Chapter 8

Potential Energy and Conservation
of Energy
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8-1 Potential Energy

« Potential energy U Is energy that can be associated with
the configuration of a system of objects that exert forces

on one another
« A system of objects may be:
. Earth and a bungee jumper

. Gravitational potential energy accounts for kinetic
energy increase during the fall

. Elastic potential energy accounts for deceleration by
the bungee cord

« Physics determines how potential energy is calculated, to

account for stored energy
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« For an object being raised or lowered:

« The change In gravitational potential energy is the
negative of the work done

« This also applies to an elastic block-spring system

M

Negative Positive

work done work done

by the by the

gravitational | § gravitational | ¥

force force 0
[}

O -—

] X
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« Key points:
1. The system consists of two or more objects

2. Aforce acts between a particle (tomato/block) and
the rest of the system

3. When the configuration changes, the force does
work W, changing kinetic energy to another form

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

« Thus the kinetic energy of the tomato/block becomes
potential energy, and then kinetic energy again
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. Conservative forces are forces for which W, = -W, Is
always true

. Examples: gravitational force, spring force
. Otherwise we could not speak of their potential energies

. Nonconservative forces are those for which W; = -W,,
IS false

O

O

Examples: kinetic friction force, drag force

Kinetic energy of a moving particle is transferred to heat by
friction

Thermal energy cannot be recovered back into kinetic energy
of the object via the friction force

Therefore the force is not conservative, thermal energy is not a
potential energy
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. When only conservative forces act on a particle, we find
many problems can be simplified:

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

closed path is zero.

o A result of this iIs that:

The work done by a conservative force on a particle moving between two points

does not depend on the path taken by the particle.

1 , Theforceis
conservative. Any 1 b
choice of path And a round trip
¢ 2 between the points 4 9 gives a total work
gives the same of zero.

amount of work.
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. Mathematically:

Wfrb, 1 — WubqZ

« This result allows you to substitute a simpler path for a
more complex one if only conservative forces are
Involved

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

b
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Gravitational energy iIs conservative one: %
d

_ 1 A
Wab,l = Wab,Z 11\%7
h

W, = mgd cos®

Path 2
<€
<

Q.
«—>

In which @ 1s the angle between F, and d «—>

* Work done by the gravitational force In path 1:

W, = mgd cos 90" + mgd,; cos0 + mgd cos90 + mgd, cos0

W, = mgh
* Work done by the gravitational force in path 2:

W, = mgh cos0 = mgh
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IZ Checkpoint 1

The figure shows three paths connecting points a =0/
and b. A single force F does the indicated work on

a particle moving along each path in the indicated %
direction. On the basis of this information, is force 60 J

_) .
F conservative?

Answer: No. The paths from a — b have different signs. One pair of
paths allows the formation of a zero-work loop. The other does not.
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. Forthe general case, we calculate work as: |y, _ frfp(x) dx

. So we calculate potential energy as: | AU = —f F(x) dx

X;

« Gravitational PE, relative to a reference configuration with
reference point y. = O:

¥y ¥y Yr
AU = —f (—mg)dy = mgf dy = mg[y]y AU = mg(ys— y;) = mg Ay
Yi ' i

Yi

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.
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El2Shic i RE: .

. - xf B B xf B l .
Spring force: Fx = —fx AU = J; (—kx)dx = k L xdx = 2k[;vr: L-
AU = 5kx? — 5kx?

» With reference point x, = O for a relaxed spring:

U(x) = 2kx?
K
m Checkpoint 2 >
M
(2)

A particle 1s to move along an x axis from x = 0 to x; while a conser-

vative force, directed along the x axis, acts on the particle. The figure
shows three situations in which the x component of that force varies F|
with x. The force has the same maximum magnitude F; in all three sit-
uations. Rank the situations according to the change in the associated

potential energy during the particle’s motion, most positive first.

Answer: (3), (1), (2); a positive force does positive work,

1
]
1
decreasing the PE.
a negative force (in figure 3) does negative work, increasing 5 (3)
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8-2 Conservation of Mechanical Energy

« The mechanical energy of a system is the sum of its

potential energy U and kinetic energy K:

« Work done by conservative forces increases K and
decreases U by that amount, so: AK — — Al

« Using subscripts to refer to different instants of time:
K2 + U2 — K] + Ul

In an 1solated 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.
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The principle of the

AE .. =AK+ AU =0

When the mechanical energy of a system is conserved, we can relate the sum of kinetic
energy and potential energy at one instant to that at another instant without consider-
ing the intermediate motion and without finding the work done by the forces involved.

