CE.2.L1.sols: Potential Energy and Conservation of Energy

Monday, January 22, 2018 5:44 PM

Conservation of Energy
Foundation Stage (CE.2.L1)

lecture 1
Potential energy and conservation of energy

Energy Timeline
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Textbook Chapters

BoxSand :: KC videos ( potential energy ; conservation of energy)

Giancoli (Physics Principles with Applications 7) :: 6-4 ; 6-6 ; 6-7

Knight (College Physics : A strategic approach 3) :: 10.4

Knight (Physics for Scientists and Engineers 4t") :: 10.1;10.2; 10.3;10.4; 10.5

O O O O

Warm up
CE.2.L1-1:
Description: Construct equation for work due to gravity for a ball falling vertically downwards given mass and vertical distance.

Learning Objectives: [?] - Can you identify the objectives from the previous lecture, and this lecture, that this question is relevant to?

Problem Statement: A ball of mass m is dropped from a vertical height h above the level ground near the surface of the earth. Consider
the ball as your system, what is the work from gravity on the ball as it falls from h to the moment before it reaches the gro und?

(1) g =9 R .‘

(2) ¢ W= F7-af 1 .

@) b sl bu gyzo ~?
) . i

(5) mg = IHW"%/ 47 h

& me W
mgh -

(8) -mgh = Mmgh
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https://boxsand.physics.oregonstate.edu/ph201/energy/potential-energy-fundamentals
https://boxsand.physics.oregonstate.edu/ph201/energy/conservation-of-energy-fundamentals

Selected Learning Objectives

1. Define a system and identify internal and external objects, forces, and work.
2. Show that conservative forces yield work that is independent of the path taken.
3. ldentify conservative and non-conservative forces and work.
4. (UPMF) Use the independence of path for conservative work to create a function of position to account for conservative work. We
call that function a potential energy function for all internal conservative work.
5. Construct the final form of the work-energy theorem using the concept of potential energy.
6. Show that energy is conserved for systems where the net external work is zero.
7. Show that application of an energy analysis involves bookkeeping an initial and final state of the system.
8. Use the gravitational potential energy function, for near Earth objects, in an energy analysis.
9. Use the spring potential energy function for Hooke's law springs in an energy analysis.
10. Construct the graphical representation depicting the kinetic, potential, thermal, and total energy as a function of position.
11. (UPMF) When non-conservative work is internal to a system, there is a form of energy associated with that work and it is not called
potential energy. E.g. work done by friction converting macroscopic kinetic energy to microscopic kinetic energy (aka thermal energy)
12. Identify other forms of energy such as thermal, chemical potential, electric potential, sound, light, ... etc.
13. Identify energy transformations within a system and energy transfers into/out of a system.
14. Apply a conservation of energy equation for a system from its initial to final state.
15. Apply conservation of energy to system with multiple internal objects.
16. Define elastic collisions and apply a conservation of energy and momentum analysis to the collision.
17. Define inelastic collisions and apply a conservation of energy and momentum analysis to the collision.
18. Derive the relationship between kinetic energy and momentum.
Key Terms
o External work
o Internal work
o Conservative force
o Gravitational potential energy
o Hooke's law spring (i.e. ideal spring)
o Spring potential energy
o Energy diagram
o Work - energy theorem
o Conservation of energy
Key Equations
Gravitational potential energy Change in gravitational potential energy
\“’"e eravitational " | |chasen porzontal referance ine \“’"e Craviational " | |cnosen norizontal reference ime
/ / /
/ f /
/

magnitude of free-fall mass magnitude of free-fall
acceleration acceleration

In words: The gravitational potential energy near the surface of the earth In words: The change in gravitational potential energy near the surface of the
is equal to mass of the object moving near the surface of the earth times earth is equal to mass of the object moving near the surface of the earth times
the magnitude of free-fall acceleration times the vertical displacement from the magnitude of free-fall acceleration times the change in the vertical

a chosen horizontal reference line. displacement from a chosen horizontal reference line.
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Spring potential energy

Displacement from
Spnng spring's equilibrium

TyDe of potential energy:

Potential Energy /

Spring conslar/

U = —kx

In words: The spring potential energy is equal to one half of the
spring constant times the squared displacement from the
spring's equilibrium.

Change in spring potential energy

Type of potential energy: Displacement from
Spring spring's equilibrium

Spring constant

Potential Energy

AU = Skax?

In words: The change in spring potential energy is equal to one half of the
spring constant times the change in the squared displacement from the
spring's equilibrium.

