus, we have

=

KZ + U2 = 0

+ $kd2.

Finally, by Eq. 8-31, we can substitute fkd for the change
AEth in thc thermal energy of the package and the floor. We
can now rewrite Eq. 8-42 as
Ikd2 = Im
2 2 "1
fkd.
Rearranging and substituting known data give us
5000d2

+ 15d - 16 = 0.

Solving this quadratic equation yields
For state 2, K

=

d

0 (because the package is stopped), and the

=

0.055 m = 5.5 cm.

(Answer)

In Fig. 8-19, a circus beagle of mass m = 6.0 kg runs onto the
left end of a curved ramp with speed v. = 7.8 m/s at height
yo = 8.5 m above the floor. It then slides to the right and comes
to a momentary stop when it reaches a height y = 11.1 m
above the floor. The ramp is not frictionless. What is the increase AE* in the thermal energy of the beagle and ramp
because of the sliding?

SolIJtion: A Kay Idea to get us started is to examine all the
forces on the beagle and then see whether we have an isolated
system or a system on which an external force is doing work.
Forces: The normal force on the beagle from the ramp
does no work because its direction is always perpendicular to
the direction of the beagle's displacement. The gravitational
force on the beagle does do work as the beagle's elevation
changes. Because of friction between beagle and ramp, the
sliding increases their thermal energy.
System: The beagle-ramp-Earth system includes all
these forces and energy transfers in one isolated system. Then
a second Key Id@ is that, because the system is isolated, its
total energy cannot change. We can apply the law of conservation of energy in the form of Eq. 8-36 to this system:
where the energy changes occur between the initial state and
the state when the beagle stops momentarily. Also, the change
AE,,, is the sum of the change AK in the kinetic energy of
the beagle and the change AU in the gravitational potential
energy of the system, where

and

AU

= mgy

- rngyo.

Fig, 8-a9 A beagle slides along a curved ramp, starting
with speed v. at height yo and reaching height y, at which it
momentarily stops.

Substituting these expressions into Eq. 8-43 and solving for
AEmyield

AJZ,

= $nv$

mg(y - yo)
= 4(6.0 kg)(7.8 m / ~ ) ~
- (6.0 kg)(9.8 m/s2)(11.1 m - 8.5 m)
= 30 J.
(Answer)
-
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Conservative Forces A force is a conservative force if the
net work it does on a particle moving around any closed path,
from an initial point and then back to that point, is zero.
Equivalently, a force is conservative if the net work it does on
a particle moving between two points does not depend on the
path taken by the particle. The gravitational force and the
spring force are conservative forces; the kinetic frictional force

is a nonconservative force.
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Potential Energy Curves If we know the potential energy
function U@) for a system in which a one-dimensiunal force
F ( x ) acts on a particle, we can find the force as

If U(x) is given on a graph, then at any value of X, the force

F ( x ) is the negative of the slope of the curve there and the
kinetic energy of the particle is given by

Potential Energy A potential energy is energy that is associated with the configuration of a system in which a conservative force acts. When the conservative force does work
W on a particle within the system, the change AU in the potential energy of the system is
If the particle moves from point X, to point xf, the change in
the potential energy of the system is

Gravitational Potential Energy The potential energy associated with a system consisting of Earth and a nearby particle is gravitational potential energy. If the particle moves
from height y, to height yf, the change in the gravitational
potential energy of the particle-Earth system is
AU = mg(yf - yi) = mg Ay.

(8-7)

If the reference point of the particle is set as y, = 0 and the
corresponding gravitational potential energy of the system is
set as U, = 0, then the gravitational potential energy U when
the particle is at any height y is

Elastic Potential Energy Elastic potential energy is the energy associated with the state of compression or extension of
an elastic object. For a spring that exerts a spring force Ii =
-kx when its free end has displacement X , the elastic potential
energy is
(8-11)
U(x) = ~ h 2 .
The reference configuration has the spring at its relaxed
length, at which x = 0 and U = 0.

Mechanical Energy The mechanical energy E,, of a system is the sum of its kinetic energy K and potential energy U:
E,,

..

=

K

+ U.

(8-12)

An isolated system is one in which no external force causes
energy changes. If only conservative forces do work within an
isolated system, then the mechanical energy E,,, of the system cannot change. This principle of conservation of mechanical energy is written as

K,+ U 2 = K,

+ U1,

(8-17)

in which the subscripts refer to different instants during an
energy transfer process. This conservation principle can also
be written as
(8-18)
AE,,, = AK + AU = 0.

where E,, is the mechanical energy of the system. A turning
point is a point x at which the particle reverses its motion
(there, K = 0). The particle is in equilibrium at points where
the slope of the U(x) curve is zero (there, F(x) = 0).

Work Done on a System by an External Force Work W
is energy transferred to or from a system by means of an external force acting on the system. When more than one force
acts on a system, their net work is the transferred energy.
When friction is not involved, the work done on the system
and the change AE,,, in the mechanical energy of the system
are equal:
(8-26,8-25)
W = AE,,, = AK + AU.
When a kinetic frictional force acts within the system, then the
thermal energy E, of the system changes. (This energy is associated with the random motion of atoms and molecules in
the system.) The work done on the system is then

W = AE,,,

+ AE,.

(8-33)

The change AEthis related to the magnitude fk of the frictional
force and the magnitude d of the displacement caused by the
external force by
(8-31)
AEth = h'd.

Conservation of Energy The total energy E of a system
(the sum of its mechanical energy and its internal energies,
including thermal energy) can change only by amounts of energy that are transferred to or from the system. This experimental fact is known as the law of conservation of energy. If
work W is done on the system, then
If the system is isolated (W = 0), this gives
AE,,,

+ AE, + AE,,,

=

0

(8-36)

(8-37)
Erne, = Emec,~- AE, - AEmt,
where the subscripts 1 and 2 refer to two different instants.
and

Power The power due to a force is the rate at which that
force transfers energy. If an amount of energy AE is transferred by a force in an amount of time Ar, the average power
of the force is
AE
P,", = X.
The instantaneous power due to a force is

Questions

4 Figure 8-20 shows one direct path and four indirect
paths from point i to point f.
Along the direct path and
19
three of the indirect paths, only
a conservative force F, acts on
a certain object. Along- the
fourth indirect path, both F,
Question l,
and a nonconservative force
F,,, act on the object. The change AE,,, in the object's mechanical energy (in joules) in going from i to f is indicated
along each straight-line segment of the indirect paths. What
is AE,,,,, (a) from i to f along the direct path and (b) due to
F,, along the one path where it acts?

block begins with the same speed in all three situations and
slides until the kinetic fictional force has stopped it. Rank the
situations according to the increase in thermal energy due to
the sliding, greatest first.

7

5 Figure 8-24 gives the potential energy function of a parti-

cle. (a) Rank regions AB, BC, CD, and DE according to the
magnitude of the force on the particle, greatest first. What
value must the mechanical energy E,, of the particle not exceed if the particle is to be (b) trapped in the potential well
at the left, (c) trapped in the potential well at the right, and
(d) able to move between the two potential wells but not to
the right of point H? For the situation of (d), in which of
regions BC, DE, and FG will the particle have (e) the greatest
kinetic energy and (f) the least speed?

In Fig. 8-21, a horizontally moving block can take three
frictionless routes, differing only in elevation, to reach the
dashed finish line. Rank the routes according to (a) the speed
of the block at the finish line and (b) the travel time of the
block to the finish line, greatest first.

2

I

Finish line

l
I

(3)

4.#-;M

I
I

Question 2.

3 In Fig. 8-22, a small, initially stationary block is released
on a frictionless ramp at a height of 3.0 m. Hill heights along
the ramp are as shown. The hills have identical circular tops,
and the block does not fly off any hill. (a) Which hill is the
first the block cannot cross? (b) What does the block do after
failing to cross that hill? On which hilltop is (c) the centripetal
acceleration of the block greatest and (d) the normal force on
the block least?

6 In Fig. 8-25, a block slides along a track that descends
through distance h. The track is frictionless except for the
lower section. There the block slides to a stop in a certain
distance D because of friction. (a) If we decrease h, will the
block now slide to a stop in a distance that is greater than, less
than, or equal to D? (b) If, instead, we increase the mass of
the block, will the stopping distance now be greater than, less
than, or equal to D?

