PRINCIPLES & PRACTICE OF

PHYSICS

Chapter 9
Work
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Looking Ahead: Work done by a constant force

* In order for a force to do work on an object, the point
of application of the force must undergo a
displacement.

* Work 1s the ‘useful’ application of a force
* The SI unit of work 1s the joule (J).
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Chapter 9: Work

* Forces can change the physical state of an object
(internal energy) as well as its state of motion (kinetic

energy).

* To describe these changes 1n energy, physicists use
the concept of work:

* Work is the change in the energy of a system
due to external forces.

* The SI unit of work 1s the joule (J).
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Section 9.1: Force displacement

* Work amounts to a mechanical transfer of energy,
either from a system to the environment or from the
environment to a system.

* Do external force always cause a change in energy on
a system?

* To answer this question, 1t 1s helpful to consider
an example
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Checkpoint 9.1

@ 9.1 Imagine pushing against a brick wall as shown 1n Figure
9.1a. (a) Considering the wall as the system, 1s the force you
exert on 1t internal or external? (b) Does this force accelerate the
wall? Change 1ts shape? Raise its temperature? (c¢) Does the
energy of the wall change as a result of the force you exert on 1it?

(d) Does the force you exert on the wall do work on the wall?
(a) A7, =0

Point of application HEEE
. .

of force ~. NN
~, I

~“HEEE [
M [ FPW

Point of application does not move,
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Checkpoint 9.1

@ 9.1 Imagine pushing against a brick wall.

(a) Considering the wall as the system, 1s the force you exert on it
internal or external? external

(b) Does this force accelerate the wall? Change its shape? Raise
its temperature? no, no, no

(c) Does the energy of the wall change as a result of the force
you exert on it? no

(d) Does the force you exert on the wall do work on the wall?

no
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Section 9.1: Force displacement

(a) A7.=0 (b)

, Force displacement

Point of application NN N
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Point of application does not move, Point of application moves, so force does work on cart. Point of application moves, so
so force does no work on wall. force does work on mattress.

* Even though the work 1s zero in (a), 1t 1s nonzero in () and (c).

* In order for a force to do work, the point of application of
the force must undergo a displacement.

* The displacement of the point of application of the force is
called the force displacement.
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Section 9.1: Force displacement

Exercise 9.1 Displaced forces

For which of the following forces 1s the force
displacement nonzero:

(a) the force exerted by a hand compressing a spring
(b) the force exerted by Earth on a ball thrown upward,

(c¢) the force exerted by the ground on you at the instant
you jump upward,

(d) the force exerted by the floor of an elevator on you
as the elevator moves downward at constant speed?
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Section 9.1: Force displacement

Exercise 9.1 Displaced forces (cont.)

SOLUTION (a), (b), and (d).

(a) The point of application of the force is at the
hand, which moves to compress the spring.

(b) The point of application of the force of gravity
exerted by Earth on the ball is at the ball, which
moves.

(c¢) The point of application is on the ground, which
doesn’t move.

(d) The point of application is on the floor of the
elevator, which moves. v/
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Checkpoint 9.2

@ 9.2 You throw a ball straight up in the air. Which of the
following forces do work on the ball while you throw 1t?
Consider the interval from the instant the ball is at rest in your
hand to the instant it leaves your hand at speed v.

(a) The force of gravity exerted by Earth on the ball.
(b) The contact force exerted by your hand on the ball.
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Checkpoint 9.2

@ 9.2 You throw a ball straight up in the air. Which of the
following forces do work on the ball while you throw 1t?
Consider the interval from the instant the ball is at rest in your
hand to the instant 1t leaves your hand at speed v. (a) The force of
gravity exerted by Earth on the ball. () The contact force exerted
by your hand on the ball.

both do work — for both, the point of application is the ball,
and this point moves as you launch the ball

(your hand has to move to launch the ball)

© 2015 Pearson Education, Inc. Slide 9-11



Section 9.1
Question 1

A woman holds a bowling ball in a fixed position. The
work she does on the ball

1. depends on the weight of the ball.
cannot be calculated without more information.

3. 1s equal to zero.
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Section 9.1
Question 1

A woman holds a bowling ball in a fixed position. The
work she does on the ball

1. depends on the weight of the ball.
cannot be calculated without more information.

¢/ 3. isequal to zero.

© 2015 Pearson Education, Inc. Slide 9-13



Section 9.1

Question 2

A man pushes a very heavy load across a horizontal
floor. The work done by gravity on the load

1. depends on the weight of the load.

cannot be calculated without more information.

3. 1s equal to zero.
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Section 9.1

Question 2

A man pushes a very heavy load across a horizontal
floor. The work done by gravity on the load

1. depends on the weight of the load.
2. cannot be calculated without more information.

v 3 s equal to zero.

gravity acts vertically, the displacement 1s horizontal.
the work 1s against the frictional force
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Section 9.2: Positive and negative work

Section Goal

You will learn to

* Determine how the sign of the work done depends on
the vector relationship between the force and the
displacement.
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Section 9.2: Positive and negative work

*  When the work done by an external force on a system is positive,
the change 1n energy 1s positive, and when work 1s negative, the
energy change 1s negative.

» External forces doing work add or subtract energy from system

* Examples of negative and positive work are illustrated in the figure

(a) Cart speeds up, so positive work is done on it

* The work done by a force on a
system is positive when the force

Force and force displacement point in same direction.

and the force displacement point ; 3 =
in the same direction and negative s S LA
when they point in opposite
directions.

(b) Cart slows down, so negative work is done on it
Force and force displacement point in opposite directions.
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Section 9.2: Positive and negative work

* Let us now consider a situation involving potential energy.
* First, we consider the spring + blocks to be a closed system.

* In this case the change in potential energy will manifest as a change
in the kinetic energy of the blocks, keeping the total energy constant.

* Because no external forces are exerted on the system, no work is
involved.

System = spring + blocks

Forces are internal to system, so they do no work
on system, and system’s energy does not change.

(a)
Moving blocks <
compress spring

Spring expands, <

pushing blocks
apart
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Section 9.2: Positive and negative work

* Next, consider the spring by itself as the system.

*  When the compressed spring is released, the decrease in the energy of
the spring implies the work done by the block on the spring is negative.

* The force exerted on the spring by the block and the force
displacement are in opposite directions, work 1s negative.

* Positive work to compress, negative work on release

System = spring

Forces are external to system, so work they
do on system changes system’s energy.

