Conservation of Energy

In Chapter 7, we introduced three methods for storing energy in a system: kinetic energy,
associated with movement of members of the system; potential energy, determined by the con-
figuration of the system; and internal energy, which is related to the temperature of the system.

We now consider analyzing physical situations using the energy approach for two types of
systems: nonisolated and isolated systems. For nonisolated systems, we shall investigate ways
that energy can cross the boundary of the system, resulting in a change in the system's total
energy. This analysis leads to a critically important principle called conservation of energy. The
conservation of energy principle extends well beyond physics and can be applied to biological
organisms, technological systems, and engineering situations.

In isolated systems, energy does not cross the boundary of the system. For these systems,
the total energy of the system is constant. If no nonconservative forces act within the system,
we can use conservation of mechanical energy to solve a variety of problems.
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Three youngsters enjoy the
transformation of potential energy
to kinetic energy on a waterslide.
We can analyze processes such

as these with the techniques
developed in this chapter.
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212 Chapter 8 Conservation of Energy

Figure 8.1 Energy trans-
fer mechanisms. In each
case, the system into which
or from which energy is
transferred is indicated.
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Situations involving the transformation of mechanical energy to internal energy due to
nonconservative forces require special handling. We investigate the procedures for these
types of problems.

Finally, we recognize that energy can cross the boundary of a system at different rates.
We describe the rate of energy transfer with the quantity power.

Analysis Model: Nonisolated System (Energy)

As we have seen, an object, modeled as a particle, can be acted on by various
forces, resulting in a change in its kinetic energy according to the work—kinetic
energy theorem from Chapter 7. If we choose the object as the system, this very
simple situation is the first example of a nonisolated system, for which energy crosses
the boundary of the system during some time interval due to an interaction with
the environment. This scenario is common in physics problems. If a system does
not interact with its environment, it is an isolated system, which we will study in Sec-
tion 8.2.

The work-kinetic energy theorem is our first example of an energy equation
appropriate for a nonisolated system. In the case of that theorem, the interaction
of the system with its environment is the work done by the external force, and the
quantity in the system that changes is the kinetic energy.

So far, we have seen only one way to transfer energy into a system: work. We men-
tion below a few other ways to transfer energy into or out of a system. The details of
these processes will be studied in other sections of the book. We illustrate mecha-
nisms to transfer energy in Figure 8.1 and summarize them as follows.

Work, as we have learned in Chapter 7, is a method of transferring energy to a
system by applying a force to the system such that the point of application of the
force undergoes a displacement (Fig. 8.1a).

Energy leaves the radio Energy transfers to
Energy is transferred from the speaker by the handle of the
to the block by work. mechanical waves. spoon by heat.
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Energy enters the Energy enters the Energy leaves the light-
automobile gas tank hair dryer by bulb by electromagnetic
by matter transfer. electrical transmission. radiation.
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© Cengage Learning/George Semple




8.1 Analysis Model: Nonisolated System (Energy) 213

Mechanical waves (Chapters 16-18) are a means of transferring energy by allow-
ing a disturbance to propagate through air or another medium. It is the method
by which energy (which you detect as sound) leaves the system of your clock radio
through the loudspeaker and enters your ears to stimulate the hearing process
(Fig. 8.1b). Other examples of mechanical waves are seismic waves and ocean waves.

Heat (Chapter 20) is a mechanism of energy transfer that is driven by a tem-
perature difference between a system and its environment. For example, imagine
dividing a metal spoon into two parts: the handle, which we identify as the system,
and the portion submerged in a cup of coffee, which is part of the environment
(Fig. 8.1c). The handle of the spoon becomes hot because fast-moving electrons
and atoms in the submerged portion bump into slower ones in the nearby part of
the handle. These particles move faster because of the collisions and bump into the
next group of slow particles. Therefore, the internal energy of the spoon handle
rises from energy transfer due to this collision process.

Matter transfer (Chapter 20) involves situations in which matter physically
crosses the boundary of a system, carrying energy with it. Examples include filling
your automobile tank with gasoline (Fig. 8.1d) and carrying energy to the rooms of
your home by circulating warm air from the furnace, a process called convection.

Electrical transmission (Chapters 27 and 28) involves energy transfer into or
out of a system by means of electric currents. It is how energy transfers into your
hair dryer (Fig. 8.1¢), home theater system, or any other electrical device.

Electromagnetic radiation (Chapter 34) refers to electromagnetic waves such
as light (Fig. 8.1f), microwaves, and radio waves crossing the boundary of a system.
Examples of this method of transfer include cooking a baked potato in your micro-
wave oven and energy traveling from the Sun to the Earth by light through space.!

A central feature of the energy approach is the notion that we can neither cre-
ate nor destroy energy, that energy is always conserved. This feature has been tested
in countless experiments, and no experiment has ever shown this statement to be
incorrect. Therefore, if the total amount of energy in a system changes, it can only
be because energy has crossed the boundary of the system by a transfer mecha-
nism such as one of the methods listed above.

Energy is one of several quantities in physics that are conserved. We will see
other conserved quantities in subsequent chapters. There are many physical quanti-
ties that do not obey a conservation principle. For example, there is no conserva-
tion of force principle or conservation of velocity principle. Similarly, in areas other
than physical quantities, such as in everyday life, some quantities are conserved and
some are not. For example, the money in the system of your bank account is a con-
served quantity. The only way the account balance changes is if money crosses the
boundary of the system by deposits or withdrawals. On the other hand, the num-
ber of people in the system of a country is not conserved. Although people indeed
cross the boundary of the system, which changes the total population, the popula-
tion can also change by people dying and by giving birth to new babies. Even if no
people cross the system boundary, the births and deaths will change the number
of people in the system. There is no equivalent in the concept of energy to dying or
giving birth. The general statement of the principle of conservation of energy can
be described mathematically with the conservation of energy equation as follows:

AEsystem = Z T (81)

where I .., is the total energy of the system, including all methods of energy stor-
age (kinetic, potential, and internal), and 7" (for transfer) is the amount of energy
transferred across the system boundary by some mechanism. Two of our transfer
mechanisms have well-established symbolic notations. For work, 7, , = Was dis-

cussed in Chapter 7, and for heat, 7., = Qas defined in Chapter 20. (Now that we

'Electromagnetic radiation and work done by field forces are the only energy transfer mechanisms that do not
require molecules of the environment to be available at the system boundary. Therefore, systems surrounded by a
vacuum (such as planets) can only exchange energy with the environment by means of these two possibilities.

Pitfall Prevention 8.1

Heat Is Not a Form of Energy

The word /eat is one of the most
misused words in our popular lan-
guage. Heat is a method of transfer-
ring energy, nota form of storing
energy. Therefore, phrases such
as “heat content,” “the heat of the
summer,” and “the heat escaped”
all represent uses of this word that
are inconsistent with our physics
definition. See Chapter 20.

4 Conservation of energy



214 Chapter 8 Conservation of Energy

are familiar with work, we can simplify the appearance of equations by letting the

simple symbol Wrepresent the external work W, , on a system. For internal work, we

will always use W, to differentiate it from W) The other four members of our list

do not have established symbols, so we will call them 7,;,, (mechanical waves), Ty;1

(matter transfer), T, (electrical transmission), and Ty (electromagnetic radiation).
The full expansion of Equation 8.1 is

AK + AU + AE,

nt

=N R SR e e (8.2)

which is the primary mathematical representation of the energy version of the anal-
ysis model of the nonisolated system. (We will see other versions of the nonisolated
system model, involving linear momentum and angular momentum, in later chap-
ters.) In most cases, Equation 8.2 reduces to a much simpler one because some of
the terms are zero for the specific situation. If, for a given system, all terms on the
right side of the conservation of energy equation are zero, the system is an isolated
system, which we study in the next section.

The conservation of energy equation is no more complicated in theory than the
process of balancing your checking account statement. If your account is the sys-
tem, the change in the account balance for a given month is the sum of all the
transfers: deposits, withdrawals, fees, interest, and checks written. You may find it
useful to think of energy as the currency of nature!

Suppose a force is applied to a nonisolated system and the point of application
of the force moves through a displacement. Then suppose the only effect on the
system is to change its speed. In this case, the only transfer mechanism is work (so
that the right side of Eq. 8.2 reduces to just W) and the only kind of energy in the
system that changes is the kinetic energy (so that the left side of Eq. 8.2 reduces to
just AK). Equation 8.2 then becomes

AK=W

which is the work-kinetic energy theorem. This theorem is a special case of the
more general principle of conservation of energy. We shall see several more special
cases in future chapters.

uick Quiz 8.1 By what transfer mechanisms does energy enter and leave (a) your
television set? (b) Your gasoline-powered lawn mower? (c) Your hand-cranked
pencil sharpener?

uick Quiz 8.2 Consider a block sliding over a horizontal surface with friction.
Ignore any sound the sliding might make. (i) If the system is the block, this sys-
tem is (a) isolated (b) nonisolated (c) impossible to determine (ii) If the system
is the surface, describe the system from the same set of choices. (iii) If the system
s is the block and the surface, describe the system from the same set of choices.

RGBT OLEE  Nonisolated System (Energy)

Imagine you have identified a system to be analyzed A A
and have defined a system boundary. Energy can Mcch!mical
exist in the system in three forms: kinetic, potential, System Work Heat Ve
and internal. The total of that energy can be changed boundary o 1
when energy crosses the system boundary by any of six \ —
. 5 netic ener;
transfer methods shown in the diagram here. The total The change in the total Potentlial e;gy
change in the energy in the system is equal to the total amount of energy in Internal energy
amount of energy that has crossed the system bound- the system is equal to L A . \
'y A A
ary. The mathematical statement of that concept is the total amount of —N L . )
din th - £ e energy that crosses the Matter Electrical  Electromagnetic
expressed 1n the conservation of energy equation: ek sRis. - - .

AE,

“system

=2 f (8.1)
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GBIV OLER  Nonisolated System (Energy) (continued)

The full expansion of Equation 8.1 shows the specific types of energy storage and transfer:

AK+ AU + AE,

“int

=W+ O+ Tyw + Tyr + Typr + Tig

(8.2)

For a specific problem, this equation is generally reduced to a smaller number of terms by eliminating the terms that

are equal to zero because they are not appropriate to the situation.

Examples:

e a force does work on a system of a single object, changing its speed: the work-kinetic energy theorem, W= AK
® a gas contained in a vessel has work done on it and experiences a transfer of energy by heat, resulting in a change

in its temperature: the first law of thermodynamics, AE;, = W+ Q (Chapter 20)

e an incandescent light bulb is turned on, with energy entering the filament by electricity, causing its temperature

to increase, and leaving by light: AE, , = T;.r + Tix (Chapter 27)

* a photon enters a metal, causing an electron to be ejected from the metal: the photoelectric effect, AK + AU =

Tz (Chapter 40)

Analysis Model: 1solated System (Energy)

In this section, we study another very common scenario in physics problems: a sys-
tem is chosen such that no energy crosses the system boundary by any method. We
begin by considering a gravitational situation. Think about the book-Earth system
in Figure 7.15 in the preceding chapter. After we have lifted the book, there is grav-
itational potential energy stored in the system, which can be calculated from the
work done by the external agent on the system, using W= AU,. (Check to see that
this equation, which we’ve seen before, is contained within Eq. 8.2 above.)

Let us now shift our focus to the work done on the book alone by the gravitational
force (Fig. 8.2) as the book falls back to its original height. As the book falls from vy,
to y;, the work done by the gravitational force on the book is

~

Wonvoor = (mg) - AT = (—mgj)-[(y, — »)j] = mgy, — mgy, (8.3)

From the work-kinetic energy theorem of Chapter 7, the work done on the book is
equal to the change in the kinetic energy of the book:

W, nbook — AI<bouk

(&)

We can equate these two expressions for the work done on the book:
AKyoor = mgy; — mgy; (8.4)

Let us now relate each side of this equation to the system of the book and the Earth.
For the right-hand side,

mgy; — mgy, = — (mgy, — mgy;) = —AUg
where U, = mgyis the gravitational potential energy of the system. For the left-hand
side of Equation 8.4, because the book is the only part of the system that is moving,
we see that AK,, = AK, where K is the kinetic energy of the system. Therefore,
with each side of Equation 8.4 replaced with its system equivalent, the equation
becomes

AK = —AU, (8.5)
This equation can be manipulated to provide a very important general result for

solving problems. First, we move the change in potential energy to the left side of
the equation:

AK+ AU,=0

The book is held at rest
here and then released.

v l

At a lower position, the
Y book is moving and has
kinetic energy K.

Figure 8.2 Abook is released
from rest and falls due to work
done by the gravitational force on
the book.
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Pitfall Prevention 8.2

Conditions on Equation 8.6 Equa-
tion 8.6 is only true for a system in
which conservative forces act. We
will see how to handle nonconserva-
tive forces in Sections 8.3 and 8.4.

Mechanical energy P>
of a system

The mechanical energy of P
an isolated system with
no nonconservative forces
acting is conserved.

The total energy of an P>
isolated system is conserved.

Figure 8.3 (Quick Quiz 8.4)
Three identical balls are thrown
with the same initial speed from
the top of a building.