F&- 8-Z$ Question 6.
7 In Fig. 8-26a, you pull upward on a rope that is attached
to a cylinder on a vertical rod. Because the cylinder fits tightly

Question 3.
# Figure 8-23 shows three situations involving a plane that
is not frictionless and a block sliding along the plane. The

CMtwB
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on the rod, the cylinder slides along the rod with considerable
friction. Your force does work W = +l00 J on the cylinderrod-Earth system (Fig. 8-26b). An "energy statement" for the
system is shown in Fig. 8-26c: the kinetic energy K increases
by 50 J, and the gravitational potential energy U, increases by
20 J. The only other change in energy within the system is for
the thermal energy E*. What is the change &Eth?

8 The arrangement shown in
Fig. 8-27 is similar to that in
Question 7. Here you pull

Block

creases by 130 J and the gravitational potential energy decreases by 20 J. (a) Draw an "energy statement" for the system, as in Fig. 8-26c. (b) What is the change in the thermal
energy within the system?

9 In Fig. 8-28, a block slides from A to C along a frictionless
ramp, and then it passes through horizontal region CD, where
a frictional force acts on it. Is the block's kinetic energy increasing, decreasing, or constant in (a) region AB, (b) region
BC, and (c) region CD? (d) Is the block's mechanical energy
increasing, decreasing, or constant in those regions?

downward on the rope that is
attached to the cylinder, which
fits tightly on the rod. Also, as
the cylinder descends, it pulls
on a block via a second rope,
and the block slides over a lab
table. Again consider the cylinder-rod-Earth system, similar
to that shown in Fig. 8-266.
Your work on the system is
200 J. The system does work of
60 J on the block. Within the
system, the kinetic energy in-

&€p

Question 8.

Solution is in the Student Solutions Manual.
WWW Solution is at http://www.wiley.com/college/
Interactive LearningWare solution i s at
ILW
http://www.wiley.com/college/halliday
SSM

SaL 9.4 Determining Potential Energy Values
Y What is the spring constant of a spring that stores 25 J of

elastic potential energy when compressed by 7.5 cm from its
relaxed length? SSM
You drop a 2.00 kg book to a friend who stands on the
at distance D = 10.0 m below. If your friend's outstretched hands are at distance
d = 1.50 m above the ground
(Fig. 8-29), (a) how much work
W, does the gravitational force
do on the book as it drops to
her hands? (b) What is the
change AU in the gravitational
potential energy of the bookEarth system during the drop?
If the gravitational potential
energy U of that system is
taken to be zero at ground
level, what is U (c) when the
book is released and (d) when
it reaches her hands? Now take
U to be 100 J at ground level
and 10.
and again find (e) Wg, (f) A U,
(g) U at the release point, and
(h) U at her hands.
*P

ground
"

B
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Question 9.

3 In h g . &jU, a L U U g ice naKe is releasea Irom me eage
,fa hemispherical bowl whose radius r is 22.0 cm. The flakebowl contact is frictionless. (a) How much work is done on
the flake by the gravitational force during the flake's descent
to the bottom of the bowl? (b) What is the change in the
potential energy of the flakeIce
Earth system during that deflake,
scent? (c) If that potential energy is taken to be zero at the
bottom of the bowl, what is its
value when the flake is released? (d) If, instead, the potential energy is taken to be
zero at the release point, what
is its value when the flake
reaches the bottom of the
bowl? (e) If the mass of the
and 9.
flake were doubled, would the
magnitudes of the answers to
(a) through (d) increase, decrease, or remain the same?
SSM

*a Figure 8-31 shows a ball
with mass m = 0.341 kg attached to the end of a thin rod
with length L = 0.452 m and
and 12.
negligible mass. The other end
of the rod is pivoted so that the
ball can move in a vertical circle. The rod is held horizontally
as shown and then given enough of a downward push to cause
the ball to swing down and around and just reach the vertically

Problems

up position, with zero speed there. How much work is done
on the ball by the gravitational force from the initial point to
(a) the lowest point, (b) the highest point, and (c) the point
on the right level with the initial point? If the gravitational
potential energy of the ball-Earth system is taken to be zero
at the initial point, what is it when the ball reaches (d) the
lowest point, (e) the highest point, and (f) the point on the
right level with the initial point? (g) Suppose the rod were
pushed harder so that the ball passed through the highest
point with a nonzero speed. Would AUg from the lowest point
to the highest point then be greater than, less than, or the same
as it was when the ball stopped at the highest point?

m5 In Fig. 8-32, a frictionless roller coaster car of mass m =
825 kg tops the first hill with speed v. = 17.0 mls at height
h = 42.0 m. How much work does the gravitational force do
on the car from that point to (a) point A, (b) point B, and (c)
point C? If the gravitational potential energy of the car-Earth
system is taken to be zero at C, what is its value when the car
is at (d) B and (e) A? (f) If mass m were doubled, would the
change in the gravitational potential energy of the system between points A and B increase, decrease, or remain the same?

189

ward along the track, do the answers to (a) through (e) increase, decrease, or remain the same?
"*B Figure 8-34 shows a thin
rod, of length L = 2.00 m and
negligible mass, that can pivot
about one end to rotate in a
vertical circle. A ball of maw
m = 5.00 kg is attached to the
other end. The rod is pulled
aside to angle 19, = 30.0" and
released with initial velocity
To= 0. As the ball descends to
' 9
its lowest point, (a) how much
work does the gravitational
v0
force do on it and (b) what is
the change in the gravitational
20, and 26.
potential energy of the ballEarth system? (c) If the gravitational potential energy is taken
to be zero at the lowest point, what is its value just as the ball
is released? (d) Do the magnitudes of the answers to (a)
through (c) increase, decrease, or remain the same if angle 0
is increased?

sec,8-5

Conservation of Mechanical Energy

(a) In Problem 3, whal is the speed of the flake when it
reaches the bottom of the bowl? (b) If we substituted a second
flake with twice the mass, what would its speed be? (c) If,
instead, we gave the flake an initial downward speed along the
bowl, would the answer to (a) increase, decrease, or remain
the same? .li
and 11.
06 A 1.50 kg snowball is fired from a cliff 12.5 m high. The
snowball's initial velocity is 14.0 m/s, directed 41.0" above the
horizontal. (a) How much work is done on the snowball by
the gravitational force during its flight to the flat ground below
the cliff? (b) What is the change in the gravitational potential
energy of the snowball-Earth system during the flight? (c) If
that gravitational potential energy is taken to be zero at the
height of the cliff, what is its value when the snowball reaches
the ground?

*v

*io (a) In Promem 2, what is the speed of the book when it
reaches the hands? (b) If we substituted a second book with
twice the mass, what would its speed be? (c) If, instead, the
book were thrown down, would the answer to (a) increase,
decrease, or remain the same?
In Problem 5, what is the speed of the car at (a) point A,
(b) point B, and (c) point C? (d) How high will the car go on
the last hill, which is too high for it to cross? (e) If we substitute a second car with twice the mass, what then are the answers to (a) through (d)?
rtl

l
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In Fig. 8-33, a small block
of mass m = 0.032 kg can slide
along the frictionless loop-theloop, with loop radius R = 12
cm. The block is released from
rest at point P, at height h =
5.OR above the bottom of the
loop. How much work does the
gravitational force do on the
block as the block travels from
point P to (a) point Q and (b)
Problems 7
the top of the loop? If the gravand 21.
itational potential energy of
the block-Earth system is
taken to be zero at the bottom of the loop, what is that potential energy when the block is (c) at point P, (d) at point Q,
and (e) at the top of the loop? (f) If, instead of merely being
released, the block is given some initial speed down-

-12 (a) In Problem 4, what initial speed must be given the
ball so that it reaches the vertically upward position with zero
speed? What then is its speed at (b) the lowest point and (c)
the point on the right at which the ball is level with the initial
point? (d) If the ball's mass were doubled, would the answers
to (a) through (c) increase, decrease, or remain the same?

513 In Fig. 8-35, a runaway truck with failed brakes is moving
downgrade at 130 km/h just before the driver steers the truck
up a frictionless emergency escape ramp with an inclination
of 0 = 15".The truck's mass is 1.2 X 104kg. (a) What minimum

lgo
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length L must the ramp have if the truck is to stop (momentarily) along it? (Assume the truck is a particle, and justify
that assumption.) Does the minimum length L increase, decrease, or remain the same if (b) the truck's mass is decreased
and (c) its speed is decreased? s s ~

*U (a) In Problem 6, using energy techniques rather than
the techniques of Chapter 4, find thc speed of the snowball as
it reaches the ground below the cliff. What is that speed (b) if
the launch angle is changed to 41.0' below the horizontal and
(c) if the mass is changed to 2.50 kg?
e15 What is the greatest stretch distance d for the situations
of (a) Fig. 8-9a and (b) Fig. 8-9c? What is the speed of the
falling leader just as the rope begins to stretch in (c) Fig. 8-9a
and (d) Fig. 8-9c? (e) Plot the kinetic energy versus rope
stretch distance for Fig. 8-9a. (f) At what stretch distance is
the speed of the leader maximum?