Lipe Az 1 e 3 §
| A7 Ar; | *... Force and force
'_’l l‘_' e displacement in same
I I direction: work done on
basarsnsasasses " system is positive, system’s
i pe e energy increases.
i Is FZs . o
nnnnnnnnnnn E'
e
I | %,
| | A3 Moo 2 A
At | At *=+ Force and force
| j—| oot i ; ’
| | displacement in opposite
| : directions: work done on
[ eibsosaaaaasesiy ; : .
H system is negative, systems
PFS FS i energy decreases.
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Checkpoint 9.3

@ 9.3 A ball 1s thrown vertically upward.

(a) As 1t moves upward, 1t slows down under the influence of
gravity. Considering the changes in energy of the ball, 1s the
work done by Earth on the ball positive or negative?

(b) After reaching its highest position, the ball moves downward,
gaining speed. Is the work done by the gravitational force
exerted on the ball during this motion positive or negative?
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Checkpoint 9.3

@ 9.3 A ball 1s thrown vertically upward.

(a) As it moves upward, it slows down under the influence of
gravity. Considering the changes in energy of the ball, 1s the work
done by Earth on the ball positive or negative?

* Asitmoves upward, KE decreases, E, . 1s constant. The
ball’s energy (K + E. ) decreases, so work 1s negative
(force & displacement opposite)

(b) After reaching its highest position, the ball moves downward,
gaining speed. Is the work done by the gravitational force exerted
on the ball during this motion positive or negative?

* Ball’s energy now increases, so work 1s positive (force &
displacement 1n same direction)
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Section 9.2: Posit

ive and negative work

Exercise 9.2 Positive and negative work

Is the work done by

the following forces positive,

negative, or zero? In each case the system is the object

on which the force

(a) the force exerted
(b) the force exerted

is exerted.

| by a hand compressing a spring,
| by Earth on a ball thrown upward,

(c) the force exerted
you jump upward

| by the ground on you at the instant

(d) the force exerted by the floor of an elevator on you
as the elevator moves downward at constant speed.

© 2015 Pearson Education, Inc.
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Section 9.2: Positive and negative work

Exercise 9.2 Positive and negative work (cont.)

SOLUTION

(a) Positive. To compress a spring, I must move my
hand in the same direction as I push. ¢/

(b) Negative. The force exerted by Earth points
downward; the point of application moves upward. ¢/

(c) Zero, because the point of application is on the
ground, which doesn’t move. v/

(d) Negative. The force exerted by the elevator floor
points upward; the point of application moves
downward. ¢/
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Section 9.2

Question 3

You throw a ball up into the air and then catch 1t. How
much work 1s done by gravity on the ball while 1t 1s 1n

the air?

1. A positive amount

2. A negative amount

3. Cannot be determined from the given information
4. Zero
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Section 9.2

Question 3

You throw a ball up into the air and then catch 1t. How
much work 1s done by gravity on the ball while 1t 1s 1n
the air?

1. A positive amount
A negative amount
3. Cannot be determined from the given information
v/ 4. Zero — comes back to where it started
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Checkpoint 9.5

@ 9.5 Suppose that instead of the two moving blocks in Figure
9.3a, just one block 1s used to compress the spring while the other
end of the spring is held against a wall.

(a) Is the system comprising the block and the spring closed?

(b) When the system 1s defined as being only the spring, is the
work done by the block on the spring positive, negative, or
zero? How can you tell?

(c) Is the work done by the wall on the spring positive, negative,
or ZGI‘O? System = spring + blocks

Forces are internal to system, so they do no work
on system, and system’s energy does not change.
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Checkpoint 9.5

@ g 5 Suppose that instead of the two moving blocks in Figure 9.3a,
just one block 1s used to compress the spring while the other end of
the spring 1s held against a wall.

(a) Is the system comprising the block and the spring closed?
yes —no changes in motion or state in environment

(b) When the system 1s defined as being only the spring, is the work
done by the block on the spring positive, negative, or zero? How
can you tell?

positive — force on spring is in direction point of contact moves

(¢c) Is the work done by the wall on the spring positive, negative, or
zero?

zero — point of contact doesn’t move
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Section 9.3: Energy diagrams

* We can use energy bar charts to visually analyze
situations involving work.

* This 1s why the sign 1s important

(a) (b)
initial final initial final
4+ work = + work —
energy energy energy energy
15] i
10] 10 J {mrd
5]
: 67
)
Positive work done on system Negative work done on system
increases system’s energy. decreases system’s energy.
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Section 9.3: Energy diagrams

* Because any of the four kinds of
energy can change in a given
situation, we need more details 1n
our energy bar charts [part (b)].

* As shown 1n part (¢), we can also
draw one set of bars for change in
each category of energy, and a
fifth bar to represent work done
by external forces.

* These are called energy
diagrams.

© 2015 Pearson Education, Inc.

(a)

External work by person changes system’s kinetic and potential energy.

(b)

We can represent the changes in energy by initial and final bar diagrams. . .

initial energy final energy
K Y E> E(h K U E% Elh
(c) ... or by a single energy diagram.

change in energy

{0l
iy

. - =

Changes in system’s energy . . . . .. equal work done on system.

AE,
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Checkpoint 9.6

@ 9.6 Draw an energy diagram for the cart in Figure 9.2b.

(b) Cart slows down, so negative work is done on it

Force and force displacement point in opposite directions.

© 2015 Pearson Education, Inc. Slide 9-30



Checkpoint 9.6

& os
* The cart’s KE decreases to zero, no changes in other forms of

energy.

* Person’s force 1s to the left, displacement to the right: work 1s
negative.

* Change in KE should be same as work done 1n magnitude

- e

AK AU AE, AEy, W,
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Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring

A block mitially at rest 1s released on an inclined
surface. The block slides down, compressing a spring at
the bottom of the incline; there 1s friction between the
surface and the block.

Consider the time interval from a little after the release,
when the block 1s moving at some 1nitial speed v, until 1t
comes to rest against the spring. Draw an energy
diagram for the system that comprises the block,
surface, and Earth.
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Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring (cont.)

SOLUTION I begin by listing the objects that make up
the system: block, surface, and Earth. Then I sketch the
initial and final states of the system (Figure 9.8). The
spring exerts external forces on the system.

initial

© 2015 Pearson Education, Inc.
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Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring (cont.)

SOLUTION The bottom end of the spring exerts a force on the
surface edge, but this force has a force displacement of zero. The
top end of the spring exerts a force 1’7’;) on the block. Because this
force undergoes a nonzero force displacement, I include it in my
diagram and show a dot at its point of application.

initial

© 2015 Pearson Education, Inc.

final

C T |

| |

: 5.3 i external
:// L | force

|

| p =]
)
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Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring (cont.)

