Chapter 8

Potential Energy &
Conservation of Energy



8.1 Potential Energy

Technically, potential energy is energy that a
can be associated with the configuration
(arrangement) of a system of objects that Negative Positive
exert forces on one another. work done work done
. by the by the
Some forms of potential energy: gravitational | § gravitanonal
torce force
1. Gravitational potential energy, A
2. Elastic potential energy




8.2 Work and Potential Energy

The change AU in potential energy
(gravitational, elastic, etc) is defined
as being equal to the negative of the
work done on the object by the force
(gravitational, elastic, etc)

AU = —-W.|
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Fig. 8-3 A block, attached to a spring
and nitially at rest at x = (,1s set in motion
toward the right. (a) As the block moves
rightward (as indicated by the arrow), the
spring force does negative work on it. (b)
Then, as the block moves back toward x =
0, the spring force does positive work on it.



8.2 Conservative and non-conservative forces

Suppose:

« A system consists of two or more objects.

» Aforce acts between a particle-like object in the system and the rest of the system.

* When the system configuration changes, the force does work (call it W) on the
object, transferring energy between the kinetic energy of the object, K, and some

other type of energy of the system.

 When the configuration change is reversed, the force reverses the energy transfer,
doing work W, in the process.

* In asituation in which W;=-W, is A force that is not conservative is called a
always true, the other type of energy is non-conservative force.
a potential energy & the force is said to

be a conservative force. « Examples:
« Kinetic frictional force
« Examples:  Drag force
* Gravity  Electromagnetic force

» Elastic force (ideal spring)
« Static electric force



8.3 Path Independence of Conservative Forces

The net work done by a conservative
force on a particle moving around any

closed path is zero: W — J‘,_: dr =0

The force Is conservative.
Any choice of path between

a 2 the points gives the same
amount of work.
(a)
| al
And a round trip gives
as 9 atotal work of zero.

War1 = Wapo. |

If the work done from a to b along path 1
as W, ; and the work done from b back
to a along path 2 as W, ,. If the force is
conservative, then the net work done
during the round trip must be zero

If the force is conservative,

W

s

p1 T Wbmﬂ = 0,
Wﬂb.l — _Whaﬂ*

wﬂb.? - Whﬂ.?*

) W, = Wﬂhi




Example: slippery cheese

Figure 8-a shows a 2.0 kg block of slippery cheese that slides
along a frictionless track from point a to point b. The cheese
travels through a total distance of 2.0 m along the track,and a
net vertical distance of 0.80 m. How much work 1s done on the
cheese by the gravitational force during the slide?

Fig. 8-5

The gravitational force is conservative.
Any choice of path between the points
gives the same amount of work.

Calculations: Let us choose the dashed
path in Fig. 8-5b; it consists of two straight
segments. Along the horizontal segment,
the angle f is a constant 90°. Even though
we do not know the displacement along
that horizontal segment, the work W, done
there is:

W, = mgd cos 90" = 0.

Along the vertical segment, the
displacement d is 0.80 m and, with and
both downward, the angle is a constant =
0°. Thus, for the work W, done along the
vertical part of the dashed path,

W, = mgd cos 0°
= (2.0 kg)(9.8 m/s?)(0.80 m)(1) = 15.7 J.

The total work done on the cheese by F,
as the cheese moves from point a to point
b along the dashed path is then

W=W,+W,=0+157]=161. (Answer)

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



8.4 Determining Potential Energy values

For the most general case, in which the force may vary with position, we
may write the work W:

AU is the “stored work” associated with a conservative force & is called potential
energy. As with all manifestations of energy, the unit is the joule (J).

Potential energy is stored energy — energy stored in the gravitational field -- that can
be released as kinetic energy.



8.4 Determining Potential Energy values: Gravitational Potential Energy

« A particle with mass m moves vertically along a y axis.

» Let the positive direction be upward.

* As the particle moves from point y; to point y;, the gravitational force does work on it.

» Potential energy change is independent of path.

« Only changes in potential energy matter.