The left side represents a sum of changes of the energy stored in the system. The
right-hand side is zero because there are no transfers of energy across the bound-
ary of the system; the book—Earth system is isolaled from the environment. We devel-
oped this equation for a gravitational system, but it can be shown to be valid for a
system with any type of potential energy. Therefore, for an isolated system,

AK+ AU=0 (8.6)

(Check to see that this equation is contained within Eq. 8.2.)
We defined in Chapter 7 the sum of the kinetic and potential energies of a sys-
tem as its mechanical energy:

E

mech

=K+ U (8.7)

where U represents the total of all types of potential energy. Because the system
under consideration is isolated, Equations 8.6 and 8.7 tell us that the mechanical
energy of the system is conserved:

AE,... =0 (8.8)

Equation 8.8 is a statement of conservation of mechanical energy for an iso-
lated system with no nonconservative forces acting. The mechanical energy in
such a system is conserved: the sum of the kinetic and potential energies remains
constant:

Let us now write the changes in energy in Equation 8.6 explicitly:

(K~ K) + (U= U) =0
K,+U=K+ U (8.9)
For the gravitational situation of the falling book, Equation 8.9 can be written as
émvf + mgy, = %mvf + mgy;

As the book falls to the Earth, the book-Earth system loses potential energy and
gains kinetic energy such that the total of the two types of energy always remains
constant: K. ; = Eg ), -

If there are nonconservative forces acting within the system, mechanical energy
is transformed to internal energy as discussed in Section 7.7. If nonconservative
forces act in an isolated system, the total energy of the system is conserved although
the mechanical energy is not. In that case, we can express the conservation of

energy of the system as

AE =0 (8.10)

system

where E ., includes all kinetic, potential, and internal energies. This equation is

the most general statement of the energy version of the isolated system model. It is
equivalent to Equation 8.2 with all terms on the right-hand side equal to zero.

uick Quiz 8.3 Arock of mass mis dropped to the ground from a height /. A
second rock, with mass 2m, is dropped from the same height. When the second
rock strikes the ground, what is its kinetic energy? (a) twice that of the first rock
(b) four times that of the first rock (c) the same as that of the first rock (d) half
as much as that of the first rock (e) impossible to determine

uick Quiz 8.4 Three identical balls are thrown from the top of a building, all
. with the same initial speed. As shown in Figure 8.3, the first is thrown hori-

. zontally, the second at some angle above the horizontal, and the third at some
: angle below the horizontal. Neglecting air resistance, rank the speeds of the

& balls at the instant each hits the ground.
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PGPSV OGN  Isolated System (Energy)

I(rlnagme (}170u have S Examples:
identified a system boundary . .. ..
— ® an object is in free-fall; gravitational
to be analyzed and Kinetic energy . ; L
. Y Potential energy potential energy transforms to kinetic
have defined a system
boundary. Ene a Internal energy energy: AK + AU=0
undary. Energy can .
exist in tﬁe s stei]in ¢ a basketball rolling across a gym
three formS’}i(inetic floor comes to rest; kinetic energy
otential. a ’ d inte _, The total amount of energy transforms to internal energy: AK +
p 1 ;l ! ’ n lln r in the system is constant. AEim =0
nal. Imagine also a 5 S
al. Jmag, ) Energy transforms among e a pendulum is raised and released
situation in which no the three possible types. . .. . .
enerey crosses the with an initial speed; its motion even-
gy tually stops due to air resistance; gravi-
boundary of the sys-

tational potential energy and kinetic
energy transform to internal energy,
AK + AU + AE,, = 0 (Chapter 15)
=0 (8.10) e a battery is connected to a resistor;
chemical potential energy in the bat-
tery transforms to internal energy

in the resistor: AU + AE,, = 0 (Chap-
ech =0 (8.8) ter 27)

HOLRUEBIVTITIN eSO  [solated and Nonisolated Systems with

No Nonconservative Forces: Conservation of Energy

tem by any method. Then, the system is isolated; energy transforms
from one form to another and Equation 8.2 becomes

AE

system

If no nonconservative forces act within the isolated system, the
mechanical energy of the system is conserved, so

AE,

Many problems in physics can be solved using the principle of conservation of
energy. The following procedure should be used when you apply this principle:

1. Conceptualize. Study the physical situation carefully and form a mental representa-
tion of what is happening. As you become more proficient working energy problems,
you will begin to be comfortable imagining the types of energy that are changing in
the system and the types of energy transfers occurring across the system boundary.

2. Categorize. Define your system, which may consist of more than one object and
may or may not include springs or other possibilities for storing potential energy.
Identify the time interval over which you will analyze the energy changes in the prob-
lem. Determine if any energy transfers occur across the boundary of your system
during this time interval. If so, use the nonisolated system model, AE, =21,
from Section 8.1. If not, use the isolated system model, AE_ ., = 0.

Determine whether any nonconservative forces are presént within the system. If
so0, use the techniques of Sections 8.3 and 8.4. If not, use the principle of conserva-
tion of energy as outlined below.

ystem

3. Analyze. Choose configurations to represent the initial and final conditions of
the system based on your choice of time interval. For each object that changes eleva-
tion, select a reference position for the object that defines the zero configuration

of gravitational potential energy for the system. For an object on a spring, the zero
configuration for elastic potential energy is when the object is at its equilibrium posi-
tion. If there is more than one conservative force, write an expression for the poten-
tial energy associated with each force.

Begin with Equation 8.2 and retain only those terms in the equation that are appro-
priate for the situation in the problem. Express each change of energy stored in the
system as the final value minus the initial value. Substitute appropriate expressions for
each initial and final value of energy storage on the left side of the equation and for
the energy transfers on the right side of the equation. Solve for the unknown quantity.

continued
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» Problem-Solving Strategy

4. Finalize. Make sure your results are consistent with your mental representation.
Also make sure the values of your results are reasonable and consistent with connec-
tions to everyday experience.

Ball in Free Fall

A ball of mass m is dropped from a height / above the ground as shown in

Example 8.1

Figure 8.4. yi=h
(A) Neglecting air resistance, determine the speed of the ball when it is at a B S— Ugi = mgh
height y above the ground. Choose the system as the ball and the Earth. Ki=0
SOLUTION Y=y
Conceptualize Figure 8.4 and our everyday experience with falling objects - U”__lmng
allow us to conceptualize the situation. Although we can readily solve this prob- h Ky=gmyf
lem with the techniques of Chapter 2, let us practice an energy approach. vy

Categorize Assuggested in the problem, we identify the system as the ball and
the Earth. Because there is neither air resistance nor any other interaction
between the system and the environment, the system is isolated and we use y=0
the isolated system model. The only force between members of the system is the {Ug =0
gravitational force, which is conservative.

Analyze Because the system is isolated and there are no nonconservative forces
acting within the system, we apply the principle of conservation of mechanical
energy to the ball-Earth system. At the instant the ball is released, its kinetic
energy is K; = 0 and the gravitational potential energy of the system is U, =
mgh. When the ball is at a position y above the ground, its kinetic energy is
K, = %mv/2 and the potential energy relative to the ground is U, = mgy.

Write the appropriate reduction of Equation 8.2, noting AK+ AU, =0

Figure 8.4 (Example 8.1) A ballis
dropped from a height /4 above the
ground. Initially, the total energy of

the ball-Earth system is gravitational
potential energy, equal to mgh relative to
the ground. At the position y, the total
energy is the sum of the kinetic and
potential energies.

that the only types of energy in the system that change

are kinetic energy and gravitational potential energy:
Substitute for the energies: (gmv? = 0) + (mgy — mgh) = 0

Solve for v;: v =2¢(h—y) > v = \/Qg(h - )

The speed is always positive. If you had been asked to find the ball’s velocity, you would use the negative value of the
square root as the y component to indicate the downward motion.

(B) Find the speed of the ball again at height y by choosing the ball as the system.

SOLUTION

Categorize In this case, the only type of energy in the system that changes is kinetic energy. A single object that can be
modeled as a particle cannot possess potential energy. The effect of gravity is to do work on the ball across the bound-
ary of the system. We use the nonisolated system model.

Analyze Write the appropriate reduction of Equation 8.2:

= Fg~A? = —mgj~ij
—mgAy = —mg(y — h) = mg(h —y)

Substitute for the initial and final kinetic energies and
the work:

Solve for v: v =2g(h —y)
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b 8.1

Finalize The final result is the same, regardless of the choice of system. In your future problem solving, keep in mind
that the choice of system is yours to make. Sometimes the problem is much easier to solve if a judicious choice is made
as to the system to analyze.

What if the ball were thrown downward from its highest position with a speed v;? What would its speed be
at height y?

Answer If the ball is thrown downward initially, we would expect its speed at height y to be larger than if simply
dropped. Make your choice of system, either the ball alone or the ball and the Earth. You should find that either

choice gives you the following result:

Example 8.2 A Grand Entrance Ul

who is to “fly” down to the stage during the performance of a play.
You attach the actor’s harness to a 130-kg sandbag by means of
a lightweight steel cable running smoothly over two frictionless 0
pulleys as in Figure 8.5a. You need 3.00 m of cable between the
harness and the nearest pulley so that the pulley can be hidden
behind a curtain. For the apparatus to work successfully, the sand-

You are designing an apparatus to support an actor of mass 65.0 kg \@
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
|
N

bag must never lift above the floor as the actor swings from above —

the stage to the floor. Let us call the initial angle that the actor’s T

cable makes with the vertical . What is the maximum value 6 can :

have before the sandbag lifts off the floor? Actor ' Sandbag

SOLUTION

Conceptualize We must use several concepts to solve this problem.
Imagine what happens as the actor approaches the bottom of the
swing. At the bottom, the cable is vertical and must support his
weight as well as provide centripetal acceleration of his body in the
upward direction. At this point in his swing, the tension in the cable
is the highest and the sandbag is most likely to lift off the floor.

AT AT

Mactor @ mbag ®

Categorize Looking first at the swinging of the actor from the ini- Y Macion8
tial point to the lowest point, we model the actor and the Earth ¥ g8

as an isolated system. We ignore air resistance, so there are no non- ’b] G

conservative forces acting. You might initially be tempted to model

the system as nonisolated because of the interaction of the system Figure 8.5 (Example 8.2) (a) An actor uses some
with the cable, which is in the environment. The force applied to fllizvge;;;ag:??ht:;liiea}:l:hingﬁﬁ)c; <()?)rl1Te h:if:i;l;()dy
the actor by the cable, however, is always perpendicular to each patil. () The fr'ee;body diagram for the sﬁﬁdﬁag if the
element of the displacement of the actor and hence does no work. normal force from the floor goes to zero.

Therefore, in terms of energy transfers across the boundary, the

system is isolated.

Analyze We first find the actor’s speed as he arrives at the floor as a function of the initial angle 6 and the radius R of
the circular path through which he swings.

From the isolated system model, make the appropriate AK+ AU, =0

reduction of Equation 8.2 for the actor-Earth system: .
continued
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b 8.2

Let y, be the initial height of the actor above the floor and 1) G v = 0) + (0 =m0, gy,) = 0
v, be his speed at the instant before he lands. (Notice that ‘

K; = 0 because the actor starts from rest and that U, = 0

because we define the configuration of the actor at the

floor as having a gravitational potential energy of zero.)

From the geometry in Figure 8.5a, notice that y, = 0, so @) v/ =2gR(1 — cosh)

y; = R — Rcos 0 = R(1 — cos 0). Use this relationship in

Equation (1) and solve for v/‘-’:

Categorize Next, focus on the instant the actor is at the lowest point. Because the tension in the cable is transferred as
a force applied to the sandbag, we model the actor at this instant as a particle under a net force. Because the actor moves
along a circular arc, he experiences at the bottom of the swing a centripetal acceleration of wf?/’rdirected upward.

Analyze Apply Newton’s second law from the particle under > Fy =T = Maor = Macror é
a net force model to the actor at the bottom of his path,

using the free-body diagram in Figure 8.5b as a guide, and v_,r2
recognizing the acceleration as centripetal: B) T= Macorg T Macior R

Categorize Finally, notice that the sandbag lifts off the floor when the upward force exerted on it by the cable exceeds
the gravitational force acting on it; the normal force from the floor is zero when that happens. We do not, however,
want the sandbag to lift off the floor. The sandbag must remain at rest, so we model it as a particle in equilibrium.

Analyze A force T of the magnitude given by Equation (3) is transmitted by the cable to the sandbag. If the sandbag
remains at rest but is just ready to be lifted off the floor if any more force were applied by the cable, the normal force
on it becomes zero and the particle in equilibrium model tells us that T = mj,,,gas in Figure 8.5c.

2¢R(1 — cos 0)

Substitute this condition and Equation (2) into Equa- Migg€ = Moior € + Myeror =
tion (3):
Smacmr T Mg 3(650 kg) — 130 kg
Solve for cos 0 and substitute the given parameters: cos O = = = 0.500
27nactor 2(650 kg)
6= 60.0°

Finalize Here we had to combine several analysis models from different areas of our study. Notice that the length R of
the cable from the actor’s harness to the leftmost pulley did not appear in the final algebraic equation for cos 6. There-
fore, the final answer is independent of R.

Example 8.3 The Spring-Loaded Popgun

The launching mechanism of a popgun consists of a trigger-released spring (Fig. 8.6a). The spring is compressed to a
position yg, and the trigger is fired. The projectile of mass mrises to a position yg above the position at which it leaves
the spring, indicated in Figure 8.6b as position yg = 0. Consider a firing of the gun for which m = 85.0 g, yg = —0.120 m,
and yg = 20.0 m.

(A) Neglecting all resistive forces, determine the spring constant.

SOLUTION

Conceptualize Imagine the process illustrated in parts (a) and (b) of Figure 8.6. The projectile starts from rest at ®,
speeds up as the spring pushes upward on it, leaves the spring at ®, and then slows down as the gravitational force
pulls downward on it, eventually coming to rest at point ©.
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b 8.3
4 0
© @ 100f )
50
0
Kinetic Elastic  Grav.  Total
cncrgy l)()t. p()[. encrgy
(‘Il(‘l’g(\' Cll()rgy Nonisolated
a | system: total Figure 8.6 (Example 8.3)
% energy A spring-loaded popgun (a) before
100 y Changes firing and (b) when the spring
50 I IE extends to its relaxed length.
0 — (c) An energy bar chart for the
Kinetic Elastic  Grav.  Total popgun—projectile-Earth system
energy  pot. pot.  energy before the popgun is loaded.
energy energy The energy in the system is zero.
(d ’ (d) The popgun is loaded by
® % means of an external agent doing
100 Isolated work on the system to push the
50 IE system: spring downward. Therefore
0 L total the system is nonisolated during
Kinetic Flastic  Grav.  Total energy this process. After the popgun is
energy  pot. pot.  energy constant loaded, elastic potential energy is
energy  energy stored in the spring and the gravi-
a tational potential energy of the
system is lower because the pro-
100% jectile is below point ®. (e) as the
50 I IE projectile passes through point
0 ®, all of the energy of the isolated
Kinetic Elastic  Grav.  Total system is kinetic. (f) When the
energy  pot. pot.  energy projectile reaches point ©, all of
energy energy ) the energy of the isolated system is
a (b} gravitational potential.

Categorize We identify the system as the projectile, the spring, and the Earth. We ignore both air resistance on the
projectile and friction in the gun, so we model the system as isolated with no nonconservative forces acting.
Analyze Because the projectile starts from rest, its initial kinetic energy is zero. We choose the zero configuration for
the gravitational potential energy of the system to be when the projectile leaves the spring at ®. For this configuration,
the elastic potential energy is also zero.

After the gun is fired, the projectile rises to a maximum height yg. The final kinetic energy of the projectile is zero.