SOLUTION Next I determine whether there are any energy
changes. Kinetic energy: The block’s kinetic energy goes to zero,
and the kinetic energies of the surface and Earth do not change.
Thus the kinetic energy of the system decreases, and AK 1s

negative.
initial

© 2015 Pearson Education, Inc.

final

C T |

| |

: 5.3 i external
:// L | force

|

| p =]
)

Slide 9-35



Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring (cont.)

SOLUTION Potential energy: As the block moves downward,
the gravitational potential energy of the block-Earth system
decreases, and so AU 1s negative. (Because the spring gets
compressed, its elastic potential energy changes, but the spring 1s

not part of the system.)

initial
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final

C T |

| |

: 5.3 i external
:// L | force

|

| p =]
)
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Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring (cont.)

SOLUTION Source energy: none (no fuel, food, or other source
of energy 1s converted in this problem). Thermal energy: As the
block slides, energy is dissipated by the friction between the
surface and the block, so AE,, 1s positive.

initial
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Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring (cont.)

SOLUTION To determine the work done on the system, I look
at the external forces exerted on it. The point of application of the
external force F’Sf) exerted by the spring on the block undergoes a
force displacement opposite the direction of the force, so that
force does negative work on the system.

initial

© 2015 Pearson Education, Inc.

final

C T |

| |

: 5.3 i external
:// L | force

|

| p =]
)
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Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring (cont.)

SOLUTION Thus the work done on the system by the external
forces 1s negative, and the W bar extends below the baseline
(Figure 9.9). I adjust the lengths of the bars so that the length of
the W bar 1s equal to the sum of the lengths of the other three
bars, yielding the energy diagram shown in Figure 9.9. ¢/

4
AK AU AE, AEy, W
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Section 9.3: Energy diagrams

Exercise 9.4 Compressing a spring (cont.)

SOLUTION
The change 1n kinetic energy 1s equal to the work done

The change 1n potential energy shows up as thermal energy (friction)

Now we could do math — all energy changes plus work sum to zero

4
AK AU AE, AEy, W
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Checkpoint 9.7

@ 9.7 Draw an energy diagram for the situation presented in
Exercise 9.4, but choose the system that comprises block, spring,
surface, and Earth. (i.e., include the spring now)

Which changes should be equal? No external force now, no work.

S —— ———— ——————————— S —— ———————————————

What was work 1s now

}Q\%—E ; > V=0 E a change in PE
i//E‘"t"//// ' M‘

______ e L ALl AL 2 2 A Z 4 Distinction depends on
choice of system!

AK AU AU, OE; Ay, W
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Section 9.4: Choice of system

Section Goals

You will learn to

* Choose an appropriate system for a physical
problem of interest in order to systematically account
for the various energy changes.

* Recognize that a system chosen for which friction
acts across the boundary 1s difficult to analyze. This
1s because 1n these situations thermal energy 1s
generated 1n both the environment and the system,
making energy accounting for the system
problematic.
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Section 9.4: Choice of system

» Different choices of systems lead to different energy diagrams.
* What is “work”™ in one context is energy conversion in another

* Work 1s involved when an external agent acts with a force

(a) (b) (c)

System = basket + Earth System = person + rope + basket + Earth System = person + rope + basket

BT I ON
¥ converts : : :

kinetic to
thermal
energy.

i
Frb

ol

i
Fg,

|

|

|

|

|

|

|
N |
i [[1]

mm
[T
il

\
il
[

AK AU AE, AE, i W AK AU AE, AE, : 4% AK AU AE, AE, w
Negative work done by rope on basket No work done on system; kinetic and Work done by Earth on basket equals
equals decrease in system’s kinetic and potential energies are converted to decrease in system’s kinetic energy plus
potential energies. thermal energy in system. increase in system’s thermal energy.
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Section 9.4: Choice of system

* Need to be careful not to double count gravitational potential
energy!

It is important to remember the following point:

* Gravitational potential energy always refers to the
relative position of various parts within a system, never
to the relative positions of one component of the system
and its environment.

* In other words, depending on the choice of system, the
gravitational interaction with the system can appear in energy
diagrams as either a change in gravitational potential energy or
work done by Earth, but not both.

* Earth outside system? Probably work (earth = external agent
then) ...
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Section 9.4: Choice of system

* As seen in the figure, the thermal energy generated (in this case due
to friction) ends up on both surfaces.

* Asseen in part (a), certain choices of systems lead to complications:

* When drawing an energy diagram, do not choose a system
for which friction occurs at the boundary of the system.

(a) System = person + box (b) System = person + box + Earth
Friction generates thermal .. . but we don’t know how much ends
energy in Earth and box . . . up in Earth and how much in box. If system also includes Earth, all thermal energy remains in system . . .

- - - — ] ] ] —  u —
? A » —
AK AU AE, AE, w AK AU AE, AE, w
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Section 9.4

Question 5

A person pulls a box along the ground at a constant speed. If we
consider Earth and the box as our system, what can we say
about the net external force on the system?

system = Earth + box

_____________________________

It 1s zero because the system 1s 1solated.

It 1s nonzero because the system 1s not isolated.
It 1s zero even though the system 1s not isolated.
It 1s nonzero even though the system is isolated.
5. None of the above

© 2015 Pearson Education, Inc.
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Section 9.4

Question 5

A person pulls a box along the ground at a constant speed. If
we consider Earth and the box as our system, what can we say
about the net external force on the system?

system = Earth + box

_____________________________

1. Itis zero because the system 1is isolated.

2. It 1s nonzero because the system 1s not isolated.
V 3. It1s zero even though the system 1s not 1solated.

4. It 1s nonzero even though the system 1s 1solated.

5. None of the above
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Chapter 9: Self-Quiz #2

Consid
above |

Is tl
Is t

(c)-

If the weightlifter exerts a force, does this force do

(a)
(b)

er a weightlifter holding a barbell motionless
h1s head.

he sum of the forces exerted on the barbell zero?

he weightlifter exerting a force on the barbell?

any work on the barbell?
(d) Does the energy of the barbell change?

(e) Are your answers to parts (¢) and (d) consistent in
light of the relationship between work and energy?
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Chapter 9: Self-Quiz #2

Answer

(a) Yes, because the barbell remains motionless.

(b) Yes. He exerts an upward force to counter the
downward gravitational force.

(c) No, because the point at which the lifter exerts a
force on the barbell 1s not displaced.

(d) No, 1t just sits there.

(e) They are consistent. If no work 1s done on a system,
the energy of the system does not change.
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Chapter 9: Self-Quiz #3

Do any of the systems 1n the figure undergo a change in
potential energy?