Work-Energy theorem

Initial spring

Initial gravitational
potential energy

potential energy

Initial
Kinetic Energy

KE, +U’ + U + ZW

2
'ﬁ/— Net (i.e. add
up all of the __)

external

/ to system w

external

Final spring

Final gravitational
potential energy

potential energy

Final
Kinetic Energy

= KE;+U{ + U

———

= Ef

to system

spring potential energy (which is defined as final energy).

In words: The sum of the initial kinetic energy, initial gravitational potential energy, and initial spring potentilal energy (which is defined
as initial energy) plus the net external work is equal to the sum of the final kinetic energy, final gravitational potential energy, and final

..OR...

Work-Energy theorem

Kinetic Energy

Final spring

Final gravitational
potential energy

potential energy

= AKE +AU° +AU°

external
to system
Met (i.e. add
up all of the __)
external
to system

S

AE

In words:

The net external work is equal to the sum of change in kinetic energy, gravitational potential energy,
and spring potential energy (which is defined as change in energy).

Key Concepts
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o After defining a system, external work is the work done by any forces external to the system. Thus external work is a mechanism for
how to transfer energy into or out of a system.

o After defining a system, internal work is the work done by any forces internal to the system. Thus internal work is a mechanism for
how to transform energy, from one type to another, within a system.

o If the work done by a force on an object as it moves between two locations is independent of the path taken between the two points,
then the force is called a conservative force.

o The work due to gravity near the surface of the earth is only a function of the vertical height above or below any arbitrary horizontal
reference line. The functional form is: W& = — m g Ay. Note that it doesn't matter what path an object takes, the work from gravity
near the surface of the earth is still — m g Ay. Since the worke done by gravity is only a function of vertical displacemnt (i.e.
independent of the path taken) the force of gravity is a conservative force.

o When gravity is doing work and also internal to a system, we no longer use the term "work due to gravity", rather we say that there is
a gravitational potential energy within our system that is changing.

o A Hooke's law spring (i.e. ideal spring) is modeled with a force function that is linearly proportional to the displacement (stretched or
compressed) from the springs equilibrium position.

o The work done by an ideal spring is only a function of the change in displacement from the spring's equilibrium position. Note that
the work done by an ideal spring is not dependent on the path it takes to get from one displacement to another. Thus the ideal
spring force is a conservative force. When a spring does work and is also internal to a system, we no longer use the term "work due
to spring", rather we say that there is a spring potential energy within our system that is changing.

o Ingeneral, whenever there is work internal to a system, we no longer call it work, rather we associate the internal work with a
change in some form of energy which is associated with that work. For example, when gravity is internal to the system, the system's
gravitational potential energy can change; when a spring is internal to a system, the system's spring potential energy can change;
when electric forces are internal to a system, the electric potential energy of the system can change; etc...

o When each form of energy in a system, along with the total energy of the system, is plotted as a function of position, the resulting
graph is known as an energy diagram.

o The work-energy equation is the most general equation telling us how a system's energy changes from one snapshot to the next.
This is analogous to the impulse-momentum theorem which is the most general equation telling us how the momentum of a system
changes from one snapshot to another.

o Conservation of energy refers to the scenario when no external work is done on a system, thus the change in energy of the system is
then zero. This is analogous to conservation of momentum, where if there is no net external force, then the change in momentum of
the system is zero.

Act |: Gravitational potential energy

Questions

CE.2.L1-2:

Description: Find work from gravity for object sliding down frictionless incline. Find final speed using work kinetic energy theorem for
object sliding down frictionless incline.

Learning Objectives: [1, 2, 3, 4]

Problem Statement: Two identical 2-kg turkeys slide down frictionless inclines as shown below. Consider just the turkey as your system
for both parts (a) and (b).

Sys16m M
(a) How much work does gravity do on the turkey sliding down the 30-degree
incline?
\11.03 m
f. \

(1) 0J 9. "3. o yﬁg&_ \

(2) 9.8 W - F ar Uolge,

(3) 17.01 - L (R

(5) 339 . AT

= mg(a0n) ws(607) f_’ v

= (Rbs)(a.6g* f20m) ws(co)

I\..G 1
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= (Rbs)(8.8rg* f20m) st

(b) Starting from rest, how fast will the 2-kg turkey be moving as it slides down
the 65-degree incline? —

o

1) 4.21m/ ) )
Ezg .56 ms J({ 4 LWy =KEf sl
(3) 14.0m/s o | .
(4) 24.0 m/s g 2/1, W P e MU
=10
MmalAFlsdy = A
QY dng) (o3 ) s 90-6) = PV
¥ T = ime
Whar ... Sant. 0 = :
AS P ()} :
Prez (i.) ‘f - ,l‘ M/S
(%= |F 147l osty
= gy L s(90-6)
= W’ﬂ) e Byt 605(40-0,)2 Sing