From the isolated system model, write a con- (1) AK+ AUg + AU =0
servation of mechanical energy equation for

the system between configurations when the

projectile is at points ® and ©:

Substitute for the initial and final energies: (0 —0) + (mgye — mgye) + (0 — 5kx*) =0
2mg(ye —
Solve for k: k= M
x
Substitute numerical values: 2(0.085 0 kg)(9.80 m/s*)[20.0 m — (—0.120 m
. ( g)( [ )] S N

(0.120 m)?

(B) Find the speed of the projectile as it moves through the equilibrium position ® of the spring as shown in
Figure 8.6b.

SOLUTION

Analyze The energy of the system as the projectile moves through the equilibrium position of the spring includes only the
kinetic energy of the projectile smug?. Both types of potential energy are equal to zero for this configuration of the system.
continued
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P 8.3
Write Equation (1) again for the system between points AK+ AU, + AU, =0
® and ®:
Substitute for the initial and final energies: (3mvg — 0) + (0 — mgyg) + (0 — 3kx*) =0
k 2
Solve for vg: vg = =~y 20y
m

Substitute numerical values:

958 N 0.120 m)? .
Vg = \/( /m)(0.120 m)" | 92(9.80 m/s2)(—0.120 m) = 19.8 m/s

(0.035 0 kg)

Finalize This example is the first one we have seen in which we must include two different types of potential energy.
Notice in part (A) that we never needed to consider anything about the speed of the ball between points ® and ©,
which is part of the power of the energy approach: changes in kinetic and potential energy depend only on the initial
and final values, not on what happens between the configurations corresponding to these values.

The entire friction force is
modeled to be applied at the
interface between two identical

teeth projecting from the book
and the surface.

Surface

The point of application of the

friction force moves through a
displacement of magnitude d/2.

Figure 8.7 (a) A simplified
model of friction between a book
and a surface. (b) The book is
moved to the right by a distance d.

Situations Involving Kinetic Friction

Consider again the book in Figure 7.18a sliding to the right on the surface of a heavy
table and slowing down due to the friction force. Work is done by the friction force
on the book because there is a force and a displacement. Keep in mind, however,
that our equations for work involve the displacement of the point of application of the
force. A simple model of the friction force between the book and the surface is shown
in Figure 8.7a. We have represented the entire friction force between the book and
surface as being due to two identical teeth that have been spot-welded together.?
One tooth projects upward from the surface, the other downward from the book,
and they are welded at the points where they touch. The friction force acts at the
junction of the two teeth. Imagine that the book slides a small distance d to the right
as in Figure 8.7b. Because the teeth are modeled as identical, the junction of the
teeth moves to the right by a distance d/2. Therefore, the displacement of the point
of application of the friction force is d/2, but the displacement of the book is d!

In reality, the friction force is spread out over the entire contact area of an object
sliding on a surface, so the force is not localized at a point. In addition, because the
magnitudes of the friction forces at various points are constantly changing as indi-
vidual spot welds occur, the surface and the book deform locally, and so on, the dis-
placement of the point of application of the friction force is not at all the same as the
displacement of the book. In fact, the displacement of the point of application of the
friction force is not calculable and so neither is the work done by the friction force.

The work-kinetic energy theorem is valid for a particle or an object that can be
modeled as a particle. When a friction force acts, however, we cannot calculate the
work done by friction. For such situations, Newton’s second law is still valid for the
system even though the work-kinetic energy theorem is not. The case of a nonde-
formable object like our book sliding on the surface® can be handled in a relatively
straightforward way.

Starting from a situation in which forces, including friction, are applied to the
book, we can follow a similar procedure to that done in developing Equation 7.17.
Let us start by writing Equation 7.8 for all forces on an object other than friction:

5
2 VVother forces J (2 Fother forces) : d? (8-11)

2Figure 8.7 and its discussion are inspired by a classic article on friction: B. A. Sherwood and W. H. Bernard, “Work
and heat transfer in the presence of sliding friction,” American fournal of Physics, 52:1001, 1984.

3The overall shape of the book remains the same, which is why we say it is nondeformable. On a microscopic level,
however, there is deformation of the book’s face as it slides over the surface.
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The d¥ in this equation is the displacement of the object because for forces other
than friction, under the assumption that these forces do not deform the object,
this displacement is the same as the displacement of the point of application of the
forces. To each side of Equation 8.11 let us add the integral of the scalar product of
the force of kinetic friction and d¥. In doing so, we are not defining this quantity
as work! We are simply saying that it is a quantity that can be calculated mathemati-
cally and will turn out to be useful to us in what follows.

E Wotherforces + j ?k' (l? = J (2 i‘)otherforces) ° d? + J ?k' d?
- —
= J (E Folher forces + fk) : d?

The integrand on the right side of this equation is the net force > F on the object, so

E VVothcrforccs + J ?k' d? = Jz f) . d?

. N = — .
Incorporating Newton’s second law 2 F = ma gives
r s - - dv - " av =
D> Wotnertorees + | fidT = | ma-d¥ = |m—+d¥=| m ral dt  (8.12)
t,

where we have used Equation 4.3 to rewrite dT as Vdt. The scalar product obeys
the product rule for differentiation (See Eq. B.30 in Appendix B.6), so the deriva-
tive of the scalar product of ¥V with itself can be written

d av d av
L9 =-T3+v. T 9% 3
dt dt dt dt

We used the commutative property of the scalar product to justify the final expres-
sion in this equation. Consequently,

dv
dt
Substituting this result into Equation 8.12 gives

— i d‘U2 ”/ 9 <
S Wt + [T ¥ = [ (55 ) = [ (o) = b — ot = 2
3

vl

(v-¥) =4~

ro—

_14
2l

Looking at the left side of this equation, notice that in the inertial frame of the
surface, fk and dT will be in opposite directions for every increment dT of the
path followed by the object. Therefore, f,a d¥ = —f, dr. The previous expression
now becomes

EWother forces fﬁg dr= AK

In our model for friction, the magnitude of the kinetic friction force is constant, so
/; can be brought out of the integral. The remaining integral | dris simply the sum
of increments of length along the path, which is the total path length d. Therefore,

E other forces fkd =AK (813)

Equation 8.13 can be used when a friction force acts on an object. The change in
kinetic energy is equal to the work done by all forces other than friction minus a
term f,d associated with the friction force.

Considering the sliding book situation again, let’s identify the larger system of the
book and the surface as the book slows down under the influence of a friction force
alone. There is no work done across the boundary of this system by other forces
because the system does not interact with the environment. There are no other types
of energy transfer occurring across the boundary of the system, assuming we ignore
the inevitable sound the sliding book makes! In this case, Equation 8.2 becomes

AE, .. = AK + AE,

system int

223
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Change in internal energy P
due to a constant friction
force within the system

The change in kinetic energy of this book—surface system is the same as the change
in kinetic energy of the book alone because the book is the only part of the system
that is moving. Therefore, incorporating Equation 8.13 with no work done by other
forces gives

~fd+ AE, =0
AE, = fid (8.14)

Equation 8.14 tells us that the increase in internal energy of the system is equal
to the product of the friction force and the path length through which the block
moves. In summary, a friction force transforms kinetic energy in a system to inter-
nal energy. If work is done on the system by forces other than friction, Equation
8.13, with the help of Equation 8.14, can be written as

E VVother forces W= AK + AE (81 5)

int
which is a reduced form of Equation 8.2 and represents the nonisolated system
model for a system within which a nonconservative force acts.

uick Quiz 8.5 You are traveling along a freeway at 65 mi/h. Your car has kinetic
. energy. You suddenly skid to a stop because of congestion in traffic. Where is

. the kinetic energy your car once had? (a) It is all in internal energy in the road.
. (b) Itis all in internal energy in the tires. (c) Some of it has transformed to

. internal energy and some of it transferred away by mechanical waves. (d) It is all
& transferred away from your car by various mechanisms.

An
Example 8.4 A Block Pulled on a Rough Surface Vi—
A 6.0-kg block initially at rest is pulled to the right along a horizontal surface by a <fk_ ® _E °
constant horizontal force of 12 N.
(A) Find the speed of the block after it has moved 3.0 m if the surfaces in contact l«— Ax
have a coefficient of kinetic friction of 0.15. Ymg

SOLUTION

Conceptualize This example is similar to Example

7.6 (page 190), but modified so that the surface is no ?k
longer frictionless. The rough surface applies a fric- Figure 8.8 (Example 8.4) -
tion force on the block opposite to the applied force. (a) A block pulled to the right

As a result, we expect the speed to be lower than that

found in Example 7.6.

Categorize The block is pulled by a force and the

on a rough surface by a con-
stant horizontal force. (b) The
applied force is at an angle 6
to the horizontal.

surface is rough, so the block and the surface are
modeled as a nonisolated system with a nonconservative force acting.

Analyze Figure 8.8a illustrates this situation. Neither the normal force nor the gravitational force does work on the
system because their points of application are displaced horizontally.

Find the work done on the system by the applied force E W, iher forces = Wi = FAx

just as in Example 7.6:

Apply the particle in equilibrium model to the block in the E F=0 > n—mg=0 - n=mg

vertical direction:

Find the magnitude of the friction force: [ = mn = pwymg = (0.15)(6.0 kg)(9.80 m/s?) = 8.82 N
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b 8.4
Substitute the energies into Equation 8.15 and solve for FAx = AK + AE;, = (gmv} — 0) + fid
the final speed of the block:

v = %(—ﬁcl + FAx)

Substitute numerical values: v = \/2[—(8.8‘2 N)(8.0m) + (12N)(3.0m)] = 1.8 m/s
g
Finalize As expected, this value is less than the 3.5 m/s found in the case of the block sliding on a frictionless surface

(see Example 7.6). The difference in kinetic energies between the block in Example 7.6 and the block in this example
is equal to the increase in internal energy of the block—surface system in this example.

(B) Suppose the force Fis applied at an angle 6 as shown in Figure 8.8b. At what angle should the force be applied
to achieve the largest possible speed after the block has moved 3.0 m to the right?

SOLUTION

Conceptualize You might guess that 6 = 0 would give the largest spegd because the force would have the largest com-
ponent possible in the direction parallel to the surface. Think about F applied at an arbitrary nonzero angle, however.
Although the horizontal component of the force would be reduced, the vertical component of the force would reduce
the normal force, in turn reducing the force of friction, which suggests that the speed could be maximized by pulling
at an angle other than 6 = 0.

Categorize Asin part (A), we model the block and the surface as a nonisolated system with a nonconservative force acting.
Analyze Find the work done by the applied force, noting D) D Wer forces = Wi = FAx cos 0 = Fd cos 0

that Ax = d because the path followed by the block is a

straight line:

Apply the particle in equilibrium model to the block in 2 F,=n+Fsin0 —mg=0
the vertical direction:
Solve for n: (2) n=mg— I'sinf
Use Equation 8.15 to find the final kinetic energy for Wp=AK+AE, = (K,—0) +fid > K= Wy~ f,d
this situation:
Substitute the results in Equations (1) and (2): K, = Fd cos 0 — uynd = Fd cos 0 — w,(mg — F'sin 0)d
dK;
Maximizing the speed is equivalent to maximizing the — = —Tdsin 0 — pu,(0 — I cos 0)d =0
. N . . . do
final kinetic energy. Consequently, differentiate K, with
respect to 6 and set the result equal to zero: —sin6 + u,cos0 =0
tan 0 = u,
Evaluate 6 for w, = 0.15: 6 = tan"!(n,) = tan™1(0.15) = 8.5°

Finalize Notice that the angle at which the speed of the block is a maximum is indeed not & = 0. When the angle
exceeds 8.5° the horizontal component of the applied force is too small to be compensated by the reduced friction
force and the speed of the block begins to decrease from its maximum value.

Conceptual Example 8.5 Useful Physics for Safer Driving

A car traveling at an initial speed v slides a distance d to a halt after its brakes lock. If the car’s initial speed is instead
2y at the moment the brakes lock, estimate the distance it slides.

continued



226 Chapter 8 Conservation of Energy

b 8.5

SOLUTION

Let us assume the force of kinetic friction between the car and the road surface is constant and the same for both
speeds. According to Equation 8.13, the friction force multiplied by the distance dis equal to the initial kinetic energy
of the car (because K, = 0 and there is no work done by other forces). If the speed is doubled, as it is in this example,
the kinetic energy is quadrupled. For a given friction force, the distance traveled is four times as great when the initial
speed is doubled, and so the estimated distance the car slides is 4d.

A Block-Spring System

Example 8.6

A block of mass 1.6 kg is attached to a horizontal spring that has a force constant
of 1 000 N/m as shown in Figure 8.9a. The spring is compressed 2.0 cm and is then
released from rest as in Figure 8.9b.

(A) Calculate the speed of the block as it passes through the equilibrium posi-
tion x = 0 if the surface is frictionless.

SOLUTION

Conceptualize This been discussed
before, and it is easy to visualize the block being pushed

situation has Figure 8.9 (Example 8.6)

(a) A block attached to a

to the right by the spring and moving with some speed
atx = 0.

Categorize We identify the system as the block and
model the block as a nonisolated system.

spring is pushed inward
from an initial position

x = 0 by an external agent.
(b) At position x, the block
is released from rest and the

spring pushes it to the right. b}
Analyze In this situation, the block starts with v, = 0
at x; = —2.0 cm, and we want to find vat x, = 0.
Use Equation 7.11 to find the work done by the spring W, = $ka?

on the system with x, = x;:

-1 2 _ 1 2
W, = gmv; — gm;

2 2
vf = \/UZQ +— VVS = \/.Ui2 +— (ék’xr?nﬁx)
m m

Substitute numerical values: v = \/0 +

Work is done on the block, and its speed changes.
The conservation of energy equation, Equation 8.2,
reduces to the work—kinetic energy theorem. Use that
theorem to find the speed at x = 0:

Finalize Although this problem could have been solved in Chapter 7, it is presented here to provide contrast with the
following part (B), which requires the techniques of this chapter.

(B) Calculate the speed of the block as it passes through the equilibrium position if a constant friction force of 4.0 N
retards its motion from the moment it is released.

SOLUTION

Conceptualize The correct answer must be less than that found in part (A) because the friction force retards the
motion.

Categorize We identify the system as the block and the surface, a nonisolated system because of the work done by the
spring. There is a nonconservative force acting within the system: the friction between the block and the surface.
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» 8.6
Analyze Write Equation 8.15: W= AK+ AE,, = (%mvf —0) + fid
Ive for v;: = 2 (W, — fid)
Solve for v;: U=\ W T A
2 g :
Substitute for the work done by the U=\ (skhxhax — fid)
spring:
Substitute numerical values: v = \/% [3(1 000 N/m)(0.020 m)? — (4.0 N)(0.020 m)] = 0.39 m/s
‘O Kg

Finalize As expected, this value is less than the 0.50 m/s found in part (A).