« One application:

» Choose the lowest point in the
systemas U =0

» Then at the highest point U = max
and K = min
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v K I
The total energy v K

does not change
(it is conserved).
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IZ Checkpoint 3

The figure shows four
situations—one in
which an initially sta-
tionary block is dropped
and three in which the
block is allowed to slide B
down frictionless ramps. |
(a) Rank the situations 1 (2) (3) (4)
according to the kinetic energy of the block at point B, greatest first. (b) Rank them
according to the speed of the block at point B, greatest first.

Answer: Since there are no nonconservative forces, all of the difference
In potential energy must go to kinetic energy. Therefore all are equal in
(a). Because of this fact, they are also all equal in (b).
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13 A 5.0 g marble is fired vertically upward using a spring
gun. The spring must be compressed 8.0 cm if the marble 1s to just
reach a target 20 m above the marble’s position on the compressed
spring. (a) What 1s the change AU, in the gravitational potential en-
ergy of the marble—Earth system during the 20 m ascent?
(b) What is the change AU; in the elastic potential energy of the
spring during its launch of the marble? (c) What is the spring con-
stant of the spring?

a) Change In gravitational potential energy:
AU, = mgAy = (0.005 kg)(9.8 m/s%)(20m ) = 0.98]

a) Change In elastic potential energy:

By conservation of mechanical energy (Kinetic energy is zero at the

release point and highest one) AE;;.. =0 — AU, + AU; + AK =0
A= == (R S

c) The change in elastic potential energy by the compressed spring is

equal to work done by the spring. AU, = —W, = —%k x?

—0.98] = — =k (0.08m)? - k=306.1N/m
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25 Att=0al.0kgballis thrown from a tall
tower with ¥ = (18 m/s)i + (24 m/s)j. What is
AU of the ball-Earth system between ¢ = 0 and
t = 6.0 s (still free fall)?

From chapter 4.

Ay = t+1 e

To find the vertical displacement of the particle between t= 0 to 6 sec:

Ay = (24m/s)(6 s) + %(—10 m/s?)(6s)? = —-36m

AU =mg Ay = (1.0 kg)(10 m/s?)(—36 m ) = —360 ]
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29 ssm www In Fig. 8-42, a block

of mass m = 12 kg 1s released from rest
on a frictionless incline of angle 68 = 30°.
Below the block is a spring that can be
compressed 2.0 cm by a force of 270 N.
The block momentarily stops when

it compresses the spring by 5.5 cm.
(a) How far does the block move
down the incline from its rest posi-
tion to this stopping point? (b) What

is the speed of the block just as it
touches the spring?

Spring constant: E, = kx »— k =22 =22 — 135 x 103N /m
X 0.02m

X < .
o, R
J S B
@wﬁ;raﬁ@éﬂ 5,997 (2lxed 7 Relaed) P00
/
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a) By conservation of mechanical energy(A and C):

AEmee = 0 — AU, + AU + AK = 0

1 1 103N
AUy = —AUg = =~k x? = —5(13.5 x 1= )(0.055 m)2 = —20.4 ]
—20.4
AUy, =mgly — Ay = / =0.174m
(12 kg)(9.8 m/s?)
. 0.174
The total distance travelled by the block = Sin?’(:zl = 0.35m

b) The speed of the block just as it touches the spring:
By conservation of mechanical energy(A and B):

AEmec = 0 — AU, + AK = 0

AK = —AU, = mgAy = mg(0.35m — 0.055m)sin30 = mg(0.1475m)

AK—1 2
=S my

(N = \/2(9.8 m/s?)(0.1475m) = 1.7 m/s
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Energy is conserved in the process. The total energy of the block at
position B Is:

s — %(12 kg)(1.7m/s)* + (12 kg)(9.8 m/s*)(0.0275 m) = 20.5]
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8-3 Reading a Potential Energy Curve

« For one dimension, force and potential energy are related
(by work) as: AU(x)

dx

« Therefore we can find the force F(x) from a plot of the
potential energy U(x), by taking the derivative (slope)