-6 A 700 g block is released from rest at height 4 above a
vertical spring with spring constant k = 400 Nlm and negligible mass. The block sticks to the spring and momentarily
stops after compressing the spring 19.0 cm. How much work
is done (a) by the block on the spring and (b) by the spring
on the block? (c) What is the value of h,? (d) If the block
were released from height 2.00ho above the spring, what
would be the maximum compression of the spring?
A 5.0 g marble is fired vertically upward using a spring
gun. The spring must be compressed 8.0 cm if the marble is
to just reach a target 20 m above the marble's position on the
compressed spring. (a) What is the change AU, in the gravitational potential energy of the marble-Earth system during
the 20 m ascent? (b) What is the change AU, in the elastic
potential energy of the spring during its launch of the marble?
(c) What is the spring constant of the spring? ssm
A block of mass m = 2.0
kg is dropped from height h =
40 cm onto a spring of spring
constant k = 1960 Nlm (Fig.
8-36). Find the maximum distance the spring is compressed.
q&

**lg A single conserv$ve
force 9 = ( 6 . 0 ~- 12)i N,
where X is in meters, acts on a
particle moving along an X
axis. The potential energy U
Problem 18.
associated with this forceis assigned a value of 27 J at X = 0.
(a) Write an expression for U as a function of X, with U in
joules and x in meters. (b) What is the maximum positive potential energy? At what (c) negative value and (d) positive
value of X is the potential energy equal to zero?

block from the track has just then become zero.) (d) Graph
the magnitude of the normal force on the block at the top of
the loop versus initial height h, for the range h = 0 to h = 6R.
,822 Tarzan, who weighs 688 N, swings from a cliff at the
end of a convenient vine that is
18 m long (Fig. 8-37). From the
top of the cliff to the bottom of
the swing, he descends by 3.2
m. The vine will break if the
force on it exceeds 950 N. (a)
Does the vine break? (b) If no,
what is the greatest force on it
during the swing? If yes, at
what angle with the vertical
does it break?

-23
The string in Fig. 8-38 is
L = 120 cm long, has a ball attached to one end, and is fixed
at its other end. The distance d
from the fixed end to a fived
peg at point P is 75.0 cm. When
the initially stationary ball is
released with the string horizontal as shown, it will swing
along the dashed arc. What is
its speed when it reaches (a) its
lowest point and (b) its highest
point after the string catches
on the peg? r ~ w

3
- L y
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**M At t = 0 a 1.0 kg ball is

-',
'L

thrown from a tall tower wit?
B = (18 mls);
(24 m/s)j.
What is A U of the ball-Earth
system between t = 0 and t =
6.0 S (still free fall)?

+

*

.

#*p$ Problems U
atld 64.

A 60 kg skier starts from rest at height H = 20 m above
the end of a ski-jump ramp (Fig. 8-39). As the skier leaves the
ramp, his velocity makes an angle of B = 28" with the horizontal. Neglect the effects of air resistance and assume the
ramp is frictionless. (a) What is the maximum height h of his
jump above the end of the ramp? (b) If he increased his weight
by putting on a backpack, would h then be greater, less, or
the same?

End of -,

0.20
(a) In Problem 8, what is the speed of the ball at the
lowest point? (6) Does the speed increase, decrease, or remain
the same if the mass is increased?

**21 In Problem 7, what are the magnitudes of (a) the hor-

izontal component and (b) the vertical component of the net
force acting on the block at point Q? (c) At what height h
should the block be released from rest so that it is on the verge
of losing contact with the track at the top of the loop? (On
the verge of losing contact means that the normal force on the

I

,
)
I

Problem 25,

-6 Figure 8-34 shows a pendulum of length L = 4.25 m.
Its bob (which effectively has all the mass) has speed v. when
he cord makes an angle 0, = 40.0" with the vertical. (a) What

191

Problems

is the speed of the bob when it is in its lowest position if v. =
8.00 m/s? What is the least value that v. can have if the pendulum is to swing down and then up (b) to a horizontal position, and (c) to a vertical position with the cord remaining
straight? (d) Do the answers to (b) and (c) increase, decrease,
or remain the same if is increased by a few degrees?

.*v A pendulum consists of a 2.0 kg stone swinging on a
4.0 m string of negligible mass. The stone has a speed of
8.0 mls when it passes its lowest point. (a) What is the speed
when the string is at 60" to the vertical? (b) What is the greatest angle with the vertical that the string will reach during the
stone's motion? (c) If the potential energy of the pendulumEarth system is taken to be zero at the stone's lowest point,
what is the total mechanical energy of the system?
*M Figure 8-40 shows an 8.00 kg stone at rest on a spring.
The spring is compressed 10.0 cm by the stone. (a) What is
the spring constant? (b) The stone is pushed down an additional 30.0 cm and released.
What is the elastic potential
energy of the compressed
spring just before that release?
(c) What is the change in the
gravitational potential energy
of the stone-Earth system
when the stone moves from the
Problem 28.
release point to its maximum
height? (d) What is that maximum height, measured from
the release point?

*v In Fig. 8-41, a block of
mass m = 12 kg is released
from rest on a frictionless incline of angle B = 30". Below
the block is a spring that can be
compressed 2.0 cm by a force
of 270 N. The block momentarily stops when it compresses
the spring by 5.5 cm. (a) How
far does the block move down
the incline from its rest position to this stopping point? (b)
What is the speed of the block
just as it touches the spring?
4
Mva

and 63.

In Fig, 8-42, a spring
wirn k = 170 N/m is at the top
of a frictionlessincline of angle
8qa Problem 30.
6 = 37.P. The lower end of the
incline is distance D = 1.00 m horn the end of the spring,
which is at its relaxed Iength, A 2.00 kg canister is pushsd
against the spring until the spring is comprmed 0,200 m and
released from rest. (a) What is the speed of the canistm at the
instant the spring returns to i@
relaxed length (which is when
the canister loses contact with the spring)? (b) What is the
speed of the canister when it reaches the lower end of the
incline?
I

A block with mast%m = 2.00 kg is placed against a spting
on a frictionless incline with angle 8 = 38.e (R.8-43),

(The block is not attached to
the spring.) The spring, with
spring constant k = 19.6 Nlcm,
is compressed 20.0 cm and then
released. (a) What is the elastic
potential energy of the compressed spring? (b) What is the
change in the gravitational potential energy of the blockEarth system as the block moves from the release point to its
highest point on the incline? (c) How far along the incline is
the highest point from the release point? ILW

A 2.0 kg breadbox on a frictionless incline of angle
B = 40" is connected, by a cord that runs over a pulley, to a
light spring of spring constant k = 120 Nlm, as shown in Fig.
8-44. The box is released from rest when the spring is unstretched. Assume that the pulley is massless and frictionless.
(a) What is the speed of the box when it has moved 10 cm
down the incline? (b) How far down the incline from its point
of release does the box slide before momentarily stopping,
and what are the (c) magnitude and (d) direction (up or down
the incline) of the box's acceleration at the instant the box
momentarily stops?
sq%

*% Figure 8-4% applies to
the spring in a cork gun (Fig.
8-Mb); it shows the spring
force as a function of the
stretch OF compression of the
spring. The spring is compressed by 5.5 cm and used to
propel a 3.8 g cork Born the
g m . (a) What is the spwd of
the coxk if it is released as the
spring passes though its relaxed position? (b) Suppasq
instead, that the cork sticks to
the spring and stretches it 1.5
cm before separatian occurs.
What n a v is the speed of the
cork at the time of release?

Force (N)

X

4
, Two children are playing a game in which they try to
hit a small box on the floor with a marble fired fram a springlwded gm that is mounted on a table. The target box is horof the table; see
izontal distance: D = L22 m from the
Fig. 8-46. Bobby c o m p ~ w mthe spring 1.10 cm, butthe mn%r

l9*
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of the marble falls 27.0 cm short of the center of the box. How
far should Rhoda compress the spring to score a direct hit?
Assume that neither the spring nor the ball encounters friction
in the gun.

tween the atoms at which the force on each atom is zero. Is
the force repulsive (the atoms are pushed apart) or attractive
(they are pulled together) if their separation is (b) smaller and
(c) larger than the equilibrium separation?
q A single conservative force F(x) acts on a 1.0 kg particle that moves along an X axis. The potential energy U(X)
associated with F(x) is given by

e

U(x)= -4x e-"14 J,

F&* 8-#5

Problem 34.

