Chapter 7

Kinetic Energy and Work
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7-1 Kinetic Energy

Learning Objectives

7.01 Apply the relationship 7.02 Identify that kinetic energy
between a particle's kinetic IS a scalar quantity.
energy, mass, and speed.
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7-1 Kinetic Energy

« Energy is required for any sort of motion

« Energy:

Is a scalar quantity assigned to an object or a system of
objects

Can be changed from one form to another

Is conserved in a closed system, that is the total amount of
energy of all types is always the same

« In this chapter we discuss one type of energy (kinetic
energy)

« We also discuss one method of transferring energy
(work)

o
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7-1 Kinetic Energy

. Kinetic energy:

- The faster an object moves, the greater its kinetic energy
Kinetic energy is zero for a stationary object

« For an object with v well below the speed of light:

K = %mvz Eq. (7-1)
« The unit of kinetic energy is a joule (J)

ljoule =1J =1kg-m?%s’. Eq@2
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7-1 Kinetic Energy

Sample Problem 7.01 Kinetic energy, train crash

In 1896 in Waco, Texas, William Crush parked two locomotives
at opposite ends of a 6.4-km-long track, fired them up, tied
their throttles open, and then allowed them to crash head-on at
full speed (Fig. 7-1) in front of 30,000 spectators. Hundreds of
people were hurt by flying debris; several were killed.
Assuming each locomotive weighed 1.2 X 10° N and its accel-
eration was a constant 0.26 m/s?>, what was the total kinetic en-
ergy of the two locomotives just before the collision? g
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7-1 Kinetic Energy

Example Energy released by 2 colliding trains with given
weight and acceleration from rest:

- Find the final velocity of each locomotive:

v =12 + 2a(x — x;). Vv*=0+2(0.26 m/s*)(3.2 X 10° m),
v = 40.8 m/s = 147 km/h.

1.2 X 10N
i - — = 1.22 X 10° kg.
- Convert weight to mass: m 0.8 m/s? IE20 il ko

- FiInd the kinetic energy:

K =2(G3mv?) = (1.22 X 10° kg)(40.8 m/s)?
— 20 > DL (Answer)
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7-2 \Work and Kinetic Energy

Learning Objectives

7.03 Apply the relationship 7.05 If multiple forces act on a
between a force (magnitude particle, calculate the net
and direction) and the work work done by them.

done on a particle by the
force when the particle

undergoes a displacement.

7.06 Apply the work-kinetic
energy theorem to relate the
work done by a force (or the

7.04 Calculate work by taking net work done by multiple
a dot product of the force forces) and the resulting
vector and the displacement change in kinetic energy.

vector, in either magnitude-
angle or unit-vector notation.
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7-2 \Work and Kinetic Energy

« Account for changes in kinetic energy by saying
energy has been transferred to or from the object

 In a transfer of energy via a force, work is:

- Done on the object by the force
AN

"' Work W is energy transferred to or from an object by means of a force acting on
the object. Energy transferred to the object is positive work, and energy transferred
from the object 1s negative work.

« This is not the common meaning of the word “work”

. To do work on an object, energy must be transferred
. Throwing a baseball does work
- Pushing an immovable wall does not do work
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7-2 \Work and Kinetic Energy

» Start from force equation and 1-dimensional velocity:

Fx — md,, V2 = V(z) + 2axd.
Eq. (7-3) Eq. (7-4)
« Rearrange into kinetic energies:

T Ty :
smv- —smvy = F.d. FEa@5

. The left side is now the change in energy
Eq. (7-6)

« Iherefore work is:
W=Fd
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7-2 \Work and Kinetic Energy

AN

"’ To calculate the work a force does on an object as the object moves through some
displacement, we use only the force component along the object’s displacement.
The force component perpendicular to the displacement does zero work.

« For an angle @ between force and displacement:

| W=Fdcos¢  Eq@
o As vectors we can write:

—>

W — Fo d Eq. (7-8)

« Notes on these equations:

. Force is constant
- Object is particle-like (rigid)
- Work can be positive or negative
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7-2 \Work and Kinetic Energy

This component
does no work.