What if the friction force were increased to 10.0 N? What is the block’s speed at x = 0?

Answer In this case, the value of f,d as the block moves kinetic energy has been transformed to internal energy

to x = 01is by friction when the block arrives at x = 0, and its speed
fid = (10.0 N)(0.020 m) = 0.20] At fhiis pintut fs @ = 0.

In this situation as well as that in part (B), the speed

which is equal in magnitude to the kinetic energy at x = of the block reaches a maximum at some position other

0 for the frictionless case. (Verity it!). Therefore, all the than x = 0. Problem 53 asks you to locate these positions.

Changes in Mechanical Energy
for Nonconservative Forces

Consider the book sliding across the surface in the preceding section. As the book
moves through a distance d, the only force in the horizontal direction is the force
of kinetic friction. This force causes a change —f,din the kinetic energy of the book
as described by Equation 8.13.

Now, however, suppose the book is part of a system that also exhibits a change in
potential energy. In this case, —f,d is the amount by which the mechanical energy of
the system changes because of the force of kinetic friction. For example, if the book
moves on an incline that is not frictionless, there is a change in both the kinetic energy
and the gravitational potential energy of the book-Earth system. Consequently,

AEyeq = AK+ AU, = —f,d = —AE,

“mech “int

In general, if a nonconservative force acts within an isolated system,

AK+ AU+ AE. . =0 (8.16)

int

where AU is the change in all forms of potential energy. We recognize Equation
8.16 as Equation 8.2 with no transfers of energy across the boundary of the system.

If the system in which nonconservative forces act is nonisolated and the external
influence on the system is by means of work, the generalization of Equation 8.13 is

E Wother forces fkd = AEmech
This equation, with the help of Equations 8.7 and 8.14, can be written as

E VVor.herforces = W= AK+ AU + AE

int

(8.17)

This reduced form of Equation 8.2 represents the nonisolated system model for a sys-
tem that possesses potential energy and within which a nonconservative force acts.



228 Chapter 8 Conservation of Energy

Example 8.7 Crate Sliding Down a Ramp

A 3.00-kg crate slides down a ramp. The ramp is 1.00 m in length and
inclined at an angle of 30.0° as shown in Figure 8.10. The crate starts from
rest at the top, experiences a constant friction force of magnitude 5.00 N,
and continues to move a short distance on the horizontal floor after it
leaves the ramp.

(A) Use energy methods to determine the speed of the crate at the bot-
tom of the ramp.

SOLUTION

Conceptualize Imagine the crate sliding down the ramp in Figure 8.10.

Figure 8.10 (Example 8.7) A crate slides

down a ramp under the influence of gravity.

The larger the friction force, the more slowly the crate will slide. The potential energy of the system decreases,
whereas the kinetic energy increases.

Categorize We identify the crate, the surface, and the Earth as an isolated
system with a nonconservative force acting.

Analyze Because v, = 0, the initial kinetic energy of the system when the crate is at the top of the ramp is zero. If the y
coordinate is measured from the bottom of the ramp (the final position of the crate, for which we choose the gravita-
tional potential energy of the system to be zero) with the upward direction being positive, then y, = 0.500 m.

Write the conservation of energy equation (Eq. 8.2) for AK+ AU+ AE,, =0
this system:

Substitute for the energies: (gmvf —0) + (0 = mgy,) + fid = 0

Solve for vy: 9
1) v= Z(mgy,- - fkd)

Substitute numerical values: \/
f =

? - =
S_OOkg[(3-00kg)(9.80m/s)(0.500m) (5.00N)(1.00m)] = 254 m/s

(B) How far does the crate slide on the horizontal floor if it continues to experience a friction force of magnitude
5.00 N?

SOLUTION

Analyze This part of the problem is handled in exactly the same way as part (A), but in this case we can consider the
mechanical energy of the system to consist only of kinetic energy because the potential energy of the system remains
fixed.

Write the conservation of energy equation for this AK+ AE,, =0
situation:
Substitute for the energies: (0 — $mv?) + fud=0
) ) ) mv?  (3.00kg)(2.54 m/s)?
Solve for the distance d and substitute numerical values: d= = = 1.94m
2 2(5.00 N)

Finalize For comparison, you may want to calculate the speed of the crate at the bottom of the ramp in the case in
which the ramp is frictionless. Also notice that the increase in internal energy of the system as the crate slides down
the ramp is /;,d = (5.00 N)(1.00 m) = 5.00 J. This energy is shared between the crate and the surface, each of which is
a bit warmer than before.

Also notice that the distance d the object slides on the horizontal surface is infinite if the surface is frictionless. Is
that consistent with your conceptualization of the situation?

VAR A cautious worker decides that the speed of the crate when it arrives at the bottom of the ramp may
be so large that its contents may be damaged. Therefore, he replaces the ramp with a longer one such that the new
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) 8.7

ramp makes an angle of 25.0° with the ground. Does this new ramp reduce the speed of the crate as it reaches the
ground?

Answer Because the ramp is longer, the friction force acts over a longer distance and transforms more of the mechani-
cal energy into internal energy. The result is a reduction in the kinetic energy of the crate, and we expect a lower speed
as it reaches the ground.

0.500m | _ 0.500 m

Find the length d of the new ramp: sin 25.0° = p d= sin 25.0° =1.18m

Find v from Equation (1) in v = \/3031( [(3.00 kg)(9.80 m/5*)(0.500 m) — (5.00 N)(1.18 m)] = 2.42 m/s
part (A): ’ 8

The final speed is indeed lower than in the higher-angle case.

Example 8.8 Block-Spring Collision

A block having a mass of 0.80 kg is given an initial velocity vg = 1.2 m/s to the right and collides with a spring whose
mass is negligible and whose force constant is k = 50 N/m as shown in Figure 8.11.

(A) Assuming the surface to be frictionless, calculate the maximum compression of the spring after the collision.

SOLUTION x|=0
I

) Figure 8.11 (Example Ve
Conceptualize The various parts 8.8) A block sliding on a — L,
of Figure 8.11 help us imagine what frictionless, horizontal a @) WWWWWH £= 576
the block will do in this situation. surface collides with a

light spring. (a) Initially,
the mechanical energy is
all kinetic energy. (b) The )

All motion takes place in a hori-

zontal plane, so we do not need to 1 9, 1, 9
p ’ E= 5 MU + gkx

consider changes in gravitational mechanical energy is the
potential energy. sum of the kinetic energy
of the block and the elas-
Categorize We identify the system tic potential energy in the
to be the block and the spring and spring. (c) The energy is Fe Lpe2
model it as an isolated system with no ‘chll)ti;i)’ potential energy. a 2o
. . e energy is trans-

ronconsenvare foreesacting: formed back 1o the kinetic -
Analyze Before the collision, when ;I}llergy of the block. 2

K X . . e total energy of the 9 o1 0
the block is at @, it has kinetic system remains constant d] gl E= gmug = gmug

energy and the spring is uncom- throughout the motion.
pressed, so the elastic potential

energy stored in the system is zero. Therefore, the total mechanical energy of the system before the collision is just %mw@?
After the collision, when the block is at ©, the spring is fully compressed; now the block is at rest and so has zero kinetic
energy. The elastic potential energy stored in the system, however, has its maximum value skx® = $kx2,., where the origin
of coordinates x = 0 is chosen to be the equilibrium position of the spring and x,,, is the maximum compression of the

spring, which in this case happens to be xg. The total mechanical energy of the system is conserved because no noncon-
servative forces act on objects within the isolated system.

Write the conservation of energy equation for this situation: AK+ AU=0
Substitute for the energies: (0 — dmog) + (3kx2, —0) =0
Solve f d eval = UEOKE (1 9 mys) = 015
Y ax te: P — = — (1.9 = .
olve for x,,,. and evaluate X nax ;U@ 50 N/m m/s m

conlinued
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) 8.8

(B) Suppose a constant force of kinetic friction acts between the block and the surface, with w, = 0.50. If the speed of
the block at the moment it collides with the spring is vg = 1.2 m/s, what is the maximum compression xg in the spring?

SOLUTION

Conceptualize Because of the friction force, we expect the compression of the spring to be smaller than in part (A)
because some of the block’s kinetic energy is transformed to internal energy in the block and the surface.

Categorize We identify the system as the block, the surface, and the spring. This is an isolated system but now involves a
nonconservative force.

Analyze In this case, the mechanical energy £, .., = K + U, of the system is not conserved because a friction force acts
on the block. From the particle in equilibrium model in the vertical direction, we see that n = mg.

Evaluate the magnitude of the friction force: Ji = n = umg

Write the conservation of energy equation for this AK+ AU+ AE,,, =0

situation:

Substitute the initial and final energies: (0 — gmvg?) + (bkxg — 0) + wymgxg = 0
Rearrange the terms into a qaudratic equation: kxg + 2umgxe — mug =

Substitute numerical values: 50xg + 2(0.50)(0.80)(9.80)xg — (0.80)(1.2)2 =0

50xg? + 7.84xg — 1.15 =0

Solving the quadratic equation for xg gives xg = 0.092 m and xg = —0.25 m. The physically meaningful root is
xg = 0.092 m.

Finalize The negative root does not apply to this situation because the block must be to the right of the origin (positive
value of x) when it comes to rest. Notice that the value of 0.092 m is less than the distance obtained in the frictionless
case of part (A) as we expected.

Example 8.9 Connected Blocks in Motion

Two blocks are connected by a light string that passes over a frictionless pulley ‘ k ‘

as shown in Figure 8.12. The block of mass m, lies on a horizontal surface and is Mv . JG)
connected to a spring of force constant k. The system is released from rest when ‘
the spring is unstretched. If the hanging block of mass m, falls a distance / before

coming to rest, calculate the coefficient of kinetic friction between the block of ﬁl
mass m; and the surface.

SOLUTION Figure 8.12 (Example 8.9) As the

hanging block moves from its high-
est elevation to its lowest, the system
loses gravitational potential energy

=1

Conceptualize The key word rest appears twice in the problem statement. This
word suggests that the configurations of the system associated with rest are good

candidates for the initial and final configurations because the kinetic energy of but gains elastic potential energy in
the system is zero for these configurations. the spring. Some mechanical energy

. is transformed to internal energy
Categorize In this situation, the system consists of the two blocks, the spring, the because of friction between the slid-
surface, and the Earth. This is an isolated system with a nonconservative force act- ing block and the surface.

ing. We also model the sliding block as a particle in equilibrium in the vertical direc-
tion, leading to n = m,g

Analyze We need to consider two forms of potential energy for the system, gravitational and elastic: AU, = U, — U, is
the change in the system’s gravitational potential energy, and AU, = U, — Uj; is the change in the system’s elastic poten-
tial energy. The change in the gravitational potential energy of the system is associated with only the falling block
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D 8.9

because the vertical coordinate of the horizontally sliding block does not change. The initial and final kinetic energies
of the system are zero, so AK = 0.

Write the appropriate reduction of Equation 8.2: (1) AU, + AU, + AE;,, =0
Substitute for the energies, noting that as the hanging block falls a (0 — mogh) + (3kH* — 0) + fih =0
distance A, the horizontally moving block moves the same distance %
to the right, and the spring stretches by a distance A:
Substitute for the friction force: —mogh + skH* + wem gh = 0
1
mog — gkh
Solve for w;: =—
My, Mo, mg

Finalize This setup represents a method of measuring the coefficient of kinetic friction between an object and some
surface. Notice how we have solved the examples in this chapter using the energy approach. We begin with Equation
8.2 and then tailor it to the physical situation. This process may include deleting terms, such as the kinetic energy term
and all terms on the right-hand side of Equation 8.2 in this example. It can also include expanding terms, such as
rewriting AU due to two types of potential energy in this example.

Conceptual Example 8.10 Interpreting the Energy Bars

The energy bar charts in Figure 8.13 show three instants in % .
9 . . 9 q 100
the motion of the system in Figure 8.12 and described in 50 I [
Example 8.9. For each bar chart, identify the configuration 0
of the system that corresponds to the chart. Kinetic Elastic  Grav. Internal Total
energy DOT. DOt. energy  energy
gy 1 I 8) 8Y
S 0 L U T I 0 N energy  energy
a8
In Figure 8.13a, there is no kinetic energy in the system. %
Therefore, nothing in the system is moving. The bar chart 100 Isolated
shows that the system contains only gravitational potential 50 system:
. X § . 0 total
energy and. no II.IIZCI nal energy yet, wh'lch Forresponds to the Kinetic Flastic  Grav. Internal Total [ energy
configuration with the darker blocks in Figure 8.12 and rep- energy  pot.  pot. energy energy constant
resents the instant just after the system is released. energy energy
In Figure 8.13b, the system contains four types of energy. a
The height of the gravitational potential energy bar is at %
50%, which tells us that the hanging block has moved half- 100 [
) . ~ X L 50 .
way betffv'een its Posmon corresponding to'Flgu'Ie 8.13?1 and 0 —
the position defined as y = 0. Therefore, in this configura- Kinetic FElastic  Grav. Internal Total
tion, the hanging block is between the dark and light images energy  pot.  pot.  energy energy
of the hanging block in Figure 8.12. The system has gained a cnergy energy /
kinetic energy because the blocks are moving, elastic poten-
tial energy because the spring is stretching, and internal Figure 8.13 (Conceptual Example 8.10) Three energy bar

energy because of friction between the block of mass ; and charts are shown for the system in Figure 8.12.

the surface.

In Figure 8.13c, the height of the gravitational potential energy bar is zero, telling us that the hanging blockis at y =
0. In addition, the height of the kinetic energy bar is zero, indicating that the blocks have stopped moving momentarily.
Therefore, the configuration of the system is that shown by the light images of the blocks in Figure 8.12. The height of
the elastic potential energy bar is high because the spring is stretched its maximum amount. The height of the internal
energy bar is higher than in Figure 8.13b because the block of mass m, has continued to slide over the surface after the
configuration shown in Figure 8.13b.
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Definition of power P>

The watt »

Pitfall Prevention 8.3

W, W, and watts Do not confuse
the symbol W for the watt with
the italic symbol Wfor work. Also,
remember that the watt already
represents a rate of energy trans-
fer, so “watts per second” does not
make sense. The watt is the same as
a joule per second.

el Power

Consider Conceptual Example 7.7 again, which involved rolling a refrigerator up a
ramp into a truck. Suppose the man is not convinced the work is the same regard-
less of the ramp’s length and sets up a long ramp with a gentle rise. Although he
does the same amount of work as someone using a shorter ramp, he takes longer
to do the work because he has to move the refrigerator over a greater distance.
Although the work done on both ramps is the same, there is something different
about the tasks: the #ime interval during which the work is done.