**-S
A uniform cord of length 25 cm and mass 15 g is initially stuck to a ceiling. Later, it hangs vertically from the ceiling with only one end still stuck. What is the change in the
gravitational potential energy of the cord with this change in
orientation? (Hint: Consider a differential slice of the cord and
then use integral calculus.)

*** A boy is initially seated on the top of a hemispherical
ice mound of radius R = 13.8 m. He begins to slide down the
ice, with a negligible initial
speed (Fig. 8-47). Approximate the ice as being frictionless. At what height does the
boy lose contact with the ice?
MC.it.6 Reading a Potential
Energy Curve

*r3f Figure 8-48 shows a plot
of potential energy U versus
8-47 Problem 36.
position n of a 0.90 kg particle
that can travel only along an x
axis. (Nonconservative forces
are not involved.) The particle
is released at X = 4.5 m with an
initial speed of 7.0 mls, headed
in the negative x direction. (a)
If the particle can reach X = 1.0
m, what is its speed there, and
if it cannot, what is its turning
point? What are the (b) magnitude and (c) direction of the
force on the particle as it begins to move to the left of x =
4.0 m? Suppose, instead, the particle is headed in the positive
x direction when it is released at x = 4.5 m at speed 7.0 mls.
(d) If the particle can reach x = 7.0 m, what is its speed there,
and if it cannot, what is its turning point? What are the (e)
magnitude and (f) direction of the force on the particle as it
begins to move to the right of X = 5.0 m?
The potential energy of a diatomic molecule (a twoatom system like H2or 02)is given by

where r is the separation of the two atoms of the molecule
and A and B are positive constants. This potential energy is
associated with the force that binds the two atoms together.
(a) Find the equilibrium separation-that is, the distance be-

where x is in meters. At X = 5.0 m the particle has a kinetic
energy of 2.0 J. (a) What is the mechanical energy of the system? (b) Make a plot of U(x) as a function of x for 0 S X S
10 m, and on the same graph draw the line that represents the
mechanical energy of the system. Use part (b) to determine
(c) the least value of X the particle can reach and (d) the greatest value of x the particle can reach. Use part (b) to determine
(e) the maximum kinetic energy of the particle and (f) the
value of x at which it occurs. (g) Determine an expression in
newtons and meters for F(x) as a function of X. (h) For what
(finite) value of X does F(x) = O?

s$c. &p

Work Done on a System by an External Force
w4m A collie drags its bed box across a floor by applying a
horizontal force of 8.0 N. The kinetic frictional force acting
on the box has magnitude 5.0 N. As the box is dragged through
0.70 m along the way, what are (a) the work done by the
collie's applied force and (b) the increase in thermal energy
of the bed and floor?
m41 A worker pushed a 27 kg block 9.2 m along a level floor
at constant speed with a force directed 32" below the horizontal. If the coefficient of kinetic friction between block and floor
was 0.20, what were (a) the work done by the worker's force
and (b) the increase in thermal energy of the block-floor system?

**M A horizontal force of magnitude 35.0 N pushes a block
of mass 4.00 kg across a floor where the coefficient of kinetic
friction is 0.600. (a) How much work is done by that applied
force on the block-floor system when the block slides through
a displacement of 3.00 m across the floor? (b) During that
displacement, the thermal energy of the block increases by
40.0 J. What is the increase in thermal energy of the floor? (c)
What is the increase in the kinetic energy of the block?
-43 A rope is used to pull a 3.57 kg block at constant speed
4.06 m along a horizontal floor. The force on the block from
the rope is 7.68 N and directed 15.0" above the horizontal.
What are (a) the work done by the rope's force, (b) the increase in thermal energy of the block-floor system, and (c)
the coefficient of kinetic friction between the block and
floor? @th-l

s s B-%

Conservation of Energy

A 60 kg skier leaves the end of a ski-jump ramp with a
velocity of 24 mls directed 25" above the horizontal. Suppose
that as a result of air drag the skier returns to the ground with
a speed of 22 mls, landing 14 m vertically below the end of
the ramp. From the launch to the return to the ground, by
how much is the mechanical energy of the skier-Earth system
reduced because of air drag?
*45 A 25 kg bear slides, from rest, 12 m down a lodgepole
pine tree, moving with a speed of 5.6 mls just before hitting
the ground. (a) What change occurs in the gravitational po-

Problems

tential energy of the bear-Earth system during the slide? (b)
What is the kinetic energy of the bear just before hitting the
ground? (c) What is the average frictional force that acts on
the sliding bear?
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*4a A 75 g Frisbee is thrown from a point 1.1 m above the
ground with a speed of 12 mls. When it has reached a height
of 2.1 m, its speed is 10.5 m/s. What was the reduction in
E,, of the Frisbee-Earth system because of air drag?

a compressed spring of spring constant 640 Nlm. The block
leaves the spring at the spring's relaxed length and then travels
over a horizontal floor with a coefficient of kinetic friction
pk = 0.25. The frictional force stops the block in distance
D = 7.8 m. What are (a) the increase in the thermal energy
of the block-floor system, (b) the maximum kinetic energy of
' ' ) the original compression distance of the
the bloc1
spring? ---. ......

*P? An outfielder throws a baseball with an initial speed of
81.8 milh. Just before an infielder catches the ball at the same
level, the ball's speed is l10 ftls. In foot-pounds, by how much
is the mechanical energy of the ball-Earth system reduced
because of air drag? (The weight of a baseball is 9.0 oz.)

You push a 2.0 kg block against a horizontal spring,
~ompressingthe spring by 15 cm. Then you release the block,
and the spring sends it sliding across a tabletop. It stops 75 cm
from where you released it. The spring constant is 200 Ntm.
What is the block-table coefficient of kinetic friction?

**

During a rockslide, a 520 kg rock slides from rest down
a hillside that is 500 m long and 300 m high. The coefficient
of kinetic friction between the rock and the hill surface is 0.25.
(a) If the gravitational potential energy U of the rock-Earth
system is zero at the bottom of the hill, what is the value of U
just before the slide? (b) How much energy is transferred to
thermal energy during the slide? (c) What is the kinetic energy
of the rock as it reaches the bottom of the hill? (d) What is
its speed then?

A large fake cookie sliding on a horizontal surface is
attached to one end of a horizontal spring with spring constant
k = 400 Nlm; the other end of the spring is fixed in place. The
cookie has a kinetic energy of 20.0 J as it passes through the
spring's equilibrium position. As the cookie slides, a frictional
force of magnitude 10.0 N acts on it. (a) How far will the
cookie slide from the equilibrium position before coming momentarily to rest? (b) What will be the kinetic energy of the
cookie as it slides back through the equilibrium position?

m49 In Fig. 8-49, a block slides down an incline. As it 5oves
from point A to point B, which are 5.0 m apart, force P acts
on the block, with magnitude 2.0 N and directed down the
incline. The magnitude of the
frictional force acting on the
block is 10 N. If the kinetic energy of the block increases by
35 J between A and B, how
much work is done on the
block by the gravitational force
as the block moves from A to
and 67.
B?

**S A 4.0 kg bundle starts up a 30" incline with 128 J 01
kinetic energy. How far will it slide up the incline if the coefficient of kinetic friction between bundle and incline is 0.30?

*m50 In Fig. 8-50, a block slides along a track from one level
to a higher level after passing through an intermediate valley.
The track is frictionless until the block reaches the higher
level. There a frictional force stops the block in a distance d.
The block's initial speed .v is 6.0 mls, the height difference
h is 1.1 m, and pk is 0.60. Find d.

-055 A child whose weight is 267 N slides down a 6.1 m
playground slide that makes an angle of 20" with the horizontal. The coefficient of kinetic friction between slide and child
is 0.10. (a) How much energy is transferred to thcrmal energy?
(b) If she starts at the top with a speed of 0.457 m/s, what is
her speed at the bottom?
A cookie jar is moving up a 40" incline. At a point
un from the bottom of the incline (measured along the
incline), the jar has a speed of 1.4 m/s. The coefficient of kinetic friction between jar and incline is 0.15. (a) How much
farther up the incline will the jar move? (b) How fast will it
be going when it has slid back to the bottom of the incline?
(C)DOthe answers to (a) and (b) increase, decrease, or remain
the same if we decrease the coefficient of kinetic friction (but
do not change the given speed or location)?
JJ

**pIn Fig. 8-52, a block of

&p Problem SO.
**p

In Fig, 8-51, a 3 3 kg b h k is acwIerated from rest by

mass m = 2.5 kg slides head on
into a spring of spring constant
k = 320 Nlm. When the block
stops, it has compressed the
spring by 7.5 cm. The coeffiF&- 8-52 Problems 57
cient of kinetic friction beand 82.
tween block and floor is 0.25.
While the block is in contact with the spring and being brought
t o rest, what are (a) the work done by the spring force and
(b) the increase in thermal energy of the block-floor system?
(c) What is the block's speed just as it reaches the spring?