Small initial This force does positive work
kinetic energy on the bead, increasing speed

—

_____ 7 F and kinetic energy.
|
[ Wire .
(p P /- r Kz °/¢/; X

Bead—/ / : — T;0

This component

does work. '
‘/‘P/V
Larger final F
kinetic energy I KM

Displacement d

Figure 7-2
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« Work has the Sl umt of joules (J), the same as energy
« In the British system, the unit is foot-pound (ft Ib)
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7-2 \Work and Kinetic Energy

AN

." A force does positive work when it has a vector component in the same direction
as the displacement, and it does negative work when it has a vector component in
the opposite direction. It does zero work when it has no such vector component.

o For two or more forces, the net work is the sum of the
works done by all the individual forces

o WO methods to calculate net work:
- We can find all the works and sum the individual work terms.

- We can take the vector sum of forces (F,,) and calculate the
net work once
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7-2 \Work and Kinetic Energy

. The work-kinetic energy theorem states:
AK = Kf-_ K. =W, Eq. (7-10)

« (change in kinetic energy) = (the net work done)

« Or we can write it as:

Kf:Kl+ W,

Eq. (7-11)

 (final KE) = (initial KE) + (net work)
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7-2 \Work and Kinetic Energy

. The work-kinetic energy theorem holds for positive
and negative work

Example If the kinetic energy of a particle is initially 5 J:

- A net transfer of 2 J to the particle (positive work)
« FinalKE=7J

- A net transfer of 2 J from the particle (negative work)
 Final KE=3 J
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7-2 \Work and Kinetic Energy

M Checkpoint 1

A particle moves along an x axis. Does the kinetic energy of the particle increase, de-
crease, or remain the same if the particle’s velocity changes (a) from —3 m/s to —2 m/s
and (b) from —2 m/s to 2 m/s? (c) In each situation, is the work done on the particle
positive, negative, or zero?

Answer: (a) energy decreases (b) energy remains the same

(c) work is negative for (a), and work is zero for (b)
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Sample Problem 7.02 Work done by two constant forces, industrial spies

Spy 00
py 002 Only force components

parallel to the displacement
do work.

Figure 7-4a shows two industrial spies sliding an initially
stationary 225 kg floor safe a displacement d of magnitude
8.50 m. The push F, of spy 001 is 12.0 N at an angle of 30.0°
downward from the horizontal; the pull F, of spy 002 is
10.0 N at 40.0° above the horizontal. The magnitudes and di-
rections of these forces do not change as the safe moves, and
the floor and safe make frictionless contact. =

Spy 001

Safe

(0)

(a) What is the net work done on the safe by forces F, and F, (a)
during the displacement d? Figure 7-4 (a) Two spies move a floor safe through a displacement

d. (b) A free-body diagram for the safe.
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During a storm, a crate of crepe is sliding across a slick,
oily parking lot through a displacement d = (—3.0 m)i
whlle a steady wind pushes against the crate with a force

= (20N)i + (—6.0N)]. The situation and coordinate
axes are shown in Fig. 7-5.

(a) How much work does this force do on the crate during
the displacement?

(b) If the crate has a kinetic energy of 10 J at the beginning
of displacement d, what is its kinetic energy at the end of d?

The parallel force component does
negative work, slowing the crate.
)

E .

Figure 7-5 Force F slows a ~ e W7
crate during displacement d. d
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7-3 Work Done by the Gravitational Force

Learning Objectives

7.07 Calculate the work done 7.08 Apply the work-kinetic
by the gravitational force energy theorem to situations
when an object is lifted or where an object is lifted or
lowered. lowered.
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7-3 Work Done by the Gravitational Force

. We calculate the work as we would for any force
« Our equation is:

114

— mgd COS ¢p Ea.(7-12)

« For a rising object:
W, = mgd cos 180° = mgd(—1) = —mgd. Eeq.(713)
. For a falling object:

W, = mgd cos 0° = mgd(+1) = +mgd. Eq.(7114)
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7-3 Work Done by the Gravitational Force

« Work done in lifting or lowering an object, applying an
upwards force: AK — Kf— K.=W, + Wg, o (115

« For a stationary object:

- Kinetic energies are zero

. We find: Wa g Wg =0

W, =—=W,, Eq. (7-16)

 In other words, for an applied lifting force:

W, = —mgd COS ¢  (work done in lifting and lowering; K, = K;),
Eq. (7-17)

« Applies regardless of path
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7-3 Work Done by the Gravitational Force

. Figure 7-7 shows the

orientations of forces and their
associated works for upward
and downward displacement