The time rate of energy transfer is called the instantaneous power P and is
defined as
dE

dt

P

(8.18)

We will focus on work as the energy transfer method in this discussion, but keep
in mind that the notion of power is valid for any means of energy transfer discussed
in Section 8.1. If an external force is applied to an object (which we model as a par-
ticle) and if the work done by this force on the object in the time interval Azis W,
the average power during this interval is

p = w
&AL
Therefore, in Conceptual Example 7.7, although the same work is done in rolling
the refrigerator up both ramps, less power is required for the longer ramp.

In a manner similar to the way we approached the definition of velocity and
acceleration, the instantaneous power is the limiting value of the average power as
Atapproaches zero:

. W aw

P=lim —=—

Ar—0 At dt
where we have represented the infinitesimal value of the work done by dW. We find
from Equation 7.3 that dW = F - dT . Therefore, the instantaneous power can be

written

aw  — dr -
=—=F-—=F-v

= (8.19)
dt dt
where ¥V = d7/ dt.
The SI unit of power is joules per second (J/s), also called the watt (W) after

James Watt:
1W=1]J/s =1kg - m?/s?

A unit of power in the U.S. customary system is the horsepower (hp):
1hp =746 W

A unit of energy (or work) can now be defined in terms of the unit of power. One
kilowatt-hour (kWh) is the energy transferred in 1 h at the constant rate of 1 kW =
1000 J/s. The amount of energy represented by 1 kWh is

1 kWh = (10° W)(3 600 s) = 3.60 X 10° ]

A kilowatt-hour is a unit of energy, not power. When you pay your electric bill, you
are buying energy, and the amount of energy transferred by electrical transmission
into a home during the period represented by the electric bill is usually expressed
in kilowatt-hours. For example, your bill may state that you used 900 kWh of energy
during a month and that you are being charged at the rate of 10¢ per kilowatt-hour.
Your obligation is then $90 for this amount of energy. As another example, sup-
pose an electric bulb is rated at 100 W. In 1.00 h of operation, it would have energy
transferred to it by electrical transmission in the amount of (0.100 kW)(1.00 h) =
0.100 kWh = 3.60 X 10°].
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Example 8.11 Power Delivered by an Elevator Motor

An elevator car (Fig. 8.14a) has a mass of 1 600 kg and is carrying passengers having

a combined mass of 200 kg. A constant friction force of 4 000 N retards its motion. Motor

(A) How much power must a motor deliver to lift the elevator car and its passengers
ata constant speed of 3.00 m/s? H AT

SOLUTION .
Figure 8.14 (Example

Conceptualize The motor must supply the force of mag- ~ 8:11) (a) The motor exerts

0
nitude 7 that pulls the elevator car upward. an upward force T on the
clevator car. The magnitude

Categorize The friction force increases the power neces-  of this force is the total ten-
sary to lift the elevator. The problem states that the speed ~ sion T'in the cables connect-
ing the car and motor. The
downward forces acting on
the car are a friction force f
and the gravitational force
Analyze The free-body diagram in Figure 8.14b specifies fg = Mg. (b) The free-body
the upward direction as positive. The lotal mass M of the  diagram for the elevator car. a8 b
system (car plus passengers) is equal to 1 800 kg.

of the elevator is constant, which tells us that ¢« = 0. We
model the elevator as a particle in equilibrium.

Using the particle in equilibrium model, > Iy=T—f-Mg=0
apply Newton’s second law to the car:

Solve for T T=Mg+f

Use Equation 8.19 and that T is in the same P=T:V=Tv=(Mg+f)v

direction as ¥ to find the power:

Substitute numerical values: P=[(1800kg)(9.80 m/s?) + (4000 N)](3.00m/s) = 6.49 X 10*W

(B) What power must the motor deliver at the instant the speed of the elevator is v if the motor is designed to provide
the elevator car with an upward acceleration of 1.00 m/s2?

SOLUTION

Conceptualize In this case, the motor must supply the force of magnitude 7 that pulls the elevator car upward with an
increasing speed. We expect that more power will be required to do that than in part (A) because the motor must now
perform the additional task of accelerating the car.

Categorize In this case, we model the elevator car as a particle under a net force because it is accelerating.

Analyze Using the particle under a net force model, > F,=T—[— Mg= Ma

apply Newton’s second law to the car:

Solve for T T'=M@a+g +f

Use Equation 8.19 to obtain the required power: P=To=[M(a+ g + flv

Substitute numerical values: P=[(1800kg)(1.00 m/s?> + 9.80 m/s?) + 4 000 N]v

(2.34 X 10%v

where vis the instantaneous speed of the car in meters per second and Pis in watts.

Finalize To compare with part (A), let v = 3.00 m/s, giving a power of
P=(2.34 X 10* N)(3.00 m/s) = 7.02 X 10* W

which is larger than the power found in part (A), as expected.
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A nonisolated system is one for which
energy crosses the boundary of the system.
An isolated system is one for which no energy
crosses the boundary of the system.

Concepts and Principles

For a nonisolated system, we can equate the change
in the total energy stored in the system to the sum of
all the transfers of energy across the system boundary,
which is a statement of conservation of energy. For an
isolated system, the total energy is constant.

Analysis Models for Problem Solving

) ) )

Work Heat Mecha}mcal
System waves

boundary ' ’ '

Kinetic energy
Potential energy
Internal energy

The change in the total
amount of energy in

the system is equal to
the total amount of ‘ ‘ ‘
energy that crosses the Matter Electrical ~ Electromagnetic

boundary of the system. transfer transmission radiation

\ v \

Nonisolated System (Energy). The most general statement
describing the behavior of a nonisolated system is the conser-
vation of energy equation:

AE =T (8.1)

system
Including the types of energy storage and energy transfer that
we have discussed gives
AK+ AU+ AE, = W+ Q+ Tyw + Tyr + Tir + T (8.2)

For a specific problem, this equation is generally reduced to a
smaller number of terms by eliminating the terms that are not
appropriate to the situation.

The instantaneous power Pis defined as the time rate of
energy transfer:

dl

p=="
di

(8.18)

If a friction force of magnitude f; acts over a dis-
tance d within a system, the change in internal energy
of the system is

AL, = Jud (8.14)

System

boundary
Kinetic energy

Potential energy
Internal energy

£

The total amount of energy
in the system is constant.
Energy transforms among
the three possible types.

Isolated System (Energy). The total energy
of an isolated system is conserved, so

AEsystem =0 (8.10)
which can be written as
AK+ AU+ AE, =0 (8.16)

If no nonconservative forces act within the
isolated system, the mechanical energy of the
system is conserved, so

AE

mech — 0 (8'8)
which can be written as

AK+ AU=0 (8.6)
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Objective Questions denotes answer available in Student Solutions Manual/Study Guide

1. You hold aslingshotatarm’s length, pull the light elastic 5. Answer yes or no to each of the following questions.

band back to your chin, and release it to launch a pebble
horizontally with speed 200 cm/s. With the same proce-
dure, you fire a bean with speed 600 cm/s. What is the
ratio of the mass of the bean to the mass of the pebble?
@5 (b) 5 () 1(d)3(e)9

. Two children stand on a platform at the top of a curving
slide next to a backyard swimming pool. At the same
moment the smaller child hops off to jump straight
down into the pool, the bigger child releases herself
at the top of the frictionless slide. (i) Upon reaching
the water, the kinetic energy of the smaller child com-
pared with that of the larger child is (a) greater (b) less
(c) equal. (ii) Upon reaching the water, the speed of
the smaller child compared with that of the larger
child is (a) greater (b) less (c) equal. (iii) During their
motions from the platform to the water, the average
acceleration of the smaller child compared with that of
the larger child is (a) greater (b) less (c) equal.

. At the bottom of an air track tilted at angle 6, a glider
of mass m is given a push to make it coast a distance d
up the slope as it slows down and stops. Then the glider
comes back down the track to its starting point. Now the
experiment is repeated with the same original speed but
with a second identical glider set on top of the first. The
airflow from the track is strong enough to support the
stacked pair of gliders so that the combination moves
over the track with negligible friction. Static friction
holds the second glider stationary relative to the first
glider throughout the motion. The coefficient of static
friction between the two gliders is u,. What is the change
in mechanical energy of the two-glider—Earth system in
the up- and down-slope motion after the pair of gliders
is released? Choose one. (a) —2u,mg (b) —2mgd cos 0
(c) —2u mgd cos 0 (d) 0 (e) +2u mgd cos 0

. An athlete jumping vertically on a trampoline leaves
the surface with a velocity of 8.5 m/s upward. What
maximum height does she reach? (a) 13 m (b) 2.3 m
(c) 3.7 m (d) 0.27 m (e) The answer can’t be deter-
mined because the mass of the athlete isn’t given.

Conceptual Questions

|I| One person drops a ball from the top of a building

while another person at the bottom observes its
motion. Will these two people agree (a) on the value
of the gravitational potential energy of the ball-
Earth system? (b) On the change in potential energy?
(c) On the kinetic energy of the ball at some point in
its motion?

. A car salesperson claims that a 300-hp engine is a nec-
essary option in a compact car, in place of the conven-
tional 130-hp engine. Suppose you intend to drive the

(a) Can an object-Earth system have kinetic energy
and not gravitational potential energy? (b) Can it have
gravitational potential energy and not kinetic energy?
(c) Can it have both types of energy at the same
moment? (d) Can it have neither?

. In a laboratory model of cars skidding to a stop, data

are measured for four trials using two blocks. The
blocks have identical masses but different coefficients
of kinetic friction with a table: u, = 0.2 and 0.8. Each
block is launched with speed v; = 1 m/s and slides
across the level table as the block comes to rest. This
process represents the first two trials. For the next two
trials, the procedure is repeated but the blocks are
launched with speed v; = 2 m/s. Rank the four trials
(a) through (d) according to the stopping distance
from largest to smallest. If the stopping distance is
the same in two cases, give them equal rank. (a) v, =
1m/s, u, =02 (b) v,=1m/s, u, =0.8 (c) v, =2m/s,
n,=02() v;=2m/s, u, = 0.8

. What average power is generated by a 70.0-kg moun-

tain climber who climbs a summit of height 325 m in
95.0 min? (a) 39.1 W (b) 54.6 W (c) 25.5 W (d) 67.0 W
(e) 88.4W

A ball of clay falls freely to the hard floor. It does not

bounce noticeably, and it very quickly comes to rest.
What, then, has happened to the energy the ball had
while it was falling? (a) It has been used up in produc-
ing the downward motion. (b) It has been transformed
back into potential energy. (c) It has been transferred
into the ball by heat. (d) It is in the ball and floor (and
walls) as energy of invisible molecular motion. (e) Most
of it went into sound.

. A pile driver drives posts into the ground by repeatedly

dropping a heavy object on them. Assume the object is
dropped from the same height each time. By what factor
does the energy of the pile driver—Earth system change
when the mass of the object being dropped is doubled?
(a) % (b) 1; the energy is the same (c) 2 (d) 4

denotes answer available in Student Solutions Manual/Study Guide

car within speed limits (= 65 mi/h) on flat terrain.
How would you counter this sales pitch?

. Does everything have energy? Give the reasoning for

your answer.

You ride a bicycle. In what sense is your bicycle

solar-powered?

A bowling ball is suspended from the ceiling of a lec-

ture hall by a strong cord. The ball is drawn away from
its equilibrium position and released from rest at the
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tip of the demonstrator’s nose as
shown in Figure CQ8.5. The dem-
onstrator remains stationary. (a) Ex-
plain why the ball does not strike
her on its return swing. (b) Would
this demonstrator be safe if the ball
were given a push from its starting
position at her nose?

. Can a force of static friction do
work? If not, why not? If so, give an
example.

.In the general conservation of  Figure CQ8.5

energy equation, state which terms

predominate in describing each of the following
devices and processes. For a process going on continu-
ously, you may consider what happens in a 10-s time
interval. State which terms in the equation represent
original and final forms of energy, which would be
inputs, and which outputs. (a) a slingshot firing a peb-
ble (b) a fire burning (c) a portable radio operating
(d) a car braking to a stop (e) the surface of the Sun
shining visibly (f) a person jumping up onto a chair

. Consider the energy transfers and transformations
listed below in parts (a) through (e). For each part,
(i) describe human-made devices designed to pro-
duce each of the energy transfers or transformations

9.

10.

and, (ii) whenever possible, describe a natural pro-
cess in which the energy transfer or transformation
occurs. Give details to defend your choices, such as
identifying the system and identifying other output
energy if the device or natural process has limited
efficiency. (a) Chemical potential energy transforms
into internal energy. (b) Energy transferred by elec-
trical transmission becomes gravitational potential
energy. (c) Elastic potential energy transfers out of
a system by heat. (d) Energy transferred by mechani-
cal waves does work on a system. (e) Energy carried
by electromagnetic waves becomes kinetic energy in a
system.

A block is connected to a spring that is suspended
from the ceiling. Assuming air resistance is ignored,
describe the energy transformations that occur within
the system consisting of the block, the Earth, and the
spring when the block is set into vertical motion.

In Chapter 7, the work—kinetic energy theorem, W= AK,
was introduced. This equation states that work done on
a system appears as a change in kinetic energy. It is a
special-case equation, valid if there are no changes in
any other type of energy such as potential or internal.
Give two or three examples in which work is done on a
system but the change in energy of the system is not a
change in kinetic energy.