If yes, 1s the change positive or negative? Ignore any
friction.
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Chapter 9: Self-Quiz #3

Do any of the systems 1n the figure undergo a change in
potential energy?

If yes, 1s the change positive or negative? Ignore any
friction.

Yes: U¢ No: FC is Yes: U¢ Yes: U®
changes external changes changes
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Chapter 9: Work

Quantitative Tools
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Section 9.5: Work done on a single particle

* When work 1s done by external forces on a system, the energy
change in the system is given by the energy law:

AE=W
* To determine the work done by an external force, we will
consider the simple case of a particle:

* Particle refers to any object with an inertia m and no
internal structure (AE. = 0).

* Only the kinetic energy of a particle can change, so
AE = AK (particle)

* The constant force acting on the particle give 1s it an
acceleration given by

2F, _F
ax: =

m m
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Section 9.5: Work done on a single particle

* Consider the motion of the particle in time interval
At = t,—t,. From Equations 3.4 and 3.7, we can write

U =0t a Al
Ax=v At+1a (Ar)
* The kinetic energy change of the particle 1s given by
AK =K, -K; = 5m(1)§ _Uiz)
* Combining the above equations we get,

2
AK =1m (vx’i+axAt) —vf,i}

=5m _ZUx,iaxAt +a.(Ar)’ }
=ma, [vx,iAt +1a (At) ]
=ma,Ax, = F.Ax,

where Ax 1s the force displacement.
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Section 9.5: Work done on a single particle

* Since AE = W, and for a particle AE = AK, we get
W = F _Ax (constant force exerted on particle, one dimension)

* The equation above in words:

* For motion in one dimension, the work done by
a constant force exerted on a particle equals the product of
the x component of the force and the force displacement.

* If more than one force 1s exerted on the particle, we get
W = (XF,)Axy (constant forces exerted on particle,
one dimension)
* This 1s called the work equation.
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Section 9.5: Work done on a single particle

* Notice the parallel between our treatment of
momentum/impulse and energy/work, as illustrated in
the figure.

conservation conservation
of momentum of energy
Ap=7] AE=W
(momentum law) (energy law)
| 1 [ |
system isolated system not isolated system closed system not closed
- - ] = CF)At B W = (SF)Ax,
=4 : : W=0 s
(impulse equation) (work equation)
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Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity

A ball of inertia m,, 1s released from rest and falls
vertically. What 1s the ball’s final kinetic energy after a

displacement Ax = x;— x,?

© 2015 Pearson Education, Inc. Slide 9-57



Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity (cont.)

@ GETTING STARTED I begin by making a sketch of the
initial and final conditions and drawing an energy diagram for the
ball (Figure 9.17). I choose an x axis pointing upward.

x initial final

3
|
|
|
|
I
|
|
|

Xf +

—_——— e —————— —_—— —— —— —

AK AU A, AEy W
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Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity (cont.)

@ GETTING STARTED Because the ball’s internal energy
doesn’t change as it falls (its shape and temperature do not
change), I can treat the ball as a particle. Therefore only its
kinetic energy changes.

x initial final
b e esew pm———————— 5
% | : —>_6> : | |
T I
| : : :
| | | | — I
| ) lv |
o IR A
Earth Earth

AR AU AE, ARy, W
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Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity (cont.)

@ GETTING STARTED I can also assume air resistance is
small enough to be 1gnored, so that the only external force
exerted on the ball 1s a constant gravitational force. This force has
a nonzero force displacement and so does work on the ball. I
therefore include this force in my diagram.

x  initial final

__________________ \

Xy | v =0 : ' !
T e l
| | i :

| | | ’ - |

| L) lv |

Ch A )

Earth Earth
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Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity (cont.)

@ DEVISE PLAN If treat the ball as a particle,

the change 1n the ball’s kinetic energy 1s equal to the
work done on 1t by the constant force of gravity, the x
component of which 1is:

G __
Fbe _ _mbg’

(The minus sign means that the force points in the negative x direction.)

To calculate the work done by this force on the ball, I
use Eq. 9.8.
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Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity (cont.)

® EXECUTE PLAN Substituting the x component of
the gravitational force exerted on the ball and the force

displacement x;— x. into Eq. 9.8, I get

W = FE(;XA =-m_g(x, —x,).

XF
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Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity (cont.)

® EXECUTE PLAN Because the work is equal to the
change 1n kinetic energy and the 1nitial kinetic energy 1s
zero, | have W= AK=K:— 0 =K, so

Ki=-mg(x.—x,).v
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Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity (cont.)

@ EVALUATE RESULT Because the ball moves in
the negative x direction, Ax = x,— x; 1s negative and so
the final kinetic energy 1s positive (as it should be).
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Section 9.5: Work done on a single particle

Example 9.6 Work done by gravity (cont.)

@ EVALUATE RESULT An alternative approach is to
consider the closed Earth-ball system. For that system,
the sum of the gravitational potential energy and kinetic
energy does not change, and so, from Eq. 7.13,

AK +AUY =1m, (v —v))+m,g(x, —x,)=0.

No work done here - the gravitational force 1s internal

Because the ball starts at rest, o, = 0, and so I obtain the
same result for the final kinetic energy:

2
%mbvf =-—m,g(x; — X,).
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Section 9.5: Work done on a single particle

* The two approaches used 1n the previous example are
shown schematically 1n the figure.

Closed-system approach Open-system approach

AK AU AE, AE, w AK AU AE, AE, w
Energy law AE=0 AE=AK=W
AK+AUS =0 W = FS,, Ax;
Equation to use AU = m,g(x; — x;) FG .= —myg
Answer AK = —myg(x; — x,) AK = —myg(x; — x,)
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Interlude: what is a pulley good for?

*  Why use a pulley?
* Simple pulley redirects force
* Pull down to move object up
* But now you use two ropes

* each has same tension

W/2  [W/2

e Net downward force: W
* Netupward: W/2 + W/2

* let the ceiling do half the pulling!
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Pulley

* Compound pulley? Why not use more ropes!
* Same rope, same tension, but split it up
* 3 sections, pull with 1/3 weight

* tension same everywhere in the rope if it 1s light!

2W
3

W/3 W/3
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Pulley

* Work?

* 1f load moves by X, you have to pull L
* Work done by you = work by gravity
 (W/3)L=Wx so L=3x

* pull with 1/3 the force

* pay with 3x the distance
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Pulley

e Pull with % the force, but 4 times as far

* Mechanical advantage — trade force for distance
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PRINCIPLES & PRACTICE OF

PHYSICS

ERIC MAZUR
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Prelecture Concept Question 9.04

Part A

If the net work done on an object is positive, what can you conclude about the object’'s motion?