Note that the works (in 7-16)
need not be equal, they are only
equal if the initial and final
Kinetic energies are equal

If the works are unequal, you
will need to know the difference
between initial and final kinetic
energy to solve for the work

YAN

Sy

®
Object

Upward
displacement

A Does

positive
work

1

Does
negative
work

Ne 1

()

A Does

Object—_ |

d

\4

negative
work

)

Does

o

v positive

work

Downward
displacement

Figure 7-7
(b 9
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In this problem an object 1s pulled along a ramp but the ob-
ject starts and ends at rest and thus has no overall change in
its kinetic energy (that is important). Figure 7-8a shows the
situation. A rope pulls a 200 kg sleigh (which you may know)
up a slope at incline angle 6 = 30°, through distance d = 20 m.
The sleigh and its contents have a total mass of 200 kg. The
snowy slope i1s so slippery that we take it to be frictionless.
How much work 1s done by each force acting on the sleigh?

Does
positive work

v mg cost
() -0

i

g

Figure 7-8 (a) A sleigh is pulled up a snowy slope. (b) The free-
body diagram for the sleigh.
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7-3 Work Done by the Gravitational Force

Examples YOU are a passenger:

- Being pulled up a ski-slope
« Tension does positive work, gravity does negative work

X

i
Does
positive work

- mg cost

\
o

(b) //10

P —— — — —

Figure 7-8
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An elevator cab of mass m = 500 kg is descending with speed
v; = 4.0 m/s when its supporting cable begins to slip, allowing
it to fall with constant acceleration @ = g/5 (Fig. 7-9a).

(a) During the fall through a distance d = 12 m, what is the
work W, done on the cab by the gravitational force F,?

(b) During the 12 m fall, what is the work Wy done on the
cab by the upward pull T of the elevator cable?

(c) What is the net work W done on the cab during the fall?

(d) What is the cab’s kinetic energy at the end of the 12 m fall?

Figure 7-9 An elevator
cab, descending with
speed v, suddenly
begins to accelerate
downward. (a) It
moves through a dis-
placement d with
constant acceleration
a = g/5.(b) A free-
body diagram for the
cab, displacement
included.
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7-3 Work Done by the Gravitational Force

Examples YOU are a passenger:

- Being lowered down in an elevator

 Tension does negative work,
gravity does positive work e

‘ [ Cab

S

(a)
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Figure 7-9
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7-4 \Work Done by a Spring Force

Learning Objectives

7.09 Apply the relationship 7.12 Calculate work by
(Hooke's law) between spring graphically integrating on a
force, the stretch or graph of force versus
compression of the spring, position of the object.

and the spring constant. 7.13 Apply the work-kinetic

7.10 ldentify that a spring force energy theorem to situations
IS a variable force. In which an object is moved

7.11 Calculate the work done by a spring force.

on an object by a spring
force by integrating the force
from the initial position to the
final position of the object or
by using the known generic
result of the integration.
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7-4 \Work Done by a Spring Force

« A spring force is the variable force from a spring

- A spring force has a particular mathematical form

. . x=10 Block
- Many forces in nature have this form | E=0 i attached
| to spring

« Figure (a) shows the spring in | ] )
its relaxed state: since it is (a)
neither compressed nor % posifive 3
. . . FE, negative 1_;;
extended, no force is applied hm“%
« If we stretch or extend the ‘ ——— #
spring it resists, and exerts a ((,1)

restoring force that attempts to
return the spring to its relaxed
state

X negative

d

x—
Figure 7-10 . (O)
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7-4 \Work Done by a Spring Force

« The spring force is given by Hooke's law:

e

FS = — kZi) Eq. (7-20)

« The negative sign represents that the force always
opposes the displacement

« The spring constant k is a measure of the stiffness of
the spring

« This is a variable force (function of position) and it
exhibits a linear relationship between F and d

« For a spring along the x-axis we can write:
F,= —kx Ea(@21)
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7-4 \Work Done by a Spring Force

« We can find the work by integrating:
W, = f f—Fx dx. Eq. (7-23)

« Plug kx in for F,;

W, = skx? — S kx? Eq. (7-25)
o [he work:

- Can be positive or negative

- Depends on the net energy transfer

AN

." Work Wi is positive if the block ends up closer to the relaxed position (x = 0) than
it was initially. It 1s negative if the block ends up farther away from x = 0. It is zero
if the block ends up at the same distance from x = 0.
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7-4 \Work Done by a Spring Force

« For an initial position of x = 0O:
W, = —%kx2 Eq. (7-26)

« For an applied force where the initial and final kinetic
energies are zero:

W,=-—-W.. Eq. (7-28)

AN

.A' If a block that is attached to a spring is stationary before and after a displacement,
then the work done on it by the applied force displacing it is the negative of the
work done on it by the spring force.