» The zero of potential energy can be set at any convenient point.

» The corresponding change in the gravitational potential energy of the particle—Earth system is:

¥y i
dy = mg|y| ,
¥i Yi

Potential energy, U

¥y
AU = —j (—mg)dy = mg
¥i

mghr----

|
|
|
|
|
:
h Height,y

AU = mg(y;— y;) = mg Ay.

« The gravitational potential energy associated with a particle—Earth system depends only on the
vertical position y (or height) of the particle relative to the reference position y = 0, not on the
horizontal position.



8.4 Determining Potential Energy values:
Elastic Potential Energy

In a block—spring system, the block is moving on the end of a
spring of spring constant K.

As the block moves from point x; to point x;, the spring force
F, = - kx does work on the block.

The corresponding change in the elastic potential energy of
the block—spring system is

Xy X Xy
AU = f (—kx) dx = kf xdx = ;k[ﬁ] .,

AU = 3kx} — skx?.

If the reference configuration is when the spring is at its
relaxed length, and the block is at x; = O:

U—0=3kx?—0,

Potential energy, U

x=0
Compression Equilibrium

X

Stretch



Example: Gravitational potential energy

A 2.0 kg sloth hangs 5.0 m above the ground (Fig. 8-6).

(a) What is the gravitational potential energy U of the
sloth—Earth system if we take the reference point y = 0 to be
(1) at the ground, (2) at a balcony floor that is 3.0 m above
the ground, (3) at the limb, and (4) 1.0 m above the limb?
Take the gravitational potential energy to be zeroaty = 0.

M @ ©® @ Fig. 8-6

Calculations: For choice (1) the slothis at y = 5.0 m, and
U= mgy = (2.0 kg)(9.8 m/s?)(5.0 m)
=081J. (Answer)
For the other choices, the values of U are

(2) U=mgy =mg(2.0m) =39,
(3) U=mgy =mg(0) =01,
(4) U= mgy = mg(—1.0m)
=-196J1~=-201. (Answer)

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

Calculation: For all four situations, we have the same Ay =
-).0m.
AU = mg Ay = (20 kg)(9.8 m/s?)(=5.0 m)

=081 (Answer)



8.5 Conservation of Mechanical Energy

Principle of conservation of enerqy:

In an isolated system where only conservative forces cause energy changes, the
kinetic energy and potential energy can change, but their sum, the mechanical
energy E, .. of the system, cannot change.

The mechanical energy E,, .. of a system is the sum of its potential energy U and the
kinetic energy K of the objects within it:

E,..= K+ U (mechanical energy). ‘ K+ U =constant = K, + U,

wih AK = —AU. ad AU = —W.

We have:

_ the sum of K and U for the sum of K and U for
AK =W = _

any state of a system any other state of the system

aam=AK+aU=&\




A pendulum swings back and forth.

During one full cycle the values of
the potential and kinetic energies of
the pendulum—Earth system vary as
the bob rises and falls, but the
mechanical energy E,,.. of the
system remains constant.

The energy E, .. can be described
as continuously shifting between the
kinetic and potential modes.

In stages (a) and (e), all the energy
is kinetic energy.

In stages (c) and (g), all the energy
is potential energy.

In stages (b), (d), (f), and (h), half
the energy is kinetic energy and half
IS potential energy.

If the swinging involved a frictional
force then E,.. would not be
conserved, and eventually the
pendulum would stop.

8.5 Conservation of Mechanical Energy

All potential
energy

K

Lln'

(o)

v

+V

= "Vmax

TA

The total energy
does not change

(a)

K

Il kinetic energy

All potential
energy

(it Is conserved).

P =
V= 1'max



Clicker question

A bowling ball is tied to the end of a long rope and suspended
from the celling. A student stands at one side of the room,

holds the ball to her nose, and then releases it from rest.
Should she duck as it swings back?