' The object is at rest; its position is constant.
' The object is moving with a constant velocity.
' The object is speeding up.

' The object is slowing down.

My Answers Give Up
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Prelecture Concept Question 9.04

Part A

If the net work done on an object is positive, what can you conclude about the object’'s motion?

The object is at rest; its position is constant.
The object is moving with a constant velocity.
*  The object is speeding up.

The object is slowing down.

m My Answers Give Up

Correct
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Prelecture Concept Question 9.06

Part A

A graph depicts force versus position. What represents the work done by the force over the given displacement?

' The work done is equal to the slope of the curve.

) The work done is equal to the area under the curve.

' The work done is equal to the product of the maximum force times the maximum position.
' Work cannot be determined from this type of graph.

' The work done is equal to length of the curve.

My Answers Give Up
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Prelecture Concept Question 9.06

Part A

A graph depicts force versus position. What represents the work done by the force over the given displacement?

The work done is equal to the slope of the curve.

* The work done is equal to the area under the curve.
The work done is equal to the product of the maximum force times the maximum position.
Work cannot be determined from this type of graph.

The work done is equal to length of the curve.

m My Answers Give Up

Correct
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Prelecture Concept Question 9.07

Part A
Which of the following statements is/are true?

Check all that apply.

| The Sl unit of power is the watt.

| Power is the rate at which energy is transformed.

| Aperson is limited in the total work he or she can do by their power output.
| The Sl unit of power is the horsepower.

| Power is the rate at which work is done.

My Answers Give Up
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Prelecture Concept Question 9.07

Part A
Which of the following statements is/are true?

Check all that apply.

¥ The Sl unit of power is the watt.

¥ Power is the rate at which energy is transformed.
A person is limited in the total work he or she can do by their power output.
The Sl unit of power is the horsepower.

¥ Power is the rate at which work is done.

m My Answers Give Up

Correct
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e Resistance 1n a fluid or gas

* Depends on:

Fdrag = 9

© 2015 Pearson Education, Inc.

Speed v (laminar) or v° (turbulent)

Shape (factor D, all speeds)

Cross sectional area (A)

Surface finish (D, esp. high speed “skin friction”)
Density of fluid/gas (p high speed)

Viscosity of fluid (n low speed)

(—%QVQDA high speed / turbulent
—67m 1|V low speed / laminar

\
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Low speed drag in 1D: solvable

* acceleration 1s ay,, ~ -bv
* b isthe drag coefficient

* add to this acceleration of +g due to gravity

v(t) = % (1—e"°") =vVierm (1 — e °Y)

* Qualitatively similar for high speeds

v/vr

turbulent drag (v?) V/Vf . laminar drag (v)
08 laminar drag (v) — turbulent drag (v?)
06
04 40
4
time (arbitrary units) time (arbitrary units)
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So what is “high speed”

* Depends on balance of inertial and viscous forces

* If the object has characteristic length L,
characterized by Reynolds number

R intertial forces (mass) (acceleration) ovL
e = p— —
viscous fOI’CGS : : : velocity
(dynamic viscosity) ( distance) (area) N
< < Re<<1 /C>\
* For Re << 1, nice laminar flow Nk
* Viscous forces dominate e LOS=
\/‘
e For Re ~ 10, turbulent N /\Om
* Inertial forces dominate "
* Small viscosity = more easily turbulent N
Re >~ 10 -/?
©2015 Pearson Education, Inc. Image: wikipedia, “Reynolds number” N—



So?

Say we have a Imm particle in air at 10 m/s (22 mph)

r

359 water

Re = < ,
\ 18000 air

Turbulent! How about a 1um particle at 10 m/s?
Re — {11 water
588 air
Only laminar below ~1m/s. Pollen 1s already 10-100um

Laminar? Very fine dust, bacteria swimming

most stuff is turbulent, and this is just terrible
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Where does high speed drag come from?

Have to move air out of the way.

Mass of air to move?

m = pV = pAAx = pAVAtL

Change in momentum?

Ap = mAv = (pAvAt)(v —0)

Force = time rate of change

A
Fdrag — A_z — pAV2

©2015 Pearson Education, Inc. (add a drag coefficient ‘fudge factor’ D to handle shape/etc.), . ..,



How to calculate?

* Drag forces for turbulent flow don’t often admit
analytic solutions

* Make computers do the work. Let’s say we start at
rest at the origin at time =0, with only gravity

al0]=-g
v[0]=0
x[0] =0

* How about some infinitesimally small time later?
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A time dft later

a=—g
vldt] =v[0] + gdt = gdt

x[dt] =v[dt] dt + %g(dt)2

How about one step later?

a=—g
v[2dt] = v[dt] + gdt

o o 1
x[2dt] = x[dt] + v[2dt] dt + 5g(dlt)2
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Notice a pattern

a=—¢g
Vnow = Vprev + g dt
1
Xnow — Xprev + Vnow dt + 5 (dt)Q

* We can use a known starting point and just
increment one step drt at a time!

* Need stopping condition (e.g., X = -h to hit ground)

* Advantage? Can trivially add any acceleration
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Example (python)

import math

#1D motion with drag for a dropped object

g=9.81 #grav accel defined as constant
v0=0.0 #starting velocity
h=100 #starting position
dt = 0.001 #time step; smaller=more accurate but slower
b=0.1 #drag coefficient
def trajectory(v,h):
y=h
t=0.0
a=-g

while y>0:  #iterate until v change is tiny, terminal velocity reached
a = -g + b*v**2  #drag is opposite gravity (in dir of v)
v += a*dt
y += v¥*dt+0.5*a*dt*dt
t+=dt
return (t,v)

time,speed=trajectory(v0,h) #run with given starting speed and height

N ) . MacBook-Pro-82:python pleclair$ python ./1D-v2.py
pr!nt Time of fllght. (2) Time of flight (2)
print "%.2f s" % (time) 10.79 s
Terminal velocity
print "Terminal velocity" -9.90 m/s
print "%.2f m/s" % (speed) MacBook-Pro-82:python pleclair$ |




Section 9.5

Question 6

When you do positive work on a particle, its kinetic

energy

1. 1ncreases.

2. decreases.

3. remains the same.

4. We need more information about the way the

work was done.
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Section 9.5

Question 6

When you do positive work on a particle, its kinetic
energy

¢/ 1. increases.
decreases.
3. remains the same.

We need more information about the way the
work was done.
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Section 9.6: Work done on a many-particle

system

Section Goals

You will learn to

* Extend the work-force-displacement relationship for
single objects to systems of interacting objects.