F(x) = —

. If we write the mechanical energy out:

U(x) + K(x) = Epe

« We see how K(x) varies with U(X):

K(x) = Eqec — U(x)
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Notes:

« To find K(x) at any place, take the total mechanical energy
(constant) and subtract U(x)

« Places where K =0 are Turning points

» There, the particle changes direction (K cannot be
negative)

« At equilibrium points, the slope of U(x) is O

« Aparticle in Neutral equilibrium is stationary, with
potential energy only, and net force = 0

o If displaced to one side slightly, it would remain in its
new position

» Example: a marble on a flat tabletop
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« A particle in Unstable equilibrium is stationary, with
potential energy only, and net force =0

o If displaced slightly to one direction, it will feel a force
propelling it in that direction

» Example: a marble balanced on a bowling ball

« Aparticle in Stable equilibrium is stationary, with potential
energy only, and net force =0

o If displaced to one side slightly, it will feel a force
returning it to its original position

» Example: a marble placed at the bottom of a bowl

Equilibrium types

g Sl'dblc v
“‘x Unstable A

Unstable Stable
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~ dU(x)

uir) . 1 F(x) — R

This is a plot of the potential
Uix) energy U versus position x.

]

_ Force is equal to the negative of
7 the slope of the U(x) plot.

4

3 F (N) Strong force, +x direction

2

1 +

ETR Q\_/% ¥

Mild force, —» direction

U (1), Eyee ) The difference between the total energy

U, E,.. The flat line shows a given value of
W Jmee ) ¥ and the potential energy is the

the total mechanical energy E, o0

(%) Uix) kinetic energy K.
6 '—4 Eree = 5.0 ]
b -—4 /—Fm =50 ] / ec

Bl T
4k K
4_ /
3_
3_
‘E_
E_
1-
1—
] X xE xﬂ x‘l ¥

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

U (1), Egee (1) S .
— At this position, K is greatest and

the particle is moving the fastest.

/f:;m=5_n ]
N

J

(53]

ne K=5017at x
3l / K=l.{}\}alx}35
2r U ), E,.. (1) Foreither of these three choices for Eq,
1 the particle is trapped (cannot escape
] . left or right).
*) ¥ s T x5
E-
5_ \
- - 4_
[x < X, Is forbidden for the\ 5l
E... = 5]: the particle does 2t
not have the energy to T ma
1 X o % X X g
& reach those points .
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M Checkpoint 4

The figure gives the potential energy function

U(x) for a system in which a particle is in one- g~ SR
dimensional motion. (a) Rank regions AB, BC, and ; ] /
CD according to the magnitude of the force on the = ° _\

particle, greatest first. (b) What is the direction of 1f—+- |
the force when the particle 1s in region AB? A B CD

Answer: (a) CD, AB, BC (b) to the right

dU(x)

o9 == dx
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Sample Problem 8.04 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. 20
The potential energy U(x) associated with the force is plot- 16
ted in Fig. 8-10a. That 1s, 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 =
vy = (—4.00 m/s)i. -
(a) From Fig. 8-10a, determine the particle’s speed at
x; = 4.5 m.

0

Atx = 6.5 m,the particle has kinetic energy
Ky = 3mv3 = 2(2.00 kg)(4.00 m/s)?

= 16.01].

From that figure we see that at x = 4.5 m, the potential
energy 1s U; = 7.0 J. The kinetic energy K, is the difference K
between E_ .. and U;: 1

K,=E,.—U, =160J—70J =9.017.

F

~mec

— Ky + Uy =160J + 0 =16.01.

mv? v; = 3.0 m/s.

. . . . U(J)
(b) Where 1s the particle’s turning point located? 20

16 -

(c) Evaluate the force acting on
the particle when it 1s in the

region1.9m < x < 4.0 m.
A straight line has constant slope : o . 207 — 701 in
1 4 = — = 4,
@20 CNo) (7 Bk g I Sy, oy 10m — 40m
= 1—-4
To th (?
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8-4 Work Done on a System by an External Force

« We can extend work on an object to work on a system:

AN
‘ ff,__,_hhv//—ﬂj.-“surm
~4’ Work is energy transferred to or from a system by means of an external force ., /
acting on that system. bkl
. For a system of more than 1 particle, work o
can change both K and U, or other forms of . /
energy of the system N
« For a frictionless system:
Your lifting force W=AK + AU
transfers energy to
kinetic energy and
——_— ,ﬁﬁ_f{stem
— 1®AF akaap  (work done on system, no friction involved)
W 1‘ ‘mec ;j

A
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« For a system with Friction:

AE,, = f,d (increase in thermal energy by sliding).