P Analysis Model tutorial available in
WebAssign

Enhanced WebAssign
[ Guided Problem

VB Master It tutorial available in Enhanced
WebAssign

Watch It video solution available in
Enhanced WebAssign

The problems found in this
chapter may be assigned
online in Enhanced WebAssign

1. straightforward; 2. intermediate;
3. challenging

full solution available in the Student
Solutions Manual/Study Guide

Section 8.1 Analysis Model: Nonisolated System (Energy) Section 8.2 Analysis Model: Isolated System (Energy)

1. For each of the following systems and time intervals, 3. A block of mass 0.250 kg is placed on top of a light, ver-

write the appropriate version of Equation 8.2, the
conservation of energy equation. (a) the heating coils
in your toaster during the first five seconds after you
turn the toaster on (b) your automobile from just
before you fill it with gasoline until you pull away
from the gas station at speed v (c) your body while
you sit quietly and eat a peanut butter and jelly sand-
wich for lunch (d) your home during five minutes of
a sunny afternoon while the temperature in the home
remains fixed

. A ball of mass m falls from a height & to the floor.
(a) Write the appropriate version of Equation 8.2 for
the system of the ball and the Earth and use it to cal-
culate the speed of the ball just before it strikes the
Earth. (b) Write the appropriate version of Equation
8.2 for the system of the ball and use it to calculate the
speed of the ball just before it strikes the Earth.

M tical spring of force constant 5 000 N/m and pushed

4.

downward so that the spring is compressed by 0.100 m.
After the block is released from rest, it travels upward
and then leaves the spring. To what maximum height
above the point of release does it rise?

A 20.0-kg cannonball is fired from a cannon with muz-

zle speed of 1 000 m/s at an angle of 37.0° with the hor-

[5.]Review. A bead slides without fric-
XY tion around a loop-the-loop (Fig.
"I P8.5). The bead is released from

izontal. A second ball is fired at an angle of 90.0°. Use
the isolated system model to find (a) the maximum
height reached by each ball and (b) the total mechani-
cal energy of the ball-Earth sys-
tem at the maximum height for
each ball. Let y = 0 at the cannon.

Figure P8.5

rest at a height 2 = 3.50R. (a) What



6.

is its speed at point ®? (b) How large is the normal
force on the bead at point @ if its mass is 5.00 g?

A block of mass m = 5.00 kg is released from point ®

M and slides on the frictionless track shown in Figure

P8.6. Determine (a) the block’s speed at points ® and
© and (b) the net work done by the gravitational force
on the block as it moves from point ® to point ©.

Figure P8.6

Two objects are connected

[ by a light string passing over

10.

a light, frictionless pulley as
shown in Figure P8.7. The
object of mass m; = 5.00 kg
is released from rest at a
height # = 4.00 m above the
table. Using the isolated sys-
tem model, (@) determine T
the speed of the object of h
mass m, = 3.00 kg just as my i

the 5.00-kg object hits the 5 3
table and (b) find the maxi- | | |
mum height above the table
to which the 3.00-kg object
rises.

Figure P8.7
Problems 7 and 8.

. Two objects are connected by a light string passing

over a light, frictionless pulley as shown in Figure P8.7.
The object of mass m, is released from rest at height
h above the table. Using the isolated system model,
(a) determine the speed of m, just as m; hits the table
and (b) find the maximum height above the table to
which m, rises.

. A light, rigid rod is 77.0 cm long. Its top end is piv-

oted on a frictionless, horizontal axle. The rod hangs
straight down at rest with a small, massive ball attached
to its bottom end. You strike the ball, suddenly giving
it a horizontal velocity so that it swings around in a full
circle. What minimum speed at the bottom is required
to make the ball go over the top of the circle?

At 11:00 a.m. on September 7, 2001, more than one
million British schoolchildren jumped up and down
for one minute to simulate an earthquake. (a) Find
the energy stored in the children’s bodies that was con-
verted into internal energy in the ground and their
bodies and propagated into the ground by seismic
waves during the experiment. Assume 1 050 000 chil-
dren of average mass 36.0 kg jumped 12 times each,
raising their centers of mass by 25.0 cm each time and
briefly resting between one jump and the next. (b) Of
the energy that propagated into the ground, most pro-

11.
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Problems

duced high-frequency “microtremor” vibrations that
were rapidly damped and did not travel far. Assume
0.01% of the total energy was carried away by long-
range seismic waves. The magnitude of an earthquake
on the Richter scale is given by

log E — 4.8
a 1.5

where Eis the seismic wave energy in joules. According
to this model, what was the magnitude of the demon-

stration quake?

@
o )

Figure P8.11

Review. The system shown in Figure
P8.11 consists of a light, inextensible
cord, light, frictionless pulleys, and
blocks of equal mass. Notice that
block B is attached to one of the pul-
leys. The system is initially held at
rest so that the blocks are at the same
height above the ground. The blocks
are then released. Find the speed of
block A at the moment the vertical
separation of the blocks is A.

Section 8.3 Situations Involving Kinetic Friction
A sled of mass m is given a kick on a frozen pond. The

kick imparts to the sled an initial speed of 2.00 m/s.
The coefficient of kinetic friction between sled and ice
is 0.100. Use energy considerations to find the distance
the sled moves before it stops.

13. A sled of mass m is given a Kick on a frozen pond. The

kick imparts to the sled an initial speed of v. The coef-
ficient of kinetic friction between sled and ice is u,.
Use energy considerations to find the distance the sled
moves before it stops.

A crate of mass 10.0 kg is pulled up a rough incline with

7] an initial speed of 1.50 m/s. The pulling force is 100 N

parallel to the incline, which makes an angle of 20.0°
with the horizontal. The coefficient of kinetic friction
is 0.400, and the crate is pulled 5.00 m. (a) How much
work is done by the gravitational force on the crate?
(b) Determine the increase in internal energy of the
crate—incline system owing to friction. (c) How much
work is done by the 100-N force on the crate? (d) What
is the change in kinetic energy of the crate? (e) What is
the speed of the crate after being pulled 5.00 m?

15. A block of mass m = 2.00 kg

Mis attached to a spring of

force constant £ = 500 N/m
as shown in Figure P8.15.
The block is pulled to a posi-
tion x; = 5.00 cm to the right
of equilibrium and released
from rest. Find the speed
the block has as it passes
through equilibrium if (a) the horizontal surface is
frictionless and (b) the coefficient of friction between
block and surface is w;, = 0.350.

Figure P8.15

[16]A 40.0-kg box initially at rest is pushed 5.00 m along

a rough, horizontal floor with a constant applied
horizontal force of 130 N. The coefficient of friction
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between box and floor is 0.300. Find (a) the work done
by the applied force, (b) the increase in internal energy
in the box—floor system as a result of friction, (c) the
work done by the normal force, (d) the work done by
the gravitational force, (e) the change in kinetic energy
of the box, and (f) the final speed of the box.

A smooth circular hoop with a radius of 0.500 m is
placed flat on the floor. A 0.400-kg particle slides
around the inside edge of the hoop. The particle is
given an initial speed of 8.00 m/s. After one revolu-
tion, its speed has dropped to 6.00 m/s because of fric-
tion with the floor. (a) Find the energy transformed
from mechanical to internal in the particle-hoop—
floor system as a result of friction in one revolution.
(b) What is the total number of revolutions the particle
makes before stopping? Assume the friction force
remains constant during the entire motion.

Section 8.4 Changes in Mechanical Energy
for Nonconservative Forces

18.

19.

20.

21.

At time ¢, the kinetic energy of a particle is 30.0 ] and
the potential energy of the system to which it belongs
is 10.0 J. At some later time ¢, the kinetic energy of
the particle is 18.0 J. (a) If only conservative forces act
on the particle, what are the potential energy and the
total energy of the system at time {2 (b) If the poten-
tial energy of the system at time #,is 5.00 J, are any non-
conservative forces acting on the particle? (c) Explain
your answer to part (b).

A boy in a wheelchair (total mass 47.0 kg) has speed
1.40 m/s at the crest of a slope 2.60 m high and 12.4 m
long. At the bottom of the slope his speed is 6.20 m/s.
Assume air resistance and rolling resistance can be
modeled as a constant friction force of 41.0 N. Find the
work he did in pushing forward on his wheels during
the downhill ride.

As shown in Figure @

P8.20, a green bead of -

mass 25 g slides along a @
straight wire. The length N
of the wire from point e

® to point ® is 0.600 m, T—
and point ® is 0.200 m
higher than point ®. A
constant friction force
of magnitude 0.025 0 N acts on the bead. (a) If the
bead is released from rest at point @, what is its speed
at point ®? (b) A red bead of mass 25 g slides along a
curved wire, subject to a friction force with the same
constant magnitude as that on the green bead. If the
green and red beads are released simultaneously from
rest at point ®, which bead reaches point ® with a
higher speed? Explain.

Figure P8.20

A toy cannon uses a spring to project a 5.30-g soft rub-

[ ber ball. The spring is originally compressed by

5.00 cm and has a force constant of 8.00 N/m. When
the cannon is fired, the ball moves 15.0 cm through
the horizontal barrel of the cannon, and the barrel
exerts a constant friction force of 0.032 0 N on the ball.
(a) With what speed does the projectile leave the barrel

The coefficient of friction
[AYil between the block of mass
m, = 3.00 kg and the surface

[23]A 5.00-kg block is set into
/] motion up an inclined plane

24.

of the cannon? (b) At what point does the ball have
maximum speed? (c) What is this maximum speed?

in Figure P8.22 is u;, = 0.400.
The system starts from rest.
What is the speed of the ball
of mass my = 5.00 kg when it
has fallen a distance h =
1.50 m?

Figure P8.22

with an initial speed of v, =
8.00 m/s (Fig. P8.23). The
block comes to rest after trav-
eling d = 3.00 m along the
plane, which is inclined at
an angle of 6 = 30.0° to the
horizontal. For this motion,
determine (a) the change in the block’s kinetic energy,
(b) the change in the potential energy of the block-
Earth system, and (c) the friction force exerted on the
block (assumed to be constant). (d) What is the coef-
ficient of kinetic friction?

Figure P8.23

A 1.50-kg object is held 1.20 m above a relaxed mass-
less, vertical spring with a force constant of 320 N/m.
The object is dropped onto the spring. (a) How far does
the object compress the spring? (b) What If? Repeat
part (a), but this time assume a constant air-resistance
force of 0.700 N acts on the object during its motion.
(c) What If? How far does the object compress the spring
if the same experiment is performed on the Moon,
where g = 1.63 m/s? and air resistance is neglected?

A 200-g block is pressed against a spring of force
7} constant 1.40 kN/m until the block compresses the

26.

27.

spring 10.0 cm. The spring rests at the bottom of a
ramp inclined at 60.0° to the horizontal. Using energy
considerations, determine how far up the incline the
block moves from its initial position before it stops
(a) if the ramp exerts no friction force on the block
and (b) if the coefficient of kinetic friction is 0.400.

An 80.0-kg skydiver jumps out of a balloon at an alti-
tude of 1 000 m and opens his parachute at an altitude
0f 200 m. (a) Assuming the total retarding force on the
skydiver is constant at 50.0 N with the parachute closed
and constant at 3 600 N with the parachute open, find
the speed of the skydiver when he lands on the ground.
(b) Do you think the skydiver will be injured? Explain.
(c) At what height should the parachute be opened so
that the final speed of the skydiver when he hits the
ground is 5.00 m/s? (d) How realistic is the assumption
that the total retarding force is constant? Explain.

A child of mass m starts from rest and slides without

[13 friction from a height 5 along a slide next to a pool

(Fig. P8.27). She is launched from a height //5 into
the air over the pool. We wish to find the maximum
height she reaches above the water in her projec-
tile motion. (a) Is the child—Earth system isolated or



nonisolated? Why? (b) Is there a nonconservative
force acting within the system? (c) Define the con-
figuration of the system when the child is at the water
level as having zero gravitational potential energy.
Express the total energy of the system when the child
is at the top of the waterslide. (d) Express the total
energy of the system when the child is at the launch-
ing point. (e) Express the total energy of the system
when the child is at the highest point in her projectile
motion. (f) From parts (c) and (d), determine her ini-
tial speed v, at the launch point in terms of g and A.
(g) From parts (d), (e), and (f), determine her maxi-
mum airborne height y, . in terms of s and the launch
angle 6. (h) Would your answers be the same if the
waterslide were not frictionless? Explain.

Figure P8.27

Section 8.5 Power

28.

Sewage at a certain pumping station is raised vertically
by 5.49 m at the rate of 1 890 000 liters each day. The
sewage, of density 1 050 kg/m?, enters and leaves the
pump at atmospheric pressure and through pipes of
equal diameter. (a) Find the output mechanical power
of the lift station. (b) Assume an electric motor con-
tinuously operating with average power 5.90 kW runs
the pump. Find its efficiency.

[29.]An 820-N Marine in basic training climbs a 12.0-m
[ vertical rope at a constant speed in 8.00 s. What is his

30.

31.

32.

33.

power output?

The electric motor of a model train accelerates the
train from rest to 0.620 m/s in 21.0 ms. The total mass
of the train is 875 g. (a) Find the minimum power
delivered to the train by electrical transmission from
the metal rails during the acceleration. (b) Why is it
the minimum power?

When an automobile moves with constant speed down
a highway, most of the power developed by the engine
is used to compensate for the energy transformations
due to friction forces exerted on the car by the air
and the road. If the power developed by an engine is
175 hp, estimate the total friction force acting on the
car when it is moving at a speed of 29 m/s. One horse-
power equals 746 W.

A certain rain cloud at an altitude of 1.75 km contains
3.20 X 107 kg of water vapor. How long would it take a
2.70-kW pump to raise the same amount of water from
the Earth’s surface to the cloud’s position?

An energy-efficient lightbulb, taking in 28.0 W of
power, can produce the same level of brightness as a
conventional lightbulb operating at power 100 W. The

34.

35.

36.

38.
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lifetime of the energy-efficient bulb is 10 000 h and its
purchase price is $4.50, whereas the conventional bulb
has a lifetime of 750 h and costs $0.42. Determine the
total savings obtained by using one energy-efficient
bulb over its lifetime as opposed to using conventional
bulbs over the same time interval. Assume an energy
cost of $0.200 per kilowatt-hour.

An electric scooter has a battery capable of supplying
120 Wh of energy. If friction forces and other losses
account for 60.0% of the energy usage, what altitude
change can a rider achieve when driving in hilly ter-
rain if the rider and scooter have a combined weight of
890 N»

Make an order-of-magnitude estimate of the power a
car engine contributes to speeding the car up to high-
way speed. In your solution, state the physical quanti-
ties you take as data and the values you measure or esti-
mate for them. The mass of a vehicle is often given in
the owner’s manual.

An older-model car accelerates from 0 to speed v in
a time interval of A/. A newer, more powerful sports
car accelerates from 0 to 2v in the same time period.
Assuming the energy coming from the engine appears
only as kinetic energy of the cars, compare the power
of the two cars.