* Recognize that only external forces contribute to the
work done for many particle systems. Since the
internal forces are members of an interaction pair the
work done by that pair of forces always sums to
Zero.
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Section 9.6: Work done on a many-particle

system

Example 9.7 Landing on his feet

A 60-kg person jumps off a chair and lands on the floor
at a speed of 1.2 m/s. Once his feet touch the floor
surface, he slows down with constant acceleration by
bending his knees. During the slowing down, his center
of mass travels 0.25 m.

Determine the magnitude of the force exerted by the
floor surface on the person and the work done by this
force on him.
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| have no idea what to do.

* What 1s the physics?
* person’s KE changes
* external forces cause this change

* the change in KE must be due to the work done by
these forces

* Figure out the change in KE and the work done by
gravity slowing down. From work you get force,
knowing the displacement.
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Section 9.6: Work done on a many-particle

system

Example 9.7 Landing on his feet (cont.)

@ GETTING STARTED I begin by making a sketch of
the 1nitial and final conditions, choosing my person as
the system and assuming the motion to be entirely

vertical (Figure 9.21).

initial final

""""""""

i Vom x =1.2 M/5 : i |

A=

| | I Foo
| - l 2 _A |

Tl {0 O

| 1‘;&‘:‘:“"' ST ARen=025m §ag
AL vFe
I\/_/_/_/_/_/L_/_ 7 7 /) I\/_/_/_/_/’i l/=/_ y }

Earth Earth X
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Section 9.6: Work done on a many-particle

system

Example 9.7 Landing on his feet (cont.)

@ GETTING STARTED I point the x axis downward in the
direction of motion, which means that the x components of both
the displacement and the velocity of the center of mass are
positive: Ax_, =+0.25 mand v, .= +1.2 m/s.

initial

o ——— — — —— — —

© 2015 Pearson Education, Inc.
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Section 9.6: Work done on a many-particle

system
Example 9.7 Landing on his feet (cont.)

@ GETTING STARTED Two external forces are exerted on the
person: a downward force of gravity FE(; exerted by Earth and an
upward contact force F,, exerted by the floor surface.

Only the point of application of the force of gravity undergoes a
displacement, and so I need to include only that force in my
sketch.

VEe L e
JREAN
| L_ ___Jl \ P J

initial findl
| Vemx=12m/s || |
' |

| | ,L
| L | ng
I - I | = - |
| chl I Vem=0 I
i RIS A : - -5 ®
| | CIT¥ MRen=025m Tz
| | : c
: |
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Section 9.6: Work done on a many-particle

system
Example 9.7 Landing on his feet (cont.)

@ DEVISE PLAN Knowing the initial center-of-mass
velocity, I can use Eq. 9.13 to calculate the change 1n
the person’s translational kinetic energy AK_, ..

This change 1n kinetic energy must equal the work done
by the net external force.

From that and the displacement Ax_ = +0.25 m we can
find the vector sum of the forces exerted on the person.
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Section 9.6: Work done on a many-particle

system
Example 9.7 Landing on his feet (cont.)

@ DEVISE PLAN If then subtract the force of
gravity, I obtain the force exerted by the floor surface
on the person. To determine the work done by this force
on the person, I need to multiply 1t by the force
displacement.
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Section 9.6: Work done on a many-particle

system
Example 9.7 Landing on his feet (cont.)

@ DEVISE PLAN Because the person slows down as
he travels downward, his acceleration 1s upward and so
the vector sum of the forces 1s upward too. To remind
myself of this, I draw a free-body diagram 1n which the
arrow for the upward contact force 1s longer than the
arrow for the downward force of gravity.
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Section 9.6: Work done on a many-particle

system

Example 9.7 Landing on his feet (cont.)

® EXECUTE PLAN Because the person ends at rest,
his final translational kinetic energy 1s zero

AK

cm

0—Lmv?  =1(60kg)(1.2 m/s)’ =43 7.

cm,1
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Section 9.6: Work done on a many-particle

system

Example 9.7 Landing on his feet (cont.)

® EXECUTE PLAN Substituting this value and the
displacement of the center of mass into Eq. 9.14 yields

>F _ Ak, A3 —_170 N.

xx A T 025 m

cm

This 1s the net force. We need the free body diagram to
disentangle the forces. It 1s negative, as our diagram
indicated.
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Section 9.6: Work done on a many-particle

system
Example 9.7 Landing on his feet (cont.)

® EXECUTE PLAN To obtain the force exerted by the
floor from this vector sum, look back to the free body

diagram: just two forces.

SF=F° +F¢

extx Ep x Sp x
c __ G
and so Fj, = 2F,  —Fg . The x component of the force

by = mg = (60 kg)(9.8 (m/s*)=+590 N and
sOoFS =—170 N-590 N=-760 N. Vv

sp X

of gravity is F..
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Section 9.6: Work done on a many-particle

system
Example 9.7 Landing on his feet (cont.)

® EXECUTE PLAN To determine the work done by
this force on the person, I must multiply the x
component of the force by the force displacement.

The point of application 1s the floor, which doesn’t
move. This means that the force displacement 1s zero, so
the work done on the person by the surface 1s zero too:

W=0.v
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Section 9.6: Work done on a many-particle

system
Example 9.7 Landing on his feet (cont.)

O EVALUATE RESULT The contact force F, _ is
negative because it 1s directed upward, as I expect. Its
magnitude 1s larger than that of the force of gravity, as it

should be 1n order to slow the person down.

There 1s work done, but it 1s by the force of gravity
(since the earth 1s outside my system).
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Section 9.7: Variable and distributed forces

Section Goals

You will learn to

* Derive the relationship for the work done by a
variable force.

* Interpret the work done by a variable force
graphically.

* Understand that distributed forces, like friction, have
no single point of application on an object.
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Section 9.7: Variable and distributed forces

* The acceleration of the center of mass of a system consisting of
many interacting particles is given by

. _ZF,

cm

m

* Following the same derivation as in the single-particle system, we
can write

AK_ =ma, Ax._ = (2ZF_  )Ax_ (constant forces, one dimension)

cm cm extx

* This 1s not the work done by the external force on the system!

* The KE of the system 1s not just the CM KE — internal motion of
constituents too!
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Section 9.7: Variable and distributed forces

* For a system of many particles
K=K_,*+K_,, —there is some

convertible KE due to internal
motion of constituents

* Therefore, AK_, # AE, and since
AE = W, we can see that

AK . # W (many-particle system)

cart 2

* This is explicitly illustrated in the fry———
example shown in the figure.