© 2014 John Wiley & Sons, Inc. All rights reserved.



7-4 \Work Done by a Spring Force

|ZI Checkpoint 2

For three situations, the initial and final positions, respectively, along the x axis for the
block in Fig. 7-10 are (a) —3 cm,2 cm;(b) 2 cm, 3 cm; and (c) —2 cm, 2 cm. In each sit-
uation, is the work done by the spring force on the block positive, negative, or zero?

Answer: (a) positive
(b) negative

(c) zero
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When a spring does work on an object, we cannot find the
work by simply multiplying the spring force by the object’s

The spring force does

displacement. The reason is that there is no one value for negagve \g(:.k' ?ecreasmg "
the force—it changes. However, we can split the displace- Speec and KINSHe energy. D —
ment up into an infinite number of tiny parts and then ap- x o
proximate the force in each as being constant. Integration mm%\l /- Riictioncss
sums the work done in all those parts. Here we use the
generic result of the integration. | d i
In Fig. 7-11, a cumin canister of mass m = 0.40 kg slides Stop First touch
across a horizontal frictionless counter with speed v = 0.50 m/s.  Figure 7-11 A canister moves toward a spring.

It then runs into and compresses a spring of spring constant
k = 750 N/m. When the canister is momentarily stopped by
the spring, by what distance d is the spring compressed?
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7-6 Power

Learning Objectives

7.18 Apply the relationship 7.20 Determine the
between average power, the Instantaneous power by
work done by a force, and taking a dot product of the
the time interval in which that force vector and an object's
work is done. velocity vector, in magnitude-
. angle and unit-vector
7.19 Given the work as a notations.

function of time, find the
instantaneous power.
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7-6 Power

« Power is the time rate at which a force does work

. Aforce does W work in a time At, the average power

due to the force is:

14

E o= T Eq. (7-42)

. The instantaneous power at a particular time is:
dW

P =—" Eq.(7-43)
dt

o The Sl unit for power is the watt (W): 1 W =1 J/s

« Therefore work-energy can be written as (power) x
(time) e.g. kWh, the kilowatt-hour
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7-6 Power

« Solve for the instantaneous power using the definition
of work: dW  Fcos ¢ dx ( dx )
P = - = Fcosp|—|,

dt dt dt
P = Fv cos ¢. Eq. (7-47)
o Or: .
P =T Eq. (7-48)

IZ Checkpoint 3

A block moves with uniform circular motion because a cord tied to the block 1s an-
chored at the center of a circle. Is the power due to the force on the block from the
cord positive, negative, or zero?

Answer: zero (consider P = Fv cos ¢, and note that ¢ = 90°)
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7 Summary

Kinetic Energy

e The energy associated with
motion

K — %mvz Eq. (7-1)

Work Done by a Constant

Force
W = Fd cos ¢ Eq. (7-7)
W=F-d Eq. (7-8)

e The net work is the sum of
individual works

Work

e Energy transferred to or from an
object via a force

o Can be positive or negative

Work and Kinetic Energy
AK = Ky — K; = W, Eq.(7-10)
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7 Summary

Work Done by the Work Done in Lifting and
Gravitational Force Lowering an Object
W, = mgd cos ¢ Eq.(7-12) W,+W,=0

W,=—W, Ea.(-16

Spring Force Spring Force
o Relaxed state: applies no force e For an initial position x = 0:

e Spring constant k measures
stiffness W, = —%kx2 Eq. (7-26)

F.= —kd Eq.(7-20)
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7 Summary

Work Done by a Variable
Force

e Found by integrating the
constant-force work equation

=
W = f F(x) dx Eaq.(7-32)

Power

The rate at which a force does
work on an object

Average power:
%4
P ==

= Eq. (7-42
e = q. (7-42)
Instantaneous power:
= e Eq. (7-43)
dt

For a force acting on a moving
object:

P = Fv cos ¢.
P=F-v

Eq. (7-47)
Eq. (7-48)
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