.*S A stone with a weight of 5.29 N is launched vertically
from ground level with an initial speed of 20.0 m/s, and the
air drag on it is 0.265 N throughout the flight. What are (a)
the maximum height reached by the stone and (b) its speed
just before it hits the ground?
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***l
A particle can slide
along a track with elevated
ends and a flat central part, as
shown in Fig. 8-53. The flat
part has length L = 40 cm. The
curved portions of the track
F&,
problem 59.
are frictionless, but for the flat
part the coefficient of kinetic
friction is bk= 0.20. The particle is released from rest at point
A, which is at height h = Ll2. How far from the left edge of
the flat part does the particle finally stop?

l+-+

In Fig. 8-54, a block is released from rest at height
. 3 cm and slides down a frictionlessramp and onto a first
plateau, which has length d and where the coefficient of kinetic friction is 0.50. If the block is still moving, it then slides
down a second frictionless ramp through height dl2 and onto
a lower plateau, which has length d/2 and where the coefficient of kinetic friction is again 0.50. If the block is still moving,
it thcn slides up a frictionless ramp until it (momentarily)
stops. Where does the block stop? If its final stop is on a plateau, state which one and give the distance L from the left
edge of that plateau. If the block reaches the ramp, give the
height H above the lower plateau where it momentarily stops.

.8-54

kid
Problem 60.

r * b i In Fig. 8-55, a block slides along a path that is without
friction until the block reaches the section of length L =
0.75 m, which begins at height h = 2.0 m on a ramp of angle
0 = 30". In that section, the coefficient of kinetic friction
is 0.40. The block passes through point A with a speed of
8.0 mls. If the block can reach point B (where the friction
ends), what is its speed there, and if it cannot, what is its
greatest height above A?

hits the spring. (b) Find the
maximum distance x that the
spring is compressed (the frictional force still acts during this
compression). (c) Find the distance that the cab will bounce
back up the shaft. (d) Using
conservation of energy, find
the approximate total distance
that the cab will move before
coming to rest. (Assume that
the frictional force on the cab
is negligible when the cab is
stationary.)

Problem 62.

In Fig. 8-41, a block of mass m = 3.20 kg slides from
distance d down a frictionless incline at angle 0 = 30.0"
where it runs into a spring of spring constant 431 Nlm. When
the block momentarily stops, it has compressed the spring by
21.0 cm. What are (a) distance d and (b) the distance between
the point of the first block-spring contact and the point where
the block's speed is greatest?
l ~ t b ~

Additional Problems
64 In Fig. 8-38, the string is L

= 120 cm long, has a ball
attached to one end, and is fixed at its other end. A fixed peg
is at point P. Released from rest, the ball swings down until
the string catches on the peg; then the ball swings up, around
the peg. If the ball is to swing completely around the peg, what
value must distance d exceed? (Hint:The ball must still be
moving at the top of its swing. Do you see why?)

65 A playground slide is in the form of an arc of a circle that
has a radius of 12 m. The maximum height of the slide is h =
4.0 m, and the ground is tangent to the circle (Fig. 8-57). A
25 kg child starts from rest at the top of the slide and has a
speed of 6.2 mls at the bottom. (a) What is the length of the
slide? (b) What average frictional force acts on the child over
this distance? If, instead of the ground, a vertical line through
the top of the slide is tangent to the circle, what are (c) the
length of the slide and (d) the average frictional force on the
child?

CB
*P*@
The cable of the 1800 kg elevator cab in Fig. 8-56
snaps when the cab is at rest at the first floor, where the cab
bottom is a distance d = 3.7 m above a spring of spring constant k = 0.15 MNIm. A safety device clamps the cab against
guide rails so that a constant frictional force of 4.4 kN opposes
the cab's motion. (a) Find the speed of the cab just before it

H#*&dB

Problem 65

66 At a certain factory, 300 kg crates are dropped vertically
from a packing machine onto a conveyor belt moving at 1.20
m/s (Fig. 8-58). (A motor maintains the belt's constant speed.)
The coefficient of kinetic friction between the belt and each
crate is 0.400. After a short time, slipping between the belt
and the crate ceases, and the crate then moves along with the

Problems "
belt. For the period of time during which the crate is being
brought to rest relative to the
belt, calculate, for a coordinate
system at rest in the factory,
(a) the kinetic energy supplied
to the crate, (b) the magnitude
of the kinetic frictional force
acting on the crate, and (c) the
energy supplied by the motor.
E,#, 8-58 Problem 66.
(d) Explain why answers (a)
and (c) differ.
$7 In Fig. 8-49, a block is sent sliding down a frictionless
ramp. Its speeds at points A and B are 2.00 mls and 2.60 mls,
respectively. Next, it is again sent sliding down the ramp, but
this time its speed at pointA is 4.00 mls. What then is its speed
at point B?

A 30 g bullet moving a horizontal velocity of 500 mls
comes to a stop 12 cm within a solid wall. (a) What is the
change in the bullet's mechanical energy? (b) What is the
magnitude of the average force from the wall stopping it?
To form a pendulum, a 0.092 kg ball is attached to one
end of a rod of length 0.62 m and negligible mass, and the
other end of the rod is mounted on a pivot. The rod is rotated
until it is straight up, and then it is released from rest so that
it swings down around the pivot. When the ball reaches its
lowest point, what are (a) its speed and (b) the tension in the
rod? Next, the rod is rotated until it is horizontal, and then it
is again released from rest. (c) At what angle from the vertical
does the tension in the rod equal the weight of the ball? (d)
If the mass of the ball is increased, does the answer to (c)
increase, decrease, or remain the same?
In Fig. 8-59, a chain is held
on a frictionless table with onefourth of its length hanging
over the edge. If the chain has
length L = 28 cm and mass
m = 0.012 kg, how much work
is required to pull the hanging
part back onto the table?
A conse~vativeforce F(x)
acts on a 2.0 kg particle that
moves along an x axis. The potential energy U(x) associated
with F(x) is graphed in Fig. 8-60. When the particle is at X =
2.0 m, its velocity is -1.5 mls. What are the (a) magnitude

\

and (b) direction of Fix) at this position? Between what
sitions on the (c) left and (d) right does the particle move?
What is its particle's speed at X = 7.0 m?
A certain spring is found not to conform to Hooke's law.
The force (in newtons) it exerts when stretched a distance X
(in meters) is found to have magnitude 5 2 . 8 ~+ 38.4x2 in the
direction opposing the stretch. (a) Compute the work required
to stretch the spring from X = 0.500 m to X = 1.00 m. (b) With
one end of the spring fixed, a particle of mass 2.17 kg is attached to the other end of the spring when it is stretched by
an amount x = 1.00 m. If the particle is then released from
rest, what is its speed at the instant the stretch in the spring is
X = 0.500 m? (c) Is the force exerted by the spring conservative or nonconservative? Explain.

-2

A factory worker accidentally releases a 180 kg crate that
was being held at rest at the top of a ramp that is 3.7 m long
and inclined at 39O to the horizontal. The coefficient of kinetic
friction between the crate and the ramp, and between the crate
and the horizontal factory floor, is 0.28. (a) How fast is the
crate moving as it reaches the bottom of the ramp? (b) How
far will it subsequently slide across the floor? (Assume that
the crate's kinetic energy does not change as it movcs from
the ramp onto the floor.) (c) D o the answers to (a) and (b)
increase, decrease, or remain the same if we halve the mass
of the crate?
When a click beetle is upside down on its back, it jumps
upward by suddenly arching its back, transferring energy
stored in a muscle to mechanical energy. This launching mechanism produces an audible click, giving the beetle its name.
Videotape of a certain click-beetle jump shows that a beetle
of mass m = 4.0 X 10-'j kg moved directly upward by
0.77 mm during the launch and then to a maximum height of
h = 0.30 m. During the launch, what are the average magnitudes of (a) the external force on the beetle's back from the
floor and (b) the acceleration of the beetle in terms of g?
75 Resistance to the motion of an automobile consists of
road friction, which is almost independent of speed, and air
drag, which is proportional to speed-squared. For a certain car
with a weight of 12 000 N, the total resistant force F is given
by F = 300 + 1.8v2, with F in newtons and v in meters per
second. Calculate the power (in horsepower) required to accelerate the car at 0.92 m/s2 when the speed is 80 kmlh.