A. She should duck!

B. She does not need
to duck.
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8.5 Conservation of Mechanical Energy

« A spring-loaded dart gun « A spring and gravity
— What's the dart’s speed? — How high does the block go?
Final :
Tritial Stote Final state u"l“m;?a’Le
\% i
8 Rint=a 0
IMWWWWWWWW
©) ©) Initial State: T
Up=5ke* ;
K,=0
1\5 . Initially 1 There’s no JL
&> " all energy o energy in the
¢ is in the g spring;
w Z)ringik ) Wl v(/ = 0.
0= 5 >
Initially there’s zye:grgv R %3
no kinetic energy; K Ielattne b o
Ky =0. K= lmv’2 = o
g W
TR U G VY
« K+ U=K,+U,becomes: S > Y
1 2 — 1 Ly ? _ _
, MV +O—O+2|(X . Usf+Ugf—Ugi+Usi —

0+ mgh =0+ kx*
2
- so: h= i

 Where x is the initial spring compression. B 2mg

« Thus: y = k/mx


http://www.physicsclassroom.com/mmedia/

Example: water slide

In Fig. 8-8, a child of mass m is released from rest at the top
of a water slide. at height 2 = 8.5 m above the bottom of the
slide. Assuming that the slide is frictionless because of the
water on it, find the child’s speed at the bottom of the slide.

I:

The total mechanical
energy at the top
Is equal to the total

at the bottom. —&

2w, TN L

KEY IDEAS

h

(1) We cannot find her speed at the bottom by using her ac-
celeration along the slide as we might have in earlier chap-
ters because we do not know the slope (angle) of the shide.
However, because that speed is related to her kinetic en-
ergy, perhaps we can use the principle of conservation of
mechanical energy to get the speed. Then we would not
need to know the slope. (2) Mechanical energy is conserved
in a system if the system is isolated and if only conservative
forces cause energy transfers within it. Let’s check.

Forces: Two forces act on the child. The gravitational
force, a conservative force, does work on her. The normal
force on her from the slide does no work because its direc-
tion at any point during the descent is always perpendicular
to the direction in which the child moves.

Calculations: Let the mechanical energy be E,., when
the child is at the top of the slide and £, When she 1s at
the bottom. Then the conservation principle tells us

Eiech = Erees- (8-19)
To show both kinds of mechanical energy, we have
K,+U,=K+U, (8-20)
or Smv} + mgy, = smv? + mgy,
Dividing by m and rearranging yield
v = vy +2g(3, = )
Puttingv,=0andy, - y, = hleadsto
v, = V2gh = V(2)(9.8 m/s?)(8.5 m)
= 13 mks. (Answer)

This 1s the same speed that the child would reach if she fell
8.5 m vertically. On an actual slide, some frictional forces
would act and the child would not be moving quite so fast.



8.6 Reading a Potential Energy Curve

dU(x)
Al JT(I) =-W=- F(l} Ar. ‘ Flx) = - 0 (one-dimensional motion),
U Force is equal to the negative of
This is a plot of the potential the slope of the U(x) plot.

U(x) energy U versus position x.
(% 9 P F (N) Strong force, +x direction

2 -
1 Mild force, —x direction
' X
X X9 X3 X X5
A plot of U(x), the potential energy function of a A plot of the force F(x) acting on the particle,
system containing a particle confined to move derived from the potential energy plot by

along an x axis. There is no friction, so mechanical taking its slope at various points.
energy is conserved.



8.6 Reading a Potential Energy Curve

LT (J): Emc( (J)

The flat line shows a given value of
the total mechanical energy E, ...

U 1), Epec ()

ro €] H= o =]
I

— At this position, Kis zero (a turning point).
The particle cannot go farther to the left.

- At this position, K'is greatest and
the particle is moving the fastest.

Epec=5.01

[} A

/K=5.0Jatx9 1
K=10Jatx>x

X X g X

U (D), Epee () The difference between the total energy
and the potential energy is the
U(x) kinetic energy K.
6 Epec =50 1
Hpmmm— T
af / K
s
9ol
1L

x X X3 Xy X5

For either of these three choices for £,
the particle is trapped (cannot escape
left or right).