. For saving energy, bicycling and walking are far more

efficient means of transportation than is travel by
automobile. For example, when riding at 10.0 mi/h, a
cyclist uses food energy at a rate of about 400 kcal/h
above what he would use if merely sitting still. (In exer-
cise physiology, power is often measured in kcal/h
rather than in watts. Here 1 kcal = 1 nutritionist’s Cal-
orie = 4 186 J.) Walking at 3.00 mi/h requires about
220 kcal/h. It is interesting to compare these values
with the energy consumption required for travel by car.
Gasoline yields about 1.30 X 10% J/gal. Find the fuel
economy in equivalent miles per gallon for a person
(a) walking and (b) bicycling.

A 650-kg elevator starts from rest. It moves upward
for 3.00 s with constant acceleration until it reaches
its cruising speed of 1.75 m/s. (a) What is the average
power of the elevator motor during this time inter-
val? (b) How does this power compare with the motor
power when the elevator moves at its cruising speed?

A 3.50-kN piano is lifted by three workers at constant

40.

speed to an apartment 25.0 m above the street using a
pulley system fastened to the roof of the building. Each
worker is able to deliver 165 W of power, and the pulley
system is 75.0% efficient (so that 25.0% of the mechan-
ical energy is transformed to other forms due to fric-
tion in the pulley). Neglecting the mass of the pulley,
find the time required to lift the piano from the street
to the apartment.

Energy is conventionally measured in Calories as well
as in joules. One Calorie in nutrition is one kilocalo-
rie, defined as 1 kcal = 4 186 J. Metabolizing 1 g of fat
can release 9.00 kcal. A student decides to try to lose
weight by exercising. He plans to run up and down
the stairs in a football stadium as fast as he can and
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as many times as necessary. To evaluate the program,
suppose he runs up a flight of 80 steps, each 0.150 m
high, in 65.0 s. For simplicity, ignore the energy he
uses in coming down (which is small). Assume a typi-
cal efficiency for human muscles is 20.0%. This state-
ment means that when your body converts 100 J from
metabolizing fat, 20 J goes into doing mechanical work
(here, climbing stairs). The remainder goes into extra
internal energy. Assume the student’s mass is 75.0 kg.
() How many times must the student run the flight
of stairs to lose 1.00 kg of fat? (b) What is his average
power output, in watts and in horsepower, as he runs
up the stairs? (c) Is this activity in itself a practical way
to lose weight?

41. Aloaded ore car has a mass of 950 kg and rolls on rails
with negligible friction. It starts from rest and is pulled

up a mine shaft by a cable connected to a winch. The
shaft is inclined at 30.0° above the horizontal. The car
accelerates uniformly to a speed of 2.20 m/s in 12.0 s
and then continues at constant speed. (a) What power
must the winch motor provide when the car is mov-
ing at constant speed? (b) What maximum power must
the winch motor provide? (c) What total energy has
transferred out of the motor by work by the time the
car moves off the end of the track, which is of length
1250 m?

Additional Problems

42. Make an order-of-magnitude estimate of your power

43.

output as you climb stairs. In your solution, state the
physical quantities you take as data and the values you
measure or estimate for them. Do you consider your
peak power or your sustainable power?

A small block of mass m = 200 g is released from rest
at point @ along the horizontal diameter on the inside
of a frictionless, hemispherical bowl of radius R =
30.0 cm (Fig. P8.43). Calculate (a) the gravitational
potential energy of the block-Earth system when the
block is at point ® relative to point ®, (b) the kinetic
energy of the block at point ®, (c) its speed at point
®, and (d) its kinetic energy and the potential energy
when the block is at point ©.

Figure P8.43 Problems 43 and 44.

What If? The block of mass m = 200 g described in

Problem 43 (Fig. P8.43) is released from rest at point
®, and the surface of the bowl is rough. The block’s
speed at point ® is 1.50 m/s. (a) What is its kinetic
energy at point ®? (b) How much mechanical energy
is transformed into internal energy as the block moves
from point @ to point ®? (c) Is it possible to determine
the coefficient of friction from these results in any sim-
ple manner? (d) Explain your answer to part (c).

45. Review. A boy starts at rest and slides down a friction-

46.

less slide as in Figure P8.45. The bottom of the track is
a height 5 above the ground. The boy then leaves the
track horizontally, striking the ground at a distance d
as shown. Using energy methods, determine the initial
height H of the boy above the ground in terms of %
and d.

c

-

Figure P8.45

Review. As shown in Fig-
ure P8.46, a light string
that does mnot stretch
changes from horizon-
tal to vertical as it passes
over the edge of a table.
The string connects m,, a
3.60-kg block originally
at rest on the horizontal
tableataheight #=1.20m
above the floor, to m,, a
hanging 1.90-kg block originally a distance d = 0.900 m
above the floor. Neither the surface of the table nor its
edge exerts a force of kinetic friction. The blocks start
to move from rest. The sliding block m; is projected hor-
izontally after reaching the edge of the table. The hang-
ing block m, stops without bouncing when it strikes the
floor. Consider the two blocks plus the Earth as the sys-
tem. (a) Find the speed at which m, leaves the edge of
the table. (b) Find the impact speed of m; on the floor.
(c) What is the shortest length of the string so that it
does not go taut while i, is in flight? (d) Is the energy
of the system when it is released from rest equal to the
energy of the system just before m, strikes the ground?
(e) Why or why not?

)

T
d
|

Figure P8.46

A 4.00-kg particle moves along the x axis. Its position
[} varies with time according to x = ¢ + 2.0¢%, where x

48.

is in meters and ¢ is in seconds. Find (a) the kinetic
energy of the particle at any time ¢, (b) the accelera-
tion of the particle and the force acting on it at time ¢,
(c) the power being delivered to the particle at time ¢,
and (d) the work done on the particle in the interval
t=0to¢=2.00s.

Why is the following situation impossible? A softball pitcher
has a strange technique: she begins with her hand at
rest at the highest point she can reach and then quickly
rotates her arm backward so that the ball moves
through a half-circle path. She releases the ball when
her hand reaches the bottom of the path. The pitcher
maintains a component of force on the 0.180-kg
ball of constant magnitude 12.0 N in the direction of
motion around the complete path. As the ball arrives



at the bottom of the path, it leaves her hand with a
speed of 25.0 m/s.

49. A skateboarder with his board can be modeled as a
particle of mass 76.0 kg, located at his center of mass
(which we will study in Chapter 9). As shown in Figure
P8.49, the skateboarder starts from rest in a crouch-
ing position at one lip of a half-pipe (point ®). The
half-pipe is one half of a cylinder of radius 6.80 m with
its axis horizontal. On his descent, the skateboarder
moves without friction so that his center of mass moves
through one quarter of a circle of radius 6.30 m.
(a) Find his speed at the bottom of the half-pipe (point
®). (b) Immediately after passing point ®, he stands
up and raises his arms, lifting his center of mass from
0.500 m to 0.950 m above the concrete (point ©).
Next, the skateboarder glides upward with his center
of mass moving in a quarter circle of radius 5.85 m.
His body is horizontal when he passes point ®, the
far lip of the half-pipe. As he passes through point ©,
the speed of the skateboarder is 5.14 m/s. How much
chemical potential energy in the body of the skate-
boarder was converted to mechanical energy in the
skateboarder—Earth system when he stood up at point
®? (c) How high above point ® does he rise? Caution:
Do not try this stunt yourself without the required skill
and protective equipment.

F@x@ 1 |®
\

©
Figure P8.49

50. Heedless of danger, a child leaps onto a pile of old
mattresses to use them as a trampoline. His motion
between two particular points is described by the
energy conservation equation

%(46.0 kg)(2.40 m/s)? + (46.0 kg)(9.80 m/s?)(2.80 m + x) =
5(1.94 X 10* N/m)«?

(@) Solve the equation for x. (b) Compose the state-
ment of a problem, including data, for which this
equation gives the solution. (c) Add the two values of
x obtained in part (a) and divide by 2. (d) What is the
significance of the resulting value in part (c)?

jonathan is riding a bicycle and encounters a hill of
height 7.30 m. At the base of the hill, he is traveling
at 6.00 m/s. When he reaches the top of the hill, he is
traveling at 1.00 m/s. Jonathan and his bicycle together
have a mass of 85.0 kg. Ignore friction in the bicycle
mechanism and between the bicycle tires and the road.
(a) What is the total external work done on the system
of Jonathan and the bicycle between the time he starts
up the hill and the time he reaches the top? (b) What
is the change in potential energy stored in Jonathan’s
body during this process? (c) How much work does

52.

53.

54.

55.
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Jonathan do on the bicycle pedals within the Jona-
than—bicycle-Earth system during this process?

Jonathan is riding a bicycle and encounters a hill
of height A. At the base of the hill, he is traveling at
a speed v, When he reaches the top of the hill, he
is traveling at a speed v, Jonathan and his bicycle
together have a mass m. Ignore friction in the bicycle
mechanism and between the bicycle tires and the road.
(a) What is the total external work done on the system
of Jonathan and the bicycle between the time he starts
up the hill and the time he reaches the top? (b) What
is the change in potential energy stored in Jonathan’s
body during this process? (c) How much work does
Jonathan do on the bicycle pedals within the Jonathan—
bicycle-Earth system during this process?

Consider the block—spring—surface system in part (B)
of Example 8.6. (a) Using an energy approach, find the
position x of the block at which its speed is a maxi-
mum. (b) In the What If? section of this example, we
explored the effects of an increased friction force of
10.0 N. At what position of the block does its maximum
speed occur in this situation?

As it plows a parking lot, a v AL ‘47
snowplow pushes an ever-
growing pile of snow in

front of it. Suppose a car 17T 7T T _;
moving through the air t
is similarly modeled as a A
cylinder of area A push- .
Figure P8.54

ing a growing disk of air
in front of it. The origi-
nally stationary air is set into motion at the constant
speed v of the cylinder as shown in Figure P8.54. In a
time interval Az, a new disk of air of mass Am must be
moved a distance v Azand hence must be given a kinetic
energy 5(Am)v®. Using this model, show that the car’s
power loss owing to air resistance is §pAv® and that the
resistive force acting on the car is $pAv®, where p is the
density of air. Compare this result with the empirical
expression 3DpAv® for the resistive force.

A wind turbine on a wind farm turns in response to
a force of high-speed air resistance, R = $DpAv®. The
power available is P = Rv = 5Dpmr®v’, where v is the
wind speed and we have assumed a circular face for
the wind turbine of radius r. Take the drag coefficient
as D = 1.00 and the density of air from the front end-
paper. For a wind turbine having r = 1.50 m, calculate
the power available with (a) v = 8.00 m/s and (b) v =
24.0 m/s. The power delivered to the generator is lim-
ited by the efficiency of the system, about 25%. For
comparison, a large American home uses about 2 kW
of electric power.

Consider the popgun in Example 8.3. Suppose the
projectile mass, compression distance, and spring con-
stant remain the same as given or calculated in the
example. Suppose, however, there is a friction force of
magnitude 2.00 N acting on the projectile as it rubs
against the interior of the barrel. The vertical length
from point ® to the end of the barrel is 0.600 m.
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(a) After the spring is compressed and the popgun
fired, to what height does the projectile rise above
point ®? (b) Draw four energy bar charts for this situa-
tion, analogous to those in Figures 8.6¢c—d.

As the driver steps on the gas pedal, a car of mass
1 160 kg accelerates from rest. During the first few sec-
onds of motion, the car’s acceleration increases with
time according to the expression

a=1.16¢— 0.210¢2 + 0.240/°

where ¢is in seconds and « is in m/s%. (a) What is the
change in kinetic energy of the car during the interval
from ¢t = 0to ¢t = 2.50 s? (b) What is the minimum aver-
age power output of the engine over this time interval?
(c) Why is the value in part (b) described as the mini-
mum value?

Review. Why is the following situation impossible? A new
high-speed roller coaster is claimed to be so safe that
the passengers do not need to wear seat belts or any
other restraining device. The coaster is designed with
a vertical circular section over which the coaster trav-
els on the inside of the circle so that the passengers
are upside down for a short time interval. The radius
of the circular section is 12.0 m, and the coaster
enters the bottom of the circular section at a speed of
22.0 m/s. Assume the coaster moves without friction
on the track and model the coaster as a particle.

A horizontal spring attached to a wall has a force con-
stant of k = 850 N/m. A block of mass m = 1.00 kg
is attached to the spring and rests on a frictionless,
horizontal surface as in Figure P8.59. (a) The block
is pulled to a position x; = 6.00 cm from equilibrium
and released. Find the elastic potential energy stored
in the spring when the block is 6.00 cm from equilib-
rium and when the block passes through equilibrium.
(b) Find the speed of the block as it passes through the
equilibrium point. (c) What is the speed of the block
when it is at a position x;/2 = 3.00 cm? (d) Why isn’t
the answer to part (c) half the answer to part (b)?

e e
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x=0 x=x/2 x=ux

Figure P8.59

More than 2 300 years ago, the Greek teacher Aristo-
tle wrote the first book called Physics. Put into more
precise terminology, this passage is from the end of its
Section Eta:

Let P be the power of an agent causing motion;
w, the load moved; d, the distance covered; and
A, the time interval required. Then (1) a power
equal to Pwill in an interval of time equal to At
move w/2 a distance 2d; or (2) it will move w/2
the given distance d in the time interval Az/2.
Also, if (3) the given power P moves the given

load w a distance d/2 in time interval A¢/2, then
(4) P/2 will move w/2 the given distance din the
given time interval At

(a) Show that Aristotle’s proportions are included in
the equation PA¢ = bwd, where b is a proportionality
constant. (b) Show that our theory of motion includes
this part of Aristotle’s theory as one special case. In
particular, describe a situation in which it is true,
derive the equation representing Aristotle’s propor-
tions, and determine the proportionality constant.

61. A child’s pogo stick (Fig. P8.61) ©

stores energy in a spring with a

force constant of 250 X
10* N/m. At position ® (xg = ®
—0.100 m), the spring com- y
pression is a maximum and the

child is momentarily at rest. At
position ® (xg = 0), the spring

is relaxed and the child is mov- v
ing upward. At position ©, the ~ *®3—
child is again momentarily at
rest at the top of the jump. The
combined mass of child and
pogo stick is 25.0 kg. Although
the boy must lean forward to
remain balanced, the angle is small, so let’s assume the
pogo stick is vertical. Also assume the boy does not
bend his legs during the motion. (a) Calculate the total
energy of the child-stick-Earth system, taking both
gravitational and elastic potential energies as zero for
x = 0. (b) Determine xg. (c) Calculate the speed of the
child at x = 0. (d) Determine the value of x for which
the kinetic energy of the system is a maximum. (e) Cal-
culate the child’s maximum upward speed.