W=AE. .+ AE,

« The thermal energy comes from the forming and breaking
of the welds between the sliding surfaces

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
?[] v =7 T =~_ Syslem
— | — o S
ﬁ = EP ::: -flllr ‘E‘Emet: HI.
x W ~ |
!
—i‘ 1\\‘“ N_ﬁftk J"'l
d e —— -~ -
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E Checkpoint 5

In three trials, a block 1s pushed

by a horizontal applied force inal o Result on Block's Speed
across g ﬂo.or that 1s not frictiqn- a 50N decreases
less, as in Fig. 8-13a. The magni- b 70N eI ainE cons ot

tudes F of the applied force and
the results of the pushing on the
block’s speed are given in the
table. In all three trials, the block 1s pushed through the same distance d. Rank the
three trials according to the change in the thermal energy of the block and floor that
occurs in that distance d, greatest first.

€ 8.0N Increases

Answer: All trials result in equal thermal energy change. The value of f;, is
the same in all cases.

—

AEy, = fid . —1 S
i T |
k = MrEn= e mg o
i
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Sample Problem 8.05 Work, friction, change in thermal energy, cabbage heads

A food shipper pushes a wood crate of cabbage heads (total
mass m = 14kg) across a concrete floor with a constant
horizontal force F of magnitude 40 N. In a straight-line dis-

placement of magnitude d = 0.50 m, the speed of the crate 1akg |——> 14 kg
decreases from vy, = 0.60 m/stov = 0.20 m/s.

0.5m

(a) How much work is done by force F,and on what system
does it do the work?

W = Fd cos ¢ = (40 N)(0.50 m) cos 0°

= 201.

To determine the system on which the work is done, let's check which energies change:
Crate: change in its kinetic energy AK.

There is a friction between the crate and the floor since the applied force in the same
direction of the crate velocity but the crate is slowing AE;;,.

Crate-floor system, because both energy changes occur in that system.

(b) What is the increase AFE,, in the thermal energy of the
crate and floor?

W= AE,.. + AE, AEy, = W — Gmv? — smvg) = W — sm(v? — vj)
= 20J — 414 kg)[(0.20 m/s)? — (0.60 m/s)?]
AE

e = AK = 2mv? — tmv} =2221=22]
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8-5 Conservation of Energy

« Energy transferred between systems can always be
accounted for

« The law of conservation of energy concerns

- The total energy E of a system

- Which includes mechanical, thermal, and other internal
energy

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

« Considering only energy transfer through work:
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. An isolated system is one for which there can be no external
energy transfer

The total energy E of an 1solated system cannot change.

. Energy transfers may happen internal to the system
. We can write:

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

o Or, for two Instants of time:
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« We can expand the definition of power

 In general, power Is the rate at which energy Iis transferred
oy a force from one type to another

. If energy AE is transferred in time At, the
IS:
» _ AE
dvg Ar

« And the Instantaneous power Is:
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**54 A child whose weight 1s 267 N slides down a 6.1 m play-
ground shide that makes an angle of 20° with the horizontal. The co-
efficient of kinetic friction between slide and child i1s 0.10. (a) How
much energy is transferred to thermal energy? (b) If she starts at & o
the top with a speed of 0.457 m/s, what is her speed at the bottom? /£ #

a) AEy, = fid
fi = ueFy= 1, mgcos = 0.1(267 N) cos20 = 25.1N
NI ol T (e = )

+ AE, + AFE,

AFE

mec

Kf= Ki —AU _AEth

int = 0 (isolated system)

AU = mg Ay = (267N) (—6.1 m) sin20 = —557 ]

1 S, SONE. 2 67 )
iR S 10 m/s2 (0.457m/s)- = 2.8]

K;=2.8] +557] —153] = 406.8J

B\ZZK f/m=>5.5m/s
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20 U=0

6.1m sin(20") »
co

Ki+ Ui= Kf+Uf+AEth
2.8J +557] = K;+0+153]