U ), Epec (J)

C N m w w ® ;
The U(x) plot with three possible values of
E hec ShOWN.



8.6 Potential Energy Curve: Equilibrium Points

UQ)

o

This Is a plot of the potential
Uy energy Uversus position x.

If we place the object at x,, it is stuck there. It
cannot move left or right on its own because
to do so would require a negative kinetic
energy. If we push it slightly left or right, a
restoring force appears that moves it back to
X,. A particle at such a position is said to be
in stable equilibrium.

At any point to the right of xg, the system’s
mechanical energy is equal to its potential
energy, and so it must be stationary. A
particle at such a position is said to be in
neutral equilibrium.

X5 IS a point at which K =0. If the particle is
located exactly there, the force on it is also
zero, and the particle remains stationary.
However, if it is displaced even slightly in
either direction, a nonzero force pushes it
farther in the same direction, and the particle
continues to move. A particle at such a
position is said to be in unstable
equilibrium.



8.6 Potential Energy Curve

Example: Potential energy curve for a molecule

« Potential energy curves help determine the structure of systems, from molecules to

engineered systems to stars.

» The potential-energy curve for a pair of hydrogen atoms shows potential energy as

a function of atomic separation.

 The minimum in the graph
shows the equilibrium
separation of the H, molecule.

 |tis convenient to take the zero

of potential energy at infinite
separation.

« Then negative energies
represent bound states of the
hydrogen molecule.

« Positive states represent
separated hydrogen atoms.

Energy (1071° J)

The minimum potential
energy gives the
equilibrium separation
of the molecule.

.
._..
",
beis
.....

8 =
6 — The zero of energy
corresponds to a
4 - large atomic separation.
2+ y
Atomic separation (nm) :
0 I I T T 11
0.1 0.3 0.4
2 -
- At total energies less
than zero, the atoms
= are bound into a
molecule,

O
0
.
o




Example: Reading a potential
energy graph

A 2.00 kg particle moves along an x axis in one-dimensional
motion while a conservative force along that axis acts on it.
The potential energy U(x) associated with the force is plot-
ted in Fig. 8-10a. That is, if the particle were placed at any
position between x = 0 and x = 7.00 m, it would have the
plotted value of U. At x = 6.5 m, the particle has velocity
vo = (—4.00 m/s)i.

(a) From Fig. 8-10a, determine the particle’s speed at
x; =45m.

Calculations: At x = 6.5 m, the particle has kinetic energy

K, = 3mv} = 3(2.00 kg)(4.00 m/s)?
= 16.0J.

Because the potential energy there is U = 0, the mechanical
energy is

Epee =Ko+ Uy=16.01 + 0 =16.01J.
This value for E.. is plotted as a horizontal line in Fig.
8-10a. From that figure we see that at x = 4.5 m, the poten-

tial energy is U; = 7.0 J. The kinetic energy K, is the differ-
ence between E_..and Uy:

K,=E..— U =160J —70] =901
Because K, = 2mvi, we find

v = 3.0 m/s. (Answer)

(b) Where is the particle’s turning point located?

U

20 20
- N\, E ec=161] \ Turning point
— T 16 —
71 Ko
7h — x(m
| | | | 1 H ’ ( )
0 1 4 5 6 7 d—
x (m)

(a) (%)
Calculations: Because K 1is the difference between
Epec and U, we want the point in Fig. 8-10a where the plot of
U rises to meet the horizontal line of Ej. as shown in Fig.
8-10b. Because the plot of U is a straight line in Fig. 8-10b,
we can draw nested right triangles as shown and then write

16—70 20-70
d 40 -10"

which gives us d = 2.08 m. Thus, the turning point is at
x=40m—-d=19m.

(c) Evaluate the force acting on the particle when it is in the
region 1.9 m < x < 4.0m.