 The external force on cart 1

cart 1 | cart 2

increases the kinetic energy and |

center of mass

the internal energy of the system.
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Section 9.7: Variable and distributed forces

* To determine the work done by external LT TR ———
forces on a many particle system, we can
use the fact that W, =W ..

* This makes sense — work is what crosses the
boundary, and a loss to the environment is
the same as a gain to the system (& vice

cart 2

versa)

*  We can see from the figure that the work A ¢ | g I
done by the two-cart system on the hand :TN' — cart 2
is = —F, | Axp. "

* Then the work done by the external force on
the two-cart system 1s
W=F_, .Axr(constant nondissipative

force, one dimension)

© 2015 Pearson Education, Inc.
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Section 9.7: Variable and distributed forces

* Generalizing this work equation to many-particle systems subject to
several constant forces, we get

W=VV1+VV2+"'=FextlexF1+F;xt2xAxF2+"'
or

W =2(F,,, Ax. ) (constant nondissipative forces, one dimension)

Xtnx

Note the difference from
AK, =ma,  Ax_ = (2ZF

C extx

)Ax__(constant forces, one dimension)

If we consider a varying force F(x), we take infinitesimal
displacements, and this becomes an integral

W = fo F_(x)dx (nondissipative force, one dimension)

work is the area under the force-displacement curve!
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work

A brick of nertia m compresses a spring of spring
constant & so that the free end of the spring 1s displaced
from 1ts relaxed position. What 1s the work done by the
brick on the spring during the compression?
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work (cont.)

@ GETTING STARTED I begin by making a sketch of the
situation as the free end of the spring 1s compressed from 1its
relaxed position x,, to a position x (Figure 9.23). Because I need
to calculate the work done by the brick on the spring, I choose the
spring as my system.

y initial final

N

AN
N\

N\

Xoo— 7 \LAF;—' ~

VVy

AE_’\I\I\M\.
\IVVY
-
oy
I
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work (cont.)

@ GETTING STARTED Three forces are exerted on the spring:
contact forces exerted by the brick and by the floor, and the force
of gravity. As usual when dealing with compressed springs, I
ignore the force of gravity exerted on the spring (see Section 8.6).

< initial final

N

AN
N\

N\

o1 7 lAﬁ)—' ~

I\E_'\I\I\AI\.
\IvV‘IVV\\
Y

()}
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work (cont.)

@ GETTING STARTED Only the force F exerted by the brick
on the spring undergoes a nonzero force displacement, so I need
to show only that force in my diagram. Because the brick and
spring do not exert any forces on each other when the spring is in
the relaxed position, I do not draw this force in the 1nitial state.

y initial final

N

o |

N
N\

N
N\

I‘E’\I\I\I\I\.'
vV\VVVh
oy
wn

V

N

N

N

N

N

N =

N8
S
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work (cont.)

@ DEVISE PLAN I need to calculate the work done by
the brick on the spring. I could use Eq. 9.22 if I knew
the force the brick exerts on the spring.

That force 1s not given, but the force exerted by the
brick on the spring and the force exerted by the
spring on the brick form an interaction pair: F° = —F.
[ can use Eq. 8.20 to determine F and then use it in Eq_.
9.22.
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work (cont.)

® EXECUTE PLAN Equation 8.20 tells me that the x
component of the force exerted by the spring on the
brick varies depending on how far the spring 1s
compressed:

Fp o = —h(x = Xo),
where x,, 1s the coordinate of the relaxed position of the
free end of the spring.
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work (cont.)

® EXECUTE PLAN The x component of the force
exerted by the brick on the spring 1s thus

Fbsx:—l_k(x_xO)' (1)
Because x, > x, F, . is negative, which means that F°
points 1n the same direction as the force displacement.
Thus the work done by the brick on the spring is
positive.
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work (cont.)

® EXECUTE PLAN Now I substitute Eq. 1 into
Eq. 9.22 and work out the integral to determine the

work done by the brick on the spring:
W, = | F, (x)dv=| k(x—x,)dx

= |4k kx| =tk(x-x). v (2)

0

limits of integration? start & end points of motion
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Section 9.7: Variable and distributed forces

Example 9.8 Spring work (cont.)

@ Evaluate result Because the spring constant & is
always positive (see Section 8.9 on Hooke’s law), the
work done by the brick on the spring 1is also positive.

This 1s what I expect because the work done 1n
compressing the spring 1s stored as potential energy in
the spring.
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Section 9.7: Variable and distributed forces

* The work done by a variable nondissipative force on a particle

or object 1s X,
W= ["F (x)dx

* If the free end of a spring 1s displaced from its relaxed position
X, to position x, the change 1n its potential energy 1s

2
=2k(x—x,)
* Ifablock travels a distance d,,,, over a surface for which the
magnitude of the force of friction is a constant F f;, the energy

dissipated by friction (the thermal energy) is
f
AE, =F dpath

spring
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Section 9.8: Power

Section Goals

You will learn to

* Define power as the time rate of change of energy
transferred or converted for a system.

 Calculate power for the special case of a constant
external force applied to a system.
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Section 9.8: Power

Concepts: Power

* Power 1s the rate at which energy is either converted
from one form to another or transferred from one
object to another.

* The SI unit of power is the watt (W), where
1 W=11IJ/s.
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Section 9.8: Power

Quantitative Tools: Power

* The instantaneous power 1s

p===
d

* If a constant external force F,, . 1s exerted on an
object and the x component of the velocity at the
point where the force 1s applied is v,, the power this

force delivers to the object 1s

P=F v

extx x
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Section 9.8: Power

e Short derivation:

E  dw
o dE_dw _d

( F(x) dx> general

T dt dt - dt
d dAx
m (FAX) T v constant force

* Single particle, W = AK:

_E_E:E —mv° | = mv— = mva = kv

o dE_dK_d /1, dv
2 dt
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Section 9.8: Power

Example 9.9 Frictional power

A 0.50-kg wood block initially traveling at 1.0 m/s
slides 0.50 m on a horizontal floor before coming to
rest. What 1s the average rate at which thermal energy 1s

generated?
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Section 9.8: Power

Example 9.9 Frictional power (cont.)

@ GETTING STARTED I begin by making a sketch of the
situation, listing all the given quantities and drawing an energy
diagram for the closed block-floor system (Figure 9.25). I note
that as the block slides to a stop, all of its kinetic energy i1s
converted to thermal energy.

initial

AK AU AE, AEy, W

A7
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Section 9.8: Power

Example 9.9 Frictional power (cont.)