}%5
W? = mglay] 4

\No T$ omy A Fonortew oF VERTTaae ML SPAFABT
N~ —

o FO TS A Conskrumtes Fordi .-

TUTE. Lwork T TWOEpwDENT of PATH:

(?=mgy

Gravitational
Potential Energy
_—
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Description: Determine sign of work from gravity. (3 minutes)

Learning Objectives: [1, 2, 3]

Problem Statement: Consider throwing a ball vertically upwards. After the ball leaves your hand, when can the work from gravity be
equalto-20J?

z ¥0
@ While on the way up.~” 0"

(2) While momentarily at rest at its max height. /}
(3) While on the way down. 4 f‘
(4) During the entire motion while going up and down.

LAsT Ecrek FPom agot  (CB-2.L1-2)

— (s>
<l
—

W= B af W= mylsy

T most 8E (—) N uwey 4p . v F:’

" =~ngif] W= ”’“91’,.’ Chick

:?Qij)

) »

oy
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CE.2.L1-4:
Description: Conceptual question about internal work. (2 minutes + 2 minutes)

Learning Objectives: [1, 3, 4, 6]

Problem Statement: Two large planets are separated by some distance as show in the figure below. Consider a system that contains
both planets which are far away from all other objects.

(a) What is the sign of the external work on the system?

@ o

(2) Positive AL Fmgs ARE TntEruac.
(3) Negative

(b) If the planets are initially at rest and far from all other massive objects, what
happens to the kinetic energy of the system when released from rest?

&)9 Stays the same °
Increases SKE; + % = Zkkp
(3) Decreases NEEy To ufeark  WoRk - kiwkree R s
2k = Sk
: KE; + SWg, + S, = lde
Bur Botk Puwirs SPe&fy (p
I
Awd (B I (P S0 BE oF IS FadS Ty gaune JHES
3650t SW oD Tnchsk ! M ok 2 ~AV*©
€.q, ’
? Wi = ‘/.lUg
@ UI=mgy
& . Aogz mjd,
Fiviey... work -Bvirs “keafin
KE; U+ Sug, = KEF - 0%
—_— Y=
CE.2.L1-5:

Description: Conceptual question regarding origin of gravitational potential energy. (2 minutes + 4 minutes)

Learning Objectives: [2, 3]

Problem Statement: A ball is kicked straight into the air from a height of 0.5 meters above the ground. It flies to a maximum height of 3
meters above the ground.

(a) The change in gravitational potential energy from 0.5 meters to 3 Y
meters is equal to 10.5 J when the origin is set at the floor. What is the
change in gravitational potential energy when the origin is placed on

the ceiling? 9
A0%= ma gy
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change in gravitational potential energy when the origin is placed on ! A ., Tt

the ceiling? 9
A7 = Mg Ay
g; 01J0 5 o
@ 10 5 J VETT oA DTGP Cpck~8aT 3m
(4) Need the mass of the ball to determine.
In QEPFMDErT . o
OP
P28 (2% ¥
2

(b) If the mass of the ball is 0.43 kg, calculate the gravitational energy using an origin at the ground with the positive y dire ction pointing
downwards.

~

4
(1) -10.5) I_, 407> My dy
(2) 10.5 g

(3) 12.6

o e = (04 kg>(q.8n@)(-— 3n-(-05m ))

po*

-10.§ 7

s

B Wk gty % ~ 400
%) W Thi¢ @oPD So

W2=-=(-) = &) How?
A¢

-

Fa

Frosr WE  Pogrrrot Y Iprcrter A (P yardS fok O ?

CE.2.L1-6:
Description: Match the correct energy diagrams with a picture of a system evolving in time. (3 minutes + 4 minutes + 4 minutes)

Learning Objectives: [1, 6, 10]

Problem Statement: A slice of pumpkin pie is sliding from right to left across a frictionless surface as shown in the images below. Assume
a standard coordinate system for all parts below.

(a) V{/hich graph represents the gravitational potential energy of the turkey + earth system as a function of vertical height?

=
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(a) VXhich graph represents the gravitational potential energy of the turkey + earth system as a function of vertical height?