Calculations: For the graph of Fig. 8-10b, we see that for
the range 1.0 m < x < 4.0 m the force is

20 —-7.01
= — =43 N.
F 1.0m—4.0m +3N

(Answer)

(Answer)

Thus, the force has magnitude 4.3 N and is in the positive di-
rection of the x axis. This result 1s consistent with the fact
that the initially leftward-moving particle is stopped by the
force and then sent rightward.



8.7 Work done on a System by an External Force

Work is energy transferred to or from a system by
means of an external force acting on that system.

e /— System
= .
e ~
f N
\

{
| |

. o
Posituve W \ /

™ s

™ -
- -

(a)
/

- System
s ““\/_
\
f \

[ |
Negative W lk ;

(b)

Fig. 8-11 (a) Positive work W done on
an arbitrary system means a transfer of
energy to the system. (b) Negative work
W means a transfer of energy from the
system.



8.7 Work done on a System by an External Force

FRICTION NOT INVOLVED
W= AK + AU.

4

W = AE,...

Your lifting force
transfers energy to
kinetic energy and
potential energy.

/—Ball—Earth
P -—— = svstem
/// o~
—=p ff To ™
W Lﬁ AE .. =AK+ AU JJ
3 P
\ = _ - -
M .
~ -

Fig. 8-12 Positive work Wis done on a
system of a bowling ball and Earth, causing
a change AE .. in the mechanical energy of
the system, a change AK in the ball’s kinetic
energy, and a change AU in the system’s
gravitational potential energy.

FRICTION INVOLVED
F— f, = ma.

4

Fd = AK + f.d

3

Fd = AE,.. + f.d

The applied force supplies energy. So, the work done by the applied

The frictional force transfers some force goes into kinetic energy
of it to thermal energy. and also thermal energy.
/Block ~floor
Vo 7 LT TTT R svstem
—D ~ _D //f \
- F / N
T L e o ::D / AEq. \‘
X W |1 S ;J
:3—.3 \\-..‘ NAELI‘I /f
d “'--;_._ _____ o ’/

(a) (b)

Fig. 8-13 (a) A block s pulled across a floor by force F while a kinetic frictional

force fk opposes the motion. The block has velocity ¥, at the start of a displacement d and
velocity ¥ at the end of the displacement. (b) Positive work W i1s done on the block—floor
system by force F, resulting in a change AE, . in the block’s mechanical energy and a
change AE,; in the thermal energy of the block and floor.



Example: Change in thermal energy

A food shipper pushes a wood crate of cabbage heads (total Thuys, if there is no friction, then F should be accelerating
mass m = 14kg) across a concrete floor with a constant the crate to a greater speed. However, the crate is slowing, so
horizontal force F of magnitude 40 N. In a straight-line dis- there must be friction and a change AE,, in thermal energy
placement of magnitude d = 0.50 m, the speed of the crate of the crate and the floor. Therefore, the system on which
decreases from vy = 0.60 m/stov = 0.20 m/s. the work is done is the crate—floor system, because both en-

(a) How much work is done by force F,and on what system €r&y changes occur in that system.

: 9
doesitdo the work: (b) What is the increase AEy, in the thermal energy of the

crate and floor?

KEY IDEA

| - W=AE,, + AL,
Because the applied force F is constant, we can calculate

the work it does by using Eq. 7-7 (W = Fd cos ¢). KEY IDEA

Calculation: Substituting given data, including the fact that Calculations: We know the value of W"from (a). The
force F and displacement d are in the same direction, we change AEg in the crate’s mechanical energy is just the

find change in its kinetic energy because no potential energy
W = Fd cos ¢ = (40 N)(0.50 m) cos 0° changes occur,so we have
=201 (Answer) AE,,, = AK = 3mv? = 2mv},

Reasoning: We can determine the system on which the Substituting thisinto Eq.8-34 and solving for AEy;, we find
work is done to see which energies change. Because the B 13 1.3 L
crate’s speed changes, there is certainly a change AK in ARy = W = (Gmv* = 3mvg) = W= am(v" = v)

the crate’s kinetic energy. Is there friction between the floor =20] - %(14 kg)[(0.20 m /5)3 - (0.60m jS)Z]

and the crate, and thus a change in thermal energy? Note

that F and the crate’s velocity have the same direction. =22]~2] (Answer)



88 Conservation Of Energy : sics.phy-astr.qgsu.edu/hbase/conser.html#conen

Law of Conservation of Enerqy:

The total energy E of a system can change only by amounts
of energy that are transferred to or from the system.