@ DEVISE PLAN To calculate the average power at which
thermal energy 1s generated, I need to know the amount AE,;, of
thermal energy generated and the time interval Af over which it 1s
generated. The ratio of these two quantities gives the average

power (Eq. 9.29).

initial

AK AU AE, AEy, W

AF
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Section 9.8: Power

Example 9.9 Frictional power (cont.)

@ DEVISE PLAN The amount of thermal energy is equal to the
initial kinetic energy of the block. If I assume the block has
constant acceleration as it comes to a stop, I can use equations
from Chapter 3 to determine Az from the block’s 1nitial speed and
the distance over which it comes to a stop.

initial

AK AU AE, AEy, W

AF
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Section 9.8: Power

Example 9.9 Frictional power (cont.)

@) EXECUTE PLAN Because the block ends at rest, |
know from Eq. 3.4, v, ;= v, ; ta, At, that

vx,i
At

ax — —
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Section 9.8: Power

Example 9.9 Frictional power (cont.)

® EXECUTE PLAN Substituting this result into
Eq. 3.8, x; =x, +V_Ar+1a (Ar)’, gives

v .
Ax=v At—1—=2(A)" =10 At
x,1 2 At( ) 2 Yx,1
or Ap= 2 _200m) g0

(O 1.0 m/s

x,1
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Section 9.8: Power

Example 9.9 Frictional power (cont.)

® EXECUTE PLAN The block’s initial kinetic energy
is +mv?, =1(0.50 kg)(1.0 m/s)* =0.25 7,

The thermal energy generated 1s thus AE,, = 0.25 J.

From Eq. 9.29, I then obtain for the average power at
which this energy 1s generated: P,, = (0.25J)/(1.0s) =
0.25W. v
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Section 9.8: Power

Example 9.9 Frictional power (cont.)

@ EVALUATE RESULT The value I obtain is rather
small—as a gauge, consider that a 25-W light bulb
consumes energy at 100 times this rate—but it’s
unlikely that the energy of a sliding block would be
sufficient to generate any light.
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Section 9.8: Power

Example 9.10 Car drag

A car requires 300 kJ of energy to overcome air
resistance and maintain a constant speed of 20 m/s over
a distance of 1.0 km. What is the force of air resistance

exerted on the car?
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Section 9.8: Power

Example 9.10 Car drag (cont.)

@ GETTING STARTED The air resistance causes
dissipation of the car’s kinetic energy. The problem
statement tells me that 300 kJ 1s dissipated over a
distance of 1.0 km when the car moves at 20 m/s.
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Section 9.8: Power

Example 9.10 Car drag (cont.)

@ DEVISE PLAN From the speed and the distance
traveled, I can calculate the time interval over which the
300 kJ 1s required. I can then use P = AE/At to calculate
the rate at which the energy 1s converted.

Knowing the velocity, I can then obtain the force of air
resistance from P = Fv.
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Section 9.8: Power

Example 9.10 Car drag (cont.)

© EXECUTE PLAN At 20 m/s it takes the car 50 s to
cover 1.0 km. The rate at which energy is converted 1s
thus P = (300 kJ)/(50 s) = 6.0 kW. From Eq. 9.35, 1

obtain
0 kW

°. =300 N. vV
20 m/s

F =

X

£
V.
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Section 9.8: Power

Example 9.10 Car drag (cont.)

@ EVALUATE RESULT The answer I obtain—300
N—is the magnitude of the gravitational force exerted
on a 30-kg (65-1b) object and therefore equal 1n
magnitude to the force required to hold up such an
object.
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Section 9.8: Power

Example 9.10 Car drag (cont.)

@ EVALUATE RESULT I know, however, that if I
stick my hand out a car window at highway speed, the
force exerted by the air on my hand 1s not much larger
than the force required to hold up a small object. The
car, being much larger than my hand, intercepts a lot
more air, but 1t 1s shaped more aerodynamically, and so
it 1s reasonable that the force of air resistance 1s only
300 N.
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Chapter 9: Summary

Concepts: Work done by a constant force

* In order for a force to do work on an object, the point
of application of the force must undergo a
displacement.

* The SI unit of work 1s the joule (J).

* The work done by a force is positive when the force
and the force displacement are in the same direction
and negative when they are in opposite directions.
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Chapter 9: Summary

Quantitative Tools: Work done by a constant
force

*  When one or more constant forces cause a particle or a rigid
object to undergo a displacement Ax in one dimension, the
work done by the force or forces on the particle or object is
given by the work equation:

W=(ZF)Ax,

* In one dimension, the work done by a set of constant
nondissipative forces on a system of particles or on a
deformable object is

W=2(F_ Ax,)

ext nx
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Chapter 9: Summary

Quantitative Tools: Work done by a constant
force

 If an external force does work W on a system, the energy law
says that the energy of the system changes by an amount

AE=W
For a closed system, W =0 and so AE = 0.
* For a particle or rigid object, AE, , = 0 and so
AE = AK
* For a system of particles or a deformable object,

AK, =(ZF,,,)Ax,
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Chapter 9: Summary

Concepts: Energy diagrams

* An energy diagram shows how the various types of
energy 1n a system change because of work done on
the system.

* In choosing a system for an energy diagram, avoid
systems for which friction occurs at the boundary
because then you cannot tell how much of the thermal
energy generated by friction goes into the system.
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Chapter 9: Summary

Concepts: Variable and distributed forces

* The force exerted by a spring 1s variable (its magnitude
and/or direction changes) but nondissipative (no energy
1s converted to thermal energy).

* The frictional force 1s dissipative and so causes a
change 1n thermal energy. This force is also a
distributed force because there 1s no single point of
application.
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Chapter 9: Summary

Quantitative Tools: Variable and distributed
forces

* The work done by a variable nondissipative force on a particle

or object 1s X,
W= J F (x)dx

* Ifthe free end of a spring is displaced from its relaxed position
X, to position x, the change in its potential energy 1s

2

spring = %k(“x o xO)

* If'ablock travels a distance d,,, over a surface for which the
magnitude of the force of friction 1s a constant £ lf), the energy

dissipated by friction (the thermal energy) 1s
AE, =F.d

sb " path
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Chapter 9: Summary

Concepts: Power

* Power 1s the rate at which energy is either converted
from one form to another or transferred from one
object to another.

* The SI unit of power is the watt (W), where
1 W=11IJ/s.
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Chapter 9: Summary

Quantitative Tools: Power

* The instantaneous power 1s

p===
d

* If a constant external force F,, . 1s exerted on an
object and the x component of the velocity at the
point where the force 1s applied is v,, the power this

force delivers to the object 1s

P=F v

extx x
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