K;=2.8/ +557] —153] = 406.8]
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*56 You push a 2.0 kg block against a horizontal spring, com-
pressing the spring by 15 cm. Then you release the block, and the
spring sends it sliding across a tabletop. It stops 75 cm from where
you released it. The spring constant is 200 N/m. What is the
block —table coefficient of kinetic friction? -—

1
AEen = —DEmec = Ki = Kp + Uy —Up = 0= 0+~ kx® — 0

1
w, mgd = Ekx2

Y o T Ry TS A %(zoo%) (0.15m)?
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Example: As shown in the below figure, the right end of a spring is fixed to a wall. A 1.00 Kg
block is then pushed against the free end so that the spring is compressed by 0.25m. After
the block is released, it slides along a horizontal floor and (after leaving the spring) up an
incline; both floor and incline are frictionless. Its maximum (vertical) height on the incline is
5.00m. What are (a) the spring constant and (b) the maximum speed? (c) If the angle of the
incline is increased, What happens to the maximum (vertical) height?

a) By using conservation of mechanical energy when the block from point A to point B

e 34 i |solated system with No friction
KA - US,A + Ug,A — KB + US,B -t Ug,B

1
0 +§k(x)2 +0=0+0+mgh,qy
A e A L e QL e T )
iy WO ity (0.25m)?2 = 1600 N/m VVVVVV\| =
b) The maximum speed of the block is just when it

leaves the spring (point C)
Using conservation of mechanical energy:

EmeC,A . Emec,C
KA ~+ US,A R Ug,A — KC + US,C + Ug,c

i A

| After

! compressing
C the sping

| R

1 2 1 SNPs et | '
0+§k(x) +0==-mvig +0+0 “o2sm
) .
2 2P 2 . :
2 ke(x)” = 5 MVmax c) The maximum height depends only on

9 T 0 m/s the block will reach the same vertical

height regardless the angle of the incline.

This is clear in the figure below.
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8-65) A particle can slide along a track with elevated ends and a flat central part, as
shown in the below figure. The flat part has length L =40 cm. The curved portions of
the track are frictionless, but for the flat part the coefficient of kinetic friction is
w, =0.20.The particle is released from rest at point A, which is at height h= L/2. How far
from the left edge of the flat part does the particle finally stop?

|solated system with friction AW
Assuming that the block will stop at point B, which is I

at distance x from the left end. /

The block may pass the flat part many times before it ‘ I

stops. Let’'s assume that the block will pass the total

flat area N times rictiont
AEmec + AEy, =0 o

AEmec = —AE,
AU, + AK = —N(umgL)

Ugp — Uga+ K — Ky = —N(umglL) ve=c e
Leeft | L |
0—Ujs+0—0=—N(umgL) edge N
= = —N(u,mgL _ ]
g’AL (mgL) This means that the block will pass the flat area
mg = = N(yu,mgL) two times and in the third time the block stops
21 In the middle of the flat area, thus
5 = Nk
x=20cm
et G
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8-62) In the below figure, a block slides along a path
that is without friction until the block reaches the section
of length L = 0.65 m, which begins at height h = 2.0 m
on a ramp of angle 8 =30°. In that section, the
coefficient of kinetic friction is 0.40. The block passes

through point A with a speed of 8.0 m/s. If the block can -
reach point B (where the friction ends), what is its speed [
there, and if it cannot, what is its greatest height above
A?
By using the conservation of a mechanical energy, (A and C)
1 1
EMvjz EMv§+Mgh
- 2 L, 2 2
= - Mv:=M S o gh|=M(0.5(8m/s)?—(9.8m/s?)(2m)) =124 M

Recall, Fy= Mg cos6,y = d sinf when the block on the ramp.
If d < L — The block does not reach point B and all its kinetic energy will turn entirely
iInto thermal and potential energy.

K =Mgy+ frd - 124 M = Mgd sinf + w,Mgd cos6

12.4

d= : =149m > L
g sinf + g cos6

So the block will reach point B: (d replaced by L)
Kc=mgy+ fid + Kg — 124 M = Mgl sin0 + u,MgL cosf + Kg

1
Kg =124 M — MgL sinf — u,MgL cosf = EMU,%
vg = +/—2gL(sin@ + i cos) + 2(12.4) = 3.74 m/s
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