W=AE =AE,. + AE, + AE,,

Where E,.. IS any change in the mechanical energy of the system,
E,, is any change in the thermal energy of the system, and E, IS
any change in any other type of internal energy of the system.

The total energy E of an isolated system cannot change.

AE...+AE; + AE =0 (isolated system)

|

AE 0= 0 (isolated system; conservative forces
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8.8 Conservation of Energy:
External Forces and Internal Energy Transfers

Her push on the rail causes
a transfer of internal energy
to kinetic energy.

v quﬂ
- -
1"{} v
—_—
Ice ~_ d
(a) (5) ()

Fig. 8-15 (a) As a skater pushes herself away from a railing, the force on her from
the railing is F. (b) After the skater leaves the railing, she has velocity V. (¢) External
force F acts on the skater, at angle ¢ with a horizontal x axis. When the skater goes
through displacement d. her velocity is changed from ¥ (= 0) to ¥ by the horizontal
component of F.

An external force can change the kinetic energy or potential energy of an object without
doing work on the object — that is, without transferring energy to the object. Instead, the
force is responsible for transfers of energy from one type to another inside the object.



8.8: Conservation of Energy: Power

In general, power P is the rate at which energy is transferred by a force from
one type to another. If an amount of energy E is transferred in an amount of
time t, the average power generated by the force is:

The instantaneous power generated by the force is

dE
P=—"
dt



Example: Energy, friction, spring, & tamales

In Fig. 8-17, a 2.0 kg package of tamales slides along a floor
with speed v; = 4.0 m/s. It then runs into and compresses a
spring, until the package momentarily stops. Its path to the
initially relaxed spring is frictionless, but as it compresses
the spring, a kinetic frictional force from the floor, of mag-
nitude 15 N, acts on the package. It k = 10 000 N/m, by what
distance d is the spring compressed when the package stops?

v,
<+ Package
/ g

QUUQ QUL - Tamales

T

|~— Friction |

Frictionless ——

Stop d  First touch

During the rubbing, kinetic energy
Is transferred to potential energy
and thermal energy.

KEY IDEAS

Forces: The normal force on the package from the
floor does no work on the package. For the same
reason, the gravitational force on the package does no
work. As the spring is compressed, a spring force does
work on the package. The spring force also pushes
against a rigid wall. There is friction between the
package and the floor, and the sliding of the package
across the floor increases their thermal energies.

System: The package—spring—floor—wall system
includes all these forces and energy transfers in
one isolated system. From conservation of

energy,

Emec.l o AEth' {8'42)

mec,2 ~

Calculations: In Eq. 8-42, let subscript 1 correspond to
the initial state of the sliding package and subscript 2 corre-
spond to the state in which the package is momentarily
stopped and the spring is compressed by distance d. For
both states the mechanical energy of the system is the sum
of the package’s kinetic energy (K = 5mv?) and the spring’s
potential energy (U = 7kx?). For state 1, U = 0 (because the
spring is not compressed), and the package’s speed is vy.
Thus, we have

Emec1 = Ky + Uy = 3mvi + 0.

For state 2, K = 0 (because the package is stopped). and the
compression distance is d. Therefore, we have
K, + Uy, =0 + 1kd>
Finally. by Eq. 8-31, we can substitute f;d for the change

AE,, in the thermal energy of the package and the floor. We
can now rewrite Eq. 8-42 as

skd? = Imvi — fid.
Rearranging and substituting known data give us
500042 + 15d — 16 = 0.
Solving this quadratic equation yields
d=0.055m =

E mec,2

5.5 cm. (Answer)