To make a pendulum, a 300 g ball is attached to one end
a string that has a length of 1.4 m and negligible mass. (The
other end of the string is fixed.) The ball is pulled to one side
until the string makes an angle of 30.0" with the vertical; then
(with the string taut) the ball is released from rest. Find (a)
the speed of the ball when the string makes an angle of 20.0'
with the vertical and (b) the maximum speed of the ball. (c)
What is the angle between the string and the vertical when
the speed of the ball is one-third its maximum value?
UL

n

In Fig. 8-61, a small block is sent through point A with a
speed of 7.0 mls. Its path is without friction until it reachcs
the section of length L = 12 m, where the coefficient of kinetic
friction is 0.70. The indicated heights are h, = 6.0 m and h, =
2.0 m. What are the speeds of the block at (a) point B and (b)
point C? (c) Does the block reach point D? If so, what is its

8 Potential Energy and Conservation of Energy
speed there; if not, how far through the section of friction does
it travel?

itive position X,
it reaches? (n) What does the particle do
after it reaches X,,,?
Range

Force
=

0 to 2.00 m
2.00 m to 3.00 m
3.00 m to 8.00 m
8.00 m to 11.0 m

jlB We move a particle along an x axis, first outward from
x = 1.0 m to x = 4.0 m and then back to X = 1.0 m, while an
external force acts on it. That force is directed along the x
axis, and its x compnant c m have different values for the
outwa~dtrip and f ~ the
r return trip, Here are the values (in
nmtans) for four situations, where X is in meters:
Outward
(a)
(b)
(c)
(d)

+3.0
+5.0
+2.0x
+3.0x2

Inward
-3.0
+5.0
-2.Ox
+3.0x2

Find the net work done on the particle by the external force
for the round trip for each of the four situations. (e) For which,
if any, is the external force conservative?

79 A 2.50 kg beverage can is thrown directly downward from
a height of 4.00 m, with an initial speed of 3.00 mls. The air
drag on the can is negligible. What is the kinetic energy of the
can (a) as it reaches the ground at the end of its fall and (b)
when it is halfway to the ground? What are (c) the kinetic
energy of the can and (d) the gravitational potential energy
of the can-Earth system 0.200 s before the can reaches the
ground? For the latter, take the reference point y = 0 to be
at the ground.
A particle can move along only an X axis, where conservative forces act on it (Fig. 8-62 and the following table). The
particle is released at X = 5.00 m with a kinetic energy of
K = 14.0 J and a potential energy of U = 0. If its motion is in
the negative direction of the X axis, what are its (a) K and (b)
U at X = 2.00 m and its (c) K and (d) U at X = O? If its motion
is in the positive direction of the X axis, what are its (e) K and
(f) U at X = 11.0 m, its (g) K and (h) U at X = 12.0 m, and its
(i) K and (j) U at X = 13.0 m? (k) Plot U(x) versus X for the
range X = 0 to X = 13.0 m.

8-62 Problems 80 and 81.
Next, the particle is released from rest at X = 0. What are
(1) its kinetic energy at X = 5.0 m and (m) the maximum pos-

32
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2 3 = -(4.00
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81 For the arrangement of forces in Problem 80, a 2.00 kg
particle is released at X = 5.00 m with an initial velocity of
3.45 m/s in the negative direction of the X axis. (a) If the particle can reachx = 0 m, what is its speed there, and if it cannot,
what is its turning point? Suppose, instead, the particle is
headed in the positive X direction when it is released at x =
5.00 m at speed 3.45 mls. (b) If the particle can reach X =
13.0 m, what is its speed there, and if it cannot, what is its
turning point?
82 In Fig. 8-52a, a block with a kinetic energy of 30 J is about

to collide with a spring at its relaxed length. As the block
compresses the spring, a frictional force between the block
and floor acts on the block. Figure 8-63 gives the kinetic energy K(x) of the block and the potential energy U(x) of the
spring as functions of position X of the block, as the spring is
compressed. What is the increase in thermal energy of the
block and the floor when (a) the block reaches position X =
0.10 m and (b) the spring reaches its maximum compression?

F&. ad3 Problem 82.

86

A 1500 kg car begins sliding down a 5.0" inclined road
with a speed of 30 kmlh. The engine is turned off, and the
only forces acting on the car are a net frictional force from the
road and the gravitational force. After the car has traveled
50 m along the road, its speed is 40 kmlh. (a) How much is
the mechanical enelgy of the car reduced bccause of the net
frictional force? (b) What is the magnitude of that net frictional force?
A 1500 kg car starts from rest on a horizontal road and
gains a speed of 72 kmlh in 30 S. (a) What is its kinetic energy
at the end of the 30 S? (b) What is the average power required
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of the car during the 30 s interval? (c) What is the instantaneous power at the end of the 30 s interval, assuming that the
acceleration is constant?

BB

A locomotive with a power capability of 1.5 MW can accelerate a train from a speed of 10 mls to 25 mls in 6.0 min.
(a) Calculate the mass of the train. Find (b) the speed of the
train and (c) the force accelerating the train as functions of
time (in seconds) during the 6.0 min interval. (d) Find the
distance moved by the train during the interval.

B6

A 5.0 kg block is projected at 5.0 m/s up a plane that is
inclined at 30' with the horizontal. How far up along the plane
does the block go (a) if the plane is frictionless and (b) if the
coefficient of kinetic friction between the block and the plane
is 0.40? (c) In the latter case, what is the increase in thermal
energy of block and plane during the block's ascent? (d) If
the block then slides back down against the frictional force,
what is the block's speed when it reaches the original projection point?

617

A 1.50 kg water balloon is shot straight up with an initial
speed of 3.00 mls. (a) What is the kinetic energy of the balloon
just as it is launched? (b) How much work does the gravitational force do on the balloon during the balloon's full ascent?
(c) What is the change in the gravitational potential energy of
the balloon-Earth system during the full ascent? (d) If the
gravitational potential energy is taken to be zero at the launch
point, what is its value when the balloon reaches its maximum
height? (e) If, instead, the gravitational potential energy is
taken to be zero at the maximum height, what is its value at
the launch point? (f) What is the maximum height?

88 From the edge of a cliff, a 0.55 kg projectile is launched
with an initial kinetic energy of 1550 J. The projectile's maximum upward displacement from the launch point is +l40 m.
What are the (a) horizontal and (b) vertical components of its
launch velocity? (c) At the instant the vertical component of
its velocity is 65 mls, what is its vertical displacement from the
launch point?

89 In Fig. 8-64, the pulley has
negligible mass, and both it
and the inclined plane are frictionless. Block A has a mass of
1.0 kg, block B has a mass of
2.0 kg, and angle 0 is 30". Tf the
blocks are released from rest
with the connecting cord taut,
what is their total kinetic energy when block B has fallen
25 cm?
90 A 1.50 kg snowball is shot upward at an angle of 34.0" to
the horizontal with an initial speed of 20.0 mls. (a) What is its
initial kinetic energy? (b) By how much does the gravitational
potential energy of the snowball-Earth system change as the
snowball moves from the launch point to the point of maximum height? (c) What is that maximum height?
g1 In a circus act, a 60 kg clown is shot from a cannon with
an initial velocity of 16 m/s at some unknown angle above the
horizontal. A short time later the clown lands in a net that is
3.9 m vertically above the clown's initial position. Disregard
air drag. What is the kinetic energy of the clown as he lands
in the net?
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The only force acting on a particle is conservative force
F. If the particle is atgoint A, the potential energy of the
system associated with F and the particle is 40 J. If the particle
moves from point A to point B, the work done on the particle
by Zis +25 J. What is the potential energy of the system with
the particle at B?
! A constant horizontal force moves a 50 kg trunk 6.0 m
up a 30" incline at constant speed. The coefficient of kinetic
friction between the trunk and the incline is 0.20. What are
(a) t h e work done by the applied force and (b) the increase
in the thermal energy of the trunk and incline?

94 A 20 kg block on a horizontal surface is attached to a
horizontal spring of spring constant k = 4.0 kNim. The block
is pulled to the right so that the spring is stretched 10 cm
beyond its relaxed length, and the block is then released from
rest. The frictional force between the sliding block and the
surface has a magnitude of 80 N. (a) What is the kinetic energy
of the block when it has moved 2.0 cm from its point of release? (b) What is the kinetic energy of the block when it first
slides back through the point at which the spring is relaxed?
(c) What is the maximum kinetic energy attained by the block
as it slides from its point of release to the point at which the
spring is relaxed?
!