Cl

Energy

Energy

Energy

(b) Which graph represents the gravitational potential energy of the tU{key + earth system as a function of horizontal distance?
: —— | e —— -f; y:‘ T'-’
& >
] 2 Erqrac.
| Tke
T X =X

S &

@ @

& &

I X 1 X

(c) Sketch the kinetic energy of the turkey as a function of horizontal distance on the graph of your answer to part (b).

-

hf; ‘1‘()9. + M:

hff t U’f-

KE; +0% = KE.+0%
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Act ll: Spring potential energy

CE.2.L1-7:

Description: Use Hooke's law to determine spring constant from graph. Sketch spring potential energy. Proportional reasoning with
spring potential energy. Conceptual question about stretching vs compressing a spring. (4 minutes + 3 minutes + 2 minutes + 2 minutes)

Learning Objectives: [10]

Problem Statement: The force from an ideal spring is given by the equation below, where k is a[positivl constant called the spring
constant, and x is the displacement of the spring from its equilibrium position. The equation is often referred to as Hooke's law.

F: = —kx

(a) The graph to the right shows the force measured from a spring as it is displaced S( N) A
from its equilibrium location. What is the spring constant of the spring? X 1
fa) 4
(1) 5N/m < > X (cm)
(2) -5N/m o \ _ -1
(3) 40 N/m \SL"“\ () y" mx + b
(4) -40 N/m ; 2
= = &kx +0 _
= \10 _A};\ Fx 3
1 2 3 4 5 6
(b) The spring potential energy is given in the equation below where k and S
x have the same meaning as they do in Hooke's law. U
A i
1
US = —kx?
2
e 9

OhbpnpwhuioaNOWO

> X
6 -4 -2 0 2 4 6

(c) If the potential energy of a spring increases by a factor of 4, by (d) When a spring is stretched from its equilibrium position
what factor must the displacement change by? by 5 cm, it is noted that the spring potential energy is 20 J.
What is the spring potential energy if the same spring is
5 1 US - X" compressed by 5 cm from its equilibrium position?
2
(3) 3 v i< (1) 10J
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T T

(1) 1 US - X" c'(')mpressed by 5 cm from its equilibrium position?
2
(3) 3 S (1) 101
(4) 4 X W (2) -10)
(5) 9 5 5 (3) -20)
tb" Y —4u @ 201
X —y “’; P4 (5) Need value spring constant to determine.

PoATE  (work -Evboss

KE;+U? -rUs; + Swee = K +03 + 0%

Act lll: Work-energy theorem

CE.2.L1-8:
Description: Use conservation of energy to find vertical height for object sliding up a frictionless incline. (1 minute + 1 minute + 8 mi nutes)

Learning Objectives: [1, 8, 14]

Problem Statement: A 4 kg turkey dinner is sliding across a frictionless horizontal ground with a velocity of 5 m/s to the left. The dinner
then encounters a frictionless incline that makes a 20 degree angle with respect to the horizontal. We wish to use an energy analysis to
find high above the ground the turkey gets before coming to rest.

(a) Define your system.

(1) Turkey dinner.

(2) Earth
3)) Turkey dinner + Earth _

A
(b) Is there any external work between the initial snapshot and the final snapshot? 7

&;)) Yes in{f = M 17

No

(c) How high above the ground does the Turkey dinner get before coming to a rest?
0 (4 4
(€, 3 1 i~ eV

F\E; > 0%

i /‘\WF N
\I:L z &SN}) = )18 m
.2—; 2(4.84Y)

C—3
~
U

-
n
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Conceptual questions for discussion

1. Consider a ball falling near the surface of the earth: If the earth is not included in your system, is there gravitational potential energy
in your system?

2. One of your friends claims that the gravitational potential energy of a book on a shelf is 25J. Another friend claims that the same
book has a gravitational potential energy of 50J. Is one of your friends necessarily wrong?

3. Consider a single spring: Describe 2 actions you can do to the spring to get a negative change in spring potential energy. (E.g.
stretching the spring from its equilibrium position will result in a positive change in spring potential energy.)

Hints
CE.2.L1-1: No hints.
CE.2.L1-2: Create a vector operation to help find the angle that goes into the cosine function seen in the work definition.
CE.2.L1-3: No hints.
CE.2.L1-4: No hints.

CE.2.L1-5: The Ay seen in the change in gravitational potential energy function is the vertical component of displacement. What do you
know about displacements and their relationship to origins?

CE.2.L1-6: Part (a): what is the functional form of gravitational potential energy?
CE.2.L1-7: Part(a): Whatis the generic equation for a linear line: y="7?

CE.2.L1-8: No hints.
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