Figure P8.61

62. A 1.00-kg object slides e k
MM to the right on a sur- [ m HAVVAAWAAA-
face having a coeffi- :
cient of kinetic friction Vi
0.250 (Fig. P8.62a). i
The object has a speed by —HW‘WMWM

of v; = 3.00 m/s when

it makes contact with e
a light spring (Fig. @ V=0
P8.62b) that has a force

constant of 50.0 N/m. v
The object comes to
rest after the spring
has been compressed

[
a distance d (Fig. v= :
[

0
P8.62c). The object is g 1> AR -
then forced toward the *HWWWWMM
left by the spring (Fig.
P8.62d) and continues Figure P8.62

to move in that direc-

tion beyond the spring’s unstretched position. Finally,
the object comes to rest a distance D to the left of the
unstretched spring (Fig. P8.62¢). Find (a) the distance of
compression d, (b) the speed v at the unstretched posi-
tion when the object is moving to the left (Fig. P8.62d),
and (c) the distance D where the object comes to rest.



A 10.0-kg block is released from rest at point ® in Fig-
7] ure P8.63. The track is frictionless except for the por-

tion between points ® and ©, which has a length of
6.00 m. The block travels down the track, hits a spring
of force constant 2 250 N/m, and compresses the
spring 0.300 m from its equilibrium position before
coming to rest momentarily. Determine the coefficient
of kinetic friction between the block and the rough
surface between points ® and ©.

B |
i

3.00 m

67.
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The line from the center of curvature of the cap to
the pumpkin makes an angle 6, = 0° with the vertical.
While you happen to be standing nearby in the middle
of a rainy night, a breath of wind makes the pumpkin
start sliding downward from rest. It loses contact with
the cap when the line from the center of the hemi-
sphere to the pumpkin makes a certain angle with the
vertical. What is this angle?

Review. The mass of a caris 1 500 kg. The shape of the
car’s body is such that its aerodynamic drag coefficient
is D = 0.330 and its frontal area is 2.50 m?. Assuming
the drag force is proportional to v? and ignoring other
sources of friction, calculate the power required to

[« 6.00m— L LLLL LU L maintain a speed of 100 km/h as the car climbs a long
© hill sloping at 3.20°.
Figure P8.63 68. A pendulum, comprising a light

string of length L and a small

[

<

A block of mass m; = 20.0 kg is

sphere, swings in the vertical L/ 0] l
IXVij connected to a block of mass I

lane. The string hits a peg located
p g peg 7 begh i

M m, = 30.0 kg by a massless a distance d below the point of / N
string that passes over a light, suspension (Fig. P8.68). (a) Show q\ : \\\
frictionless pulley. The 30.0-kg that if the sphere is released from RN
block is connected to a spring a height below that of the peg, it Figure P8.68

that has negligible mass and a
force constant of k = 250 N/m
as shown in Figure P8.64. The
spring is unstretched when
the system is as shown in the figure, and the incline
is frictionless. The 20.0-kg block is pulled a distance
h = 20.0 cm down the incline of angle 6§ = 40.0° and
released from rest. Find the speed of each block when
the spring is again unstretched.

Figure P8.64

A block of mass 0.500 kg is pushed against a horizon-

tal spring of negligible mass until the spring is com-
pressed a distance x (Fig. P8.65). The force constant of
the spring is 450 N/m. When it is released, the block
travels along a frictionless, horizontal surface to point
®, the bottom of a vertical circular track of radius R =
1.00 m, and continues to move up the track. The block’s
speed at the bottom of the track is vy = 12.0 m/s,
and the block experiences an average friction force of
7.00 N while sliding up the track. (a) What is x? (b) If
the block were to reach the top of the track, what would
be its speed at that point? (c) Does the block actually
reach the top of the track, or does it fall off before
reaching the top?

¢x)‘
| K

Figure P8.65

66. Review. As a prank, someone has balanced a pumpkin

at the highest point of a grain silo. The silo is topped
with a hemispherical cap that is frictionless when wet.

69.

70.

will return to this height after the
string strikes the peg. (b) Show that if the pendulum is
released from rest at the horizontal position (0 = 90°)
and is to swing in a complete circle centered on the peg,
the minimum value of d must be 3L/5.

A block of mass M rests on a table. It is fastened to the
lower end of a light, vertical spring. The upper end of
the spring is fastened to a block of mass m. The upper
block is pushed down by an additional force 3mg, so
the spring compression is 4mg/k. In this configuration,
the upper block is released from rest. The spring lifts the
lower block off the table. In terms of m, what is the
greatest possible value for M?

Review. Why is the follow-
ing  situation  impossible?
An athlete tests her hand
strength by having an
assistant hang weights
from her belt as she hangs
onto a horizontal bar
with her hands. When
the weights hanging on
her belt have increased
to 80% of her body
weight, her hands can
no longer support her
and she drops to the floor. Frustrated at not meeting
her hand-strength goal, she decides to swing on a tra-
peze. The trapeze consists of a bar suspended by two
parallel ropes, each of length ¢, allowing performers to
swing in a vertical circular arc (Fig. P8.70). The athlete
holds the bar and steps off an elevated platform, start-
ing from rest with the ropes at an angle 6, = 60.0° with
respect to the vertical. As she swings several times back
and forth in a circular arc, she forgets her frustration
related to the hand-strength test. Assume the size of the

Figure P8.70
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71.

72.
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performer’s body is small compared to the length € and
air resistance is negligible.

While running, a person transforms about 0.600 J of
chemical energy to mechanical energy per step per
kilogram of body mass. If a 60.0-kg runner trans-
forms energy at a rate of 70.0 W during a race, how
fast is the person running? Assume that a running
step is 1.50 m long.

A roller-coaster car shown in Figure P8.72 is released
from rest from a height 4 and then moves freely with
negligible friction. The roller-coaster track includes a
circular loop of radius R in a vertical plane. (a) First
suppose the car barely makes it around the loop; at the
top of the loop, the riders are upside down and feel
weightless. Find the required height £ of the release
point above the bottom of the loop in terms of R.
(b) Now assume the release point is at or above the
minimum required height. Show that the normal force
on the car at the bottom of the loop exceeds the nor-
mal force at the top of the loop by six times the car’s
weight. The normal force on each rider follows the
same rule. Such a large normal force is dangerous
and very uncomfortable for the riders. Roller coasters
are therefore not built with circular loops in vertical
planes. Figure P6.17 (page 170) shows an actual design.

Figure P8.72

[73.] A ball whirls around in a vertical circle at the end of a

74.

75.

string. The other end of the string is fixed at the cen-
ter of the circle. Assuming the total energy of the ball-
Earth system remains constant, show that the tension
in the string at the bottom is greater than the tension
at the top by six times the ball’s weight.

An airplane of mass 1.50 X 10* kg is in level flight, ini-
tially moving at 60.0 m/s. The resistive force exerted
by air on the airplane has a magnitude of 4.0 X 10* N.
By Newton’s third law, if the engines exert a force on
the exhaust gases to expel them out of the back of the
engine, the exhaust gases exert a force on the engines
in the direction of the airplane’s travel. This force is
called thrust, and the value of the thrust in this situa-
tion is 7.50 X 10* N. (a) Is the work done by the exhaust
gases on the airplane during some time interval equal
to the change in the airplane’s kinetic energy? Explain.
(b) Find the speed of the airplane after it has traveled
5.0 X 102 m.

Consider the block—spring collision discussed in
Example 8.8. (a) For the situation in part (B), in which
the surface exerts a friction force on the block, show
that the block never arrives back at x = 0. (b) What is

76.

71.

78.

the maximum value of the coefficient of friction that
would allow the block to return to x = 0?

In bicycling for aerobic exercise, a woman wants her
heart rate to be between 136 and 166 beats per min-
ute. Assume that her heart rate is directly proportional
to her mechanical power output within the range rel-
evant here. Ignore all forces on the woman-bicycle
system except for static friction forward on the drive
wheel of the bicycle and an air resistance force propor-
tional to the square of her speed. When her speed is
22.0 km/h, her heart rate is 90.0 beats per minute. In
what range should her speed be so that her heart rate
will be in the range she wants?

Review. In 1887 in Bridgeport, Connecticut, C. J.
Belknap built the water slide shown in Figure P8.77. A
rider on a small sled, of total mass 80.0 kg, pushed off
to start at the top of the slide (point ®) with a speed
of 2.50 m/s. The chute was 9.76 m high at the top and
54.3 m long. Along its length, 725 small wheels made
friction negligible. Upon leaving the chute horizon-
tally at its bottom end (point ©), the rider skimmed
across the water of Long Island Sound for as much
as 50 m, “skipping along like a flat pebble,” before at
last coming to rest and swimming ashore, pulling his
sled after him. (a) Find the speed of the sled and rider
at point ©. (b) Model the force of water friction as a
constant retarding force acting on a particle. Find the
magnitude of the friction force the water exerts on
the sled. (¢) Find the magnitude of the force the chute
exerts on the sled at point ®. (d) At point ©, the chute
is horizontal but curving in the vertical plane. Assume
its radius of curvature is 20.0 m. Find the force the
chute exerts on the sled at point ©.

Engraving from Scientific American

Figure P8.77

In a needle biopsy, a narrow strip of tissue is extracted
from a patient using a hollow needle. Rather than
being pushed by hand, to ensure a clean cut the needle
can be fired into the patient’s body by a spring. Assume
that the needle has mass 5.60 g, the light spring has



force constant 375 N/m, and the spring is originally
compressed 8.10 cm to project the needle horizontally
without friction. After the needle leaves the spring,
the tip of the needle moves through 2.40 cm of skin
and soft tissue, which exerts on it a resistive force of
7.60 N. Next, the needle cuts 3.50 cm into an organ,
which exerts on it a backward force of 9.20 N. Find
(a) the maximum speed of the needle and (b) the
speed at which the flange on the back end of the nee-
dle runs into a stop that is set to limit the penetration
to 5.90 cm.

Challenge Problems

79.

80.

Review. A uniform board of length L is sliding along a
smooth, frictionless, horizontal plane as shown in Fig-
ure P8.79a. The board then slides across the bound-
ary with a rough horizontal surface. The coefficient of
kinetic friction between the board and the second sur-
face is w;. () Find the acceleration of the board at the
moment its front end has traveled a distance x beyond
the boundary. (b) The board stops at the moment its
back end reaches the boundary as shown in Figure
P8.79b. Find the initial speed v of the board.

>V Boundary
=
> L .
v=10
Be——-—
Figure P8.79

Starting from rest, a 64.0-kg person bungee jumps
from a tethered hot-air balloon 65.0 m above the
ground. The bungee cord has negligible mass and
unstretched length 25.8 m. One end is tied to the
basket of the balloon and the other end to a har-
ness around the person’s body. The cord is modeled
as a spring that obeys Hooke’s law with a spring con-
stant of 81.0 N/m, and the person’s body is modeled
as a particle. The hot-air balloon does not move.
(a) Express the gravitational potential energy of the
person—-Earth system as a function of the person’s
variable height y above the ground. (b) Express the
elastic potential energy of the cord as a function of
y. (c) Express the total potential energy of the per-
son—cord-Earth system as a function of y. (d) Plot a
graph of the gravitational, elastic, and total potential
energies as functions of y. (e) Assume air resistance
is negligible. Determine the minimum height of the
person above the ground during his plunge. (f) Does
the potential energy graph show any equilibrium posi-
tion or positions? If so, at what elevations? Are they
stable or unstable? (g) Determine the jumper’s maxi-
mum speed.

81. Jane, whose mass is 50.0 kg, needs to swing across a

river (having width D) filled with person-eating croco-
diles to save Tarzan from danger. She must swing into
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Problems

a wind exerting constant horizontal force i), on a vine
having length L and initially making an angle 6 with
the vertical (Fig. P8.81). Take D = 50.0 m, I= 110 N,
L = 40.0 m, and 0 = 50.0°. (a) With what minimum
speed must Jane begin her swing to just make it to the
other side? (b) Once the rescue is complete, Tarzan
and Jane must swing back across the river. With what
minimum speed must they begin their swing? Assume
Tarzan has a mass of 80.0 kg.

?
|
AN
Wind_, /1
_>f/¢ Jane
! )

Figure P8.81

82. A ball of mass m = 300 g is connected by a strong

string of length .. = 80.0 cm to a pivot and held in
place with the string vertical. A wind exerts constant
force I' to the right on the ball as shown in Figure
P8.82. The ball is released from rest. The wind makes
it swing up to attain maximum height /7 above its
starting point before it swings down again. (a) Find H
as a function of F. Evaluate 71 for (b) = 1.00 N and
(c) F=10.0 N. How does H behave (d) as Fapproaches
zero and (e) as I'approaches infinity? (f) Now con-
sider the equilibrium height of the ball with the wind
blowing. Determine it as a function of F. Evaluate the
equilibrium height for (g) = 10 N and (h) I*going
to infinity.

Pivot Pivot
[ ] [ X
i |
| | L
'L 1 \
=3 i - |
m
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i | P H
m __1 :_’: _____ \i -
Figure P8.82

83. What If? Consider the roller coaster described in Prob-

lem 58. Because of some friction between the coaster
and the track, the coaster enters the circular section at
a speed of 15.0 m/s rather than the 22.0 m/s in Prob-
lem 58. Is this situation more or less dangerous for the
passengers than that in Problem 58? Assume the circu-
lar section is still frictionless.
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84. A uniform chain of length 8.00 m initially lies stretched

out on a horizontal table. (a) Assuming the coefficient
of static friction between chain and table is 0.600,
show that the chain will begin to slide off the table if
at least 3.00 m of it hangs over the edge of the table.
(b) Determine the speed of the chain as its last link
leaves the table, given that the coefficient of kinetic
friction between the chain and the table is 0.400.

85. A daredevil plans to bungee jump from a balloon

65.0 m above the ground. He will use a uniform elastic

cord, tied to a harness around his body, to stop his fall
at a point 10.0 m above the ground. Model his body as
a particle and the cord as having negligible mass and
obeying Hooke’s law. In a preliminary test he finds that
when hanging at rest from a 5.00-m length of the cord,
his body weight stretches it by 1.50 m. He will drop
from rest at the point where the top end of a longer
section of the cord is attached to the stationary bal-
loon. (a) What length of cord should he use? (b) What
maximum acceleration will he experience?