Two blocks, of masses
2.0 kg and 2M, are connected to a spring of spring
constant k = 200 N/m that has
one end fixed, as shown in Fig.
8-65. The horizontal surface
and the pulley are frictionless,
and the pulley has negligible
mass. The blocks are released
F$#.
Problem 95.
from rest with the spring relaxed. (a) What is the combined kinetic energy of the two blocks when the hanging block
has fallen 0.090 m? (b) What is the kinetic energy of the hanging block when it has fallen that 0.090 m? (c) What maximum
distance does the hanging block fall before momentarily stopping?
l - =

96 A volcanic ash flow is moving across horizontal ground
when it encounters a 10" upslope. The front of the flow then
travels 920 m up the slope before stopping. Assume that the
gases entrapped in the flow lift the flow and thus make the
frictional force from the ground negligible; assume also that
the mechanical energy of the front of the flow is conserved.
What was the initial speed of the front of the flow?

97 A 0.50 kg banana is thrown directly upward with an initial
speed of 4.00 mls and reaches a maximum height of 0.80 m.
What change does air drag cause in the mechanical energy of
the banana-Earth system during the ascent?
! If a 70 kg baseball player steals home by sliding into the
p a t e with an initial speed of 10 mls just as he hits the ground,
(a) what is the decrease in the player's kinetic energy and (b)
what is the increase in the thermal energy of his body and the
ground along which he slides?

091 A spring (k = 200 Nlm) is fixed at the top of a frictionless
plane inclined at angle 9 = 40" (Fig. 8-66). A 1.0 kg block is
projected up the plane, from an initial position that is distance
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d = 0.60 m from the end of the
relaxed spring, with an initial
kinetic energy of 16 J. (a) What
is the kinetic energy of the
block at the instant it has compressed the spring 0.20 m? (b)
With what kinetic energy must
the block be projected up the
plane if it is to stop momentarily when it has compressed the
fi&
8-66 Problem 99.
spring by 0.40 m?
A machine pulls a 40 kg trunk 2.0 m up a 40" ramp at
,,..stant
velocity, with the machine's force on the trunk directed parallel to the ramp. The coefficient of kinetic friction
between the trunk and the ramp is 0.40. What are (a) the work
done on the trunk by thc machine's force and (b) the increase
in thermal energy of the trunk and the ramp?
icn A 3.2 kg sloth hangs 3.0 m above the ground. (a) What
is the gravitational potential energy of the sloth-Earth system
if we take the reference point y = 0 to be at the ground? If
the sloth drops to the ground and air drag on it is assumed to
be negligible, what are the (b) kinetic energy and (c) speed of
the sloth just before it reaches the ground?
w2 A spring with a spring constant of 3200 Nlm is initially
stretched until the elastic potential energy of the spring is
1.44 J. (U = 0 for the relaxed spring.) What is A U if the initial
stretch is changed to (a) a stretch of 2.0 cm, (b) a compression
of 2,0 cm, and (c) a compression of 4.0 cm?
ie The luxury liner Queen Elizabeth 2 has a diesel-electric
power plant with a maximum power of 92 MW at a cruising
speed of 32.5 knots. What forward force is exerted on the ship
at this speed? (1knot = 1.852 kmlh.)
5 8 9 The spring in the muzzle of a child's spring gun has a
spring constant of 700 Nlm. To shoot a ball from the gun, first
the spring is compressed and then the ball is placed on it. The
gun's trigger then releases the spring, which pushes the ball
through the muzzle. The ball leaves the spring just as it leaves
the outer end of the muzzle. When the gun is inclined upward
by 30" to the horizontal, a 57 g ball is shot to a maximum height
of 1.83 m above the gun's muzzle. Assume air drag on the ball
is negligible. (a) At what speed does the spring launch the
ball? (b) Assuming that friction on the ball within the gun can
be neglected, find the spring's initial compression distance?
r g The temperature of a plastic cube is monitored while the
cube is pushed 3.0 m across a floor at constant speed by a
horizontal force of 15 N. Themonitoring reveals that the thermal energy of the cube increases by 20 J. What is the increase
in the thermal energy of the floor along which the cube slides?
m6 Two snowy peaks are at heights H = 850 m and h =
750 m above the valley between them. A ski run extends between the peaks, with a total length of 3.2 km and an average
slope of 0 = 30" (Fig. 8-67). (a) A skier starts from rest at the
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top of the higher peak. At what speed will he arrive at the top
of the lower peak if he coasts without using ski poles? Ignore
friction. (b) Approximately what coefficient of kinetic friction
between snow and skis would make him stop just at the top
of the lower peak?
A swimmer moves through the water at an average
spccd of 0.22 mls. The average drag force is 110 N. What
average power is required of the swimmer?
1Q& An automobile with passengers has weight 16 400 N and
is moving at 113 kmlh when the driver brakes, sliding to a
stop. The frictional force on the wheels horn the road has a
magnitude of 8230 N. Find the stopping distance.
r;09 A 60.0 kg circus performer slides 4.00 m down a pole to
the circus floor, starting from rest. What is the kinetic energy
of the performer as she reaches the floor if the frictional force
on her from the pole (a) is negligible (she will be hurt) and
(b) has a magnitude of 500 N?

In 1981, Daniel Goodwin climbed 443 m up the exterior
of the Sears Building in Chicago using suction cups and metal
clips. (a) Approximate his mass and then compute how much
energy he had to transfer from biomechanical (internal) energy to the gravitational potential energy of the EarthGoodwin system to lift himself to that height. (b) How much
energy would he have had to transfer if he had, instead, taken
the stairs inside the building (to the same height)?
*M

iii A 0.63 kg ball thrown directly upward with an initial
speed of 14 m/s reaches a maximum height of 8.1 m. What is
the change in the mechanical energy of the ball-Earth system
during the ascent of the ball to that maximum height?

The summit of Mount Everest is 8850 m above sea level.
How much energy would a 90 kg climber expend against
the gravitational force on him in climbing to the summit from
sea level? (b) How many candy bars, at 1.25 MJ per bar, would
supply an energy equivalent to this? Your answer should suggest that work done against the gravitational force is a very
small part of the energy expended in climbing a mountain.
('L)

A sprinter who weighs 670 N runs the first 7.0 m of a
race in 1.6 S, starting from rest and accelerating uniformly.
What are the sprinter's (a) speed and (b) kinetic energy at the
end of the 1.6 S? (c) What average power does the sprinter
generate during the 1.6 S interval?
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In Fig. 8-68, a 1400 kg
block of granite is pulled up an
incline at a constant speed of
1.34 mls by a cable and winch.
The indicated distances are dl
F&= 40 m and 4 = 30 m, The
F!#. 8443 Problem 114.
coefficient of kinetic friction
between the block and the incline is 0.40. What is the power
due to the force applied to the block by the cable?

A 0.42 kg shuffleboard disk is initially at rest when a
player uses a cue to increase its speed to 4.2 m/%M constant
acceleration. The amldration takes place over a 2.0 m digtance, at the end of whkh the cue loses cantad with khe disk.
Then the disk slides an additional 12 m before stopping. As-

Problems

sume that the shuffleboard court is level and that the force of
friction on the disk is constant. What is the increase in the
thermal energy of the disk-court system (a) for that additional 12 m and (b) for the entire 14 m distance? (c) How
much work is done on the disk by the cue?

u6 A 70.0 kg man jumping from a window lands in an elevated fire rescue net 11.0 m below the window. He momentarily stops when he has stretched the net by 1.50 m. Assuming
that mechanical energy is conserved during this process and
that the net functions like an ideal spring, find the elastic potential energy of the net when it is stretched by 1.50 m.
117 The maximum force you can exert on an object with one
of your back teeth is about 750 N. Suppose that as you gradually bite on a clump of licorice, the licorice resists compression by one of your teeth by acting like a spring for which
k = 2.5 X 105 N/m. Find (a) the distance the licorice is compressed by your tooth and (b) the work the tooth does on the
licorice during the compression. (c) Plot the magnitude of
your force versus the compression distance. (d) If there is a
potential energy associated with this compression, plot it versus compression distance.
In the 1990s the pelvis of a particular Triceralops dinosaur
was found to have deep bite marks. The shape of the marks
suggested that they were made by a Tyrannosaurus rex dinosaur. To test the idea, researchers made a replica of a T. rex
tooth from bronze and aluminum and then used a hydraulic
press to gradually drive the replica into cow bone to the depth
seen in the Triceratops bone. A graph of the force required
versus depth of penetration is given in Fig. 8-69 for one trial;
the required force increased with depth because, as the nearly
conical tooth penetrated the bone, more of the tooth came in
contact with the bone. (e) How much work was done by the
hydraulic press-and thus presumably by the T. rex-in such
a penetration? (f) Is there a potential energy associated with
this penetration? (The large biting force and energy expenditure attributed to the T. rex by this research suggest that the
animal was a predator and not a scavenger, as had been argued by some researchers,)
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119 A 15 kg block is accelerated at 2.0 m/s2 along a horizontal frictionless surface, with the speed increasing from 10 m/s
to 30 m/s. What are (a) the change in the block's mechanical
energy and (b) the average rate at which energy is transferred
to the block? What is the instantaneous rate of that transfer
when the block's speed is (c) 10 m/s and (d) 30 m/s?
Repeat Problem 119, but now with the block accelerated
up a frictionless plane inclined at 5.0" to the horizontal.

W

The surface of the continental United States has an area
of about 8 X 106 km2 and an average elevation of about
500 m (above sea level). The average yearly rainfall is 75 cm.
The fraction of this rainwater that returns to the atmosphere
by evaporation is 3; the rest eventually flows into the ocean.
If the decrease in gravitational potential energy of the waterEarth system associated with that flow could be fully converted to electrical energy, what would be the average power?
(The mass of 1 m3 of water is 1000 kg.)

i*

122 A 20 kg object is acted on by a conservative force given
by F = - 3 . 0 ~- 5.0x2,with F i n newtons and X in meters. Take
the potential energy associated with the force to be zero when
the object is at X = 0. (a) What is the potential energy of the
system associated with the force when the object is at X =
2.0 m? (b) If the object has a velocity of 4.0 m/s in the negative
direction of the X axis when it is at X = 5.0 m, what is its speed
when it passes through the origin? (c) What are the answers
to (a) and (b) if the potential energy of the system is taken to
be -8.0 J when the object is at X = 0?

1;r3 A spring with spring constant k = 200 Nlm is suspended
vertically with its upper end fixed to the ceiling and its lower
end at position y = 0. A block of weight 20 N is attached to
the lower end, held still for a moment, and then released.
What are (a) the kinetic energy K, (b) the change (from the
initial value) in the gravitational potential energy AU,, and (c)
the change in the elastic potential energy AU, of the springblock system when the block is at y = -5.0 cm? What are (d)
K, (e) AU,, and (f) AU, when y = -10 cm, (g) K, (h) AU,,
and (i) AU, when y = -15 cm, and (j) K, (k) AU,, and (1)
AU, when y = -20 cm?

124 A skier weighing 600 N
goes over a frictionless circular
hill of radius R = 20 m (Fig.
8-70). Assume that the effects
of air resistance on the skier
are negligible. As she comes up
the hill, her speed is 8.0 m/s at
\ I
\I
point B, at angle 0 = 20". (a)
'l\\
What is her speed at the hilltop
-fa Problem 124.
(point A) if she coasts without
using her poles? (b) What minimum speed can she have at B and still coast to the hilltop? (c)
Do the answers to these two questions increase, decrease, or
remain the same if the skier weighs 700 N?
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average frictional force of the pole on her is 500 N upward,
what is her speed just before reaching the ground floor?

1
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Penetration depth (mm)

2 3

Problem 117
118 A 70 kg firefighter slides, from rest, 4.3 m down a vertical
pole. (a) If the firefighter holds onto the pole lightly, so that
the frictional force of the pole on her is negligible, what is her
speed just before reaching the ground floor? (b) If the firefighter grasps the pole more firmly as she slides, so that the

125 Each second, 1200 m3 of water passes over a waterfall
100 m high. Three-fourths of the kinetic energy gained by the
water in falling is transferred to electrical energy by a hydroelectric generator. At what rate does the generator produce
electrical energy? (The mass of 1m3 of water is 1000 kg.)

Chpter8 Potential Energy and Conservation of Energy
Wi A 68 kg sky diver falls at a constant terminal speed of

59 mls. (a) At what rate is the gravitational potential energy
of the Earth-sky diver system being reduced? (b) At what
rate is the system's mechanical energy being reduced?
127 A SO g ball is thrown from a window with an initial velocity of 8.0 m/s at an angle of 30" above the horizontal. Using
energy methods, determine (a) the kinetic energy of the ball
at the top of its flight and (b) its speed when it is 3.0 m below
the window. Does the answer to (b) depend on either (c) the
mass of the ball or (d) the initial angle?

A 9.40 kg projectile is fired vertically upward. Air drag
decreases the mechanical energy of the projectile-Earth system by 68.0 kJ during the projectile's ascent. How much higher
would the projectile have gone were air drag negligible?

Figure 8-7% shows a malwule consisting of two atoms
of m a w s m and M (with m G M) and separation r. Figure
8-726 shows the votential mergy U(r) of the molecule as a
function of r. Describe the moM
tion of the atoms (a) if the total
mechanical energy E of the
two-atom system is greater
(a)
than zero (as is El), and (b) if
E is less than zero (as is Ez).
9;
For E, = 1 X 10-l9 J and r =
0.3 nm, find (c) the potential
2
energy of the system, (d) the
total kinetic energy of the at2 -1
oms, and (e) the force (mag-2
nitude and direction) acting on
each atom. For what values of
r is the force (f) repulsive, (g)
attractive, and (h) zero?
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A massless rigid rod of
length L has a ball of mass m
attached to one end (Fig. 8-71).
The other end is pivoted in
Pivm
such a way that the ball will
point
move in a vertical circle. First,
assume that there is no friction
at the pivot. The system is
launched downward from the
,
horizontal position A with initial speed vo. The ball just
'
L
,
B'
barely reaches point D and
8.p
Problem 129.
then stops. (a) Derive an expression for .v in terms of L,
m, and g. (b) What is the tension in the rod when the ball
passes through B? (c) A little grit is placed on the pivot to
increase the friction there. Then the ball just barely reaches
C when launched from A with the same speed as before. What
is the decrease in the mechanical energy during this motion?
(d) What is the decrease in the mechanical energy by the time
the ball finally comes to rest at B after several oscillations?
- - +

of the water-Earth system is transferred to kinetic energy
during the descent? (Hint:Consider the descent of, say, l 0 kg
of water.)

P ~ OA

metal tool is sharpened by bcing held against the rim
of a wheel on a grinding machine by a force of 180 N. The
frictional forces between the rim and the tool grind off small
pieces of the tool. The wheel has a radius of 20.0 cm and
rotates at 2.50 rev/s. The coefficient of kinetic friction between
the wheel and the tool is 0.320. At what rate is energy being
transferred from the motor driving thc wheel to the thermal
energy of the wheel and tool and to the kinetic energy of the
material thrown from the tool?

gr Approximately 5.5 X 106 kg of water falls 50 m over
Niagara Falls each second. (a) What is the decrease in the
gravitational potential energy of the water-Earth system each
second? (b) If all this energy could be converted to electrical
energy (it cannot be), at what rate would electrical energy be
supplied? (The mass of 1 m3 of water is 1000 kg.) (c) If the
electrical energy were sold at 1 cent/kW. h, what would be
the yearly income?
A river descends 15 m through rapids. The speed of the
water is 3.2 m/s upon entering the rapids and 13 m/s upon
leaving. What percentage of the gravitational potential energy
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A conservativeforce
F(x) acts on a particle that
moves along an x axis.
Figure 8-73shows how the
potential energy U($) as4i
swiated with force F@) =;. i varies with the position of "
!the particle. (a) Plot F(&)
fortherangeO<x<6m.
(b) The mechanical energy E of the system is 4.Q
6 1 2 g 4 5 6
J. Plot the kinetic energy
lm)
K(x) of the particle diF@, 8-13 h b l e m 134,
rectly on Fig. 8-73.
rgrl
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15 The magnitude of the gravitational force between a pard e of mass ml and one of mass m2 is given by

where G is a constant and x is the distance between the particles. (a) What is the correlponding potential energy function
U@)? Assume that U(x) -P 0 as x -,W and that x is positive,
(b) How much work is required to increase the separation of
the particles from x = xl to x = xl + d?
134 Fasten one end of a vertical spring to a ceiling, attach a
cabbage to the other end, and then slowly lower the cabbage
until the upward force on it frmthe spring balances the gravitational force on it. Show that the loss of gravitatianal potential energy of the cabbage-Earth system equals twice the gain
in the spring's ppotmtial energy. Why are these two quantities
not equal?

