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Last time

• conservative forces and potential energy

• power



Overview

• wrap up power

• introducing momentum

• Newton’s Second Law: more general form

• relation to force

• momentum vs kinetic energy



Power

Power

the rate of energy transfer to or from a system.
If the transfer is by means of work, then it is the rate of work done.

The instantaneous power is defined as

P =
dE

dt

The average power is

Pavg =
E

∆t

Units? The Watt. 1 J/s = 1 W



Power
Most often we are interested in the rate of work done on a system

P =
dW

dt

From the definition of work:

W =

∫
#»

F · d #»r

Noticing #»v = d #»r
dt

W =

∫
#»

F · ( #»v dt)

P =
dW

dt
=

#»

F · #»v

This gives another expression for instantaneous power

P =
#»

F · #»v



Power

Page 239, #38

 Problems 239

lifetime of the energy-efficient bulb is 10 000 h and its 
purchase price is $4.50, whereas the conventional bulb 
has a lifetime of 750 h and costs $0.42. Determine the 
total savings obtained by using one energy-efficient 
bulb over its lifetime as opposed to using conventional 
bulbs over the same time interval. Assume an energy 
cost of $0.200 per kilowatt-hour.

 34. An electric scooter has a battery capable of supplying 
120  Wh of energy. If friction forces and other losses 
account for 60.0% of the energy usage, what altitude 
change can a rider achieve when driving in hilly ter-
rain if the rider and scooter have a combined weight of 
890 N?

 35. Make an order-of-magnitude estimate of the power a 
car engine contributes to speeding the car up to high-
way speed. In your solution, state the physical quanti-
ties you take as data and the values you measure or esti-
mate for them. The mass of a vehicle is often given in 
the owner’s manual.

 36. An older-model car accelerates from 0 to speed v in 
a time interval of Dt. A newer, more powerful sports 
car accelerates from 0 to 2v in the same time period. 
Assuming the energy coming from the engine appears 
only as kinetic energy of the cars, compare the power 
of the two cars.

 37. For saving energy, bicycling and walking are far more 
efficient means of transportation than is travel by 
automobile. For example, when riding at 10.0 mi/h, a 
cyclist uses food energy at a rate of about 400 kcal/h 
above what he would use if merely sitting still. (In exer-
cise physiology, power is often measured in kcal/h 
rather than in watts. Here 1 kcal 5 1 nutritionist’s Cal-
orie = 4 186 J.) Walking at 3.00 mi/h requires about 
220 kcal/h. It is interesting to compare these values 
with the energy consumption required for travel by car. 
Gasoline yields about 1.30 3 108 J/gal. Find the fuel 
economy in equivalent miles per gallon for a person  
(a) walking and (b) bicycling.

 38. A 650-kg elevator starts from rest. It moves upward 
for 3.00 s with constant acceleration until it reaches 
its cruising speed of 1.75 m/s. (a) What is the average 
power of the elevator motor during this time inter-
val? (b) How does this power compare with the motor 
power when the elevator moves at its cruising speed?

 39. A 3.50-kN piano is lifted by three workers at constant 
speed to an apartment 25.0 m above the street using a 
pulley system fastened to the roof of the building. Each 
worker is able to deliver 165 W of power, and the pulley 
system is 75.0% efficient (so that 25.0% of the mechan-
ical energy is transformed to other forms due to fric-
tion in the pulley). Neglecting the mass of the pulley, 
find the time required to lift the piano from the street 
to the apartment.

 40. Energy is conventionally measured in Calories as well 
as in joules. One Calorie in nutrition is one kilocalo-
rie, defined as 1 kcal 5 4 186 J. Metabolizing 1 g of fat 
can release 9.00 kcal. A student decides to try to lose 
weight by exercising. He plans to run up and down 
the stairs in a football stadium as fast as he can and 
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nonisolated? Why? (b)  Is there a nonconservative 
force acting within the system? (c) Define the con-
figuration of the system when the child is at the water 
level as having zero gravitational potential energy. 
Express the total energy of the system when the child 
is at the top of the waterslide. (d) Express the total 
energy of the system when the child is at the launch-
ing point. (e)  Express the total energy of the system 
when the child is at the highest point in her projectile 
motion. (f) From parts (c) and (d), determine her ini-
tial speed vi at the launch point in terms of g and h.  
(g) From parts (d), (e), and (f), determine her maxi-
mum airborne height ymax in terms of h and the launch 
angle u. (h) Would your answers be the same if the 
waterslide were not frictionless? Explain.

h

/5
ymax

h

u

Figure P8.27

Section 8.5 Power
 28. Sewage at a certain pumping station is raised vertically 

by 5.49 m at the rate of 1 890 000 liters each day. The 
sewage, of density 1 050 kg/m3, enters and leaves the 
pump at atmospheric pressure and through pipes of 
equal diameter. (a) Find the output mechanical power 
of the lift station. (b) Assume an electric motor con-
tinuously operating with average power 5.90 kW runs 
the pump. Find its efficiency.

 29. An 820-N Marine in basic training climbs a 12.0-m 
vertical rope at a constant speed in 8.00 s. What is his 
power output?

 30. The electric motor of a model train accelerates the 
train from rest to 0.620 m/s in 21.0 ms. The total mass 
of the train is 875 g. (a) Find the minimum power 
delivered to the train by electrical transmission from 
the metal rails during the acceleration. (b) Why is it 
the minimum power?

 31. When an automobile moves with constant speed down 
a highway, most of the power developed by the engine 
is used to compensate for the energy transformations 
due to friction forces exerted on the car by the air 
and the road. If the power developed by an engine is  
175 hp, estimate the total friction force acting on the 
car when it is moving at a speed of 29 m/s. One horse-
power equals 746 W.

 32. A certain rain cloud at an altitude of 1.75 km contains 
3.20 3 107 kg of water vapor. How long would it take a 
2.70-kW pump to raise the same amount of water from 
the Earth’s surface to the cloud’s position?

 33. An energy-efficient lightbulb, taking in 28.0 W of 
power, can produce the same level of brightness as a 
conventional lightbulb operating at power 100 W. The 
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Power

From kinematics:
a = vf

t

#»

FT is constant:

Pavg =
#»

FT · #»v avg

= m(g + a)
vf
2

= m
(
g +

vf
t

) vf
2

= 5.91× 103 W = 5.91 kW



Power

What about moving upward at constant speed?

#»

F = mg ĵ, #»v = 1.75 ĵ m/s

P =
#»

F · #»v

= (mg)v

= 1.11× 104 W

= 11.1 kW
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Linear Momentum

Introduce a new quantity:

For a particle, linear momentum, #»p , is product of the particle’s
mass with its velocity.

#»p = m #»v

It is a vector.

Newton called it the “quantity of motion”.

Units: kg m/s
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Force and Momentum: Newton’s Second Law

Newton’s second law for a particle whose mass might change
(more general!):

#»

Fnet =
d #»p

dt

This is how Newton thought of his second law.

Also

Fnet,avg =
∆p

∆t
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Force and Momentum

This is the definition to use when mass is changing with time.

#»

Fnet =
d #»p

dt
#»

Fnet =
d(m #»v )

dt

#»

Fnet = m
d #»v

dt
+ #»v

dm

dt

If m is constant dm
dt = 0, and this reduces to:

#»

Fnet = m #»a
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Generalized Newton’s second law example

#94, page 292

Sand from a stationary hopper falls onto a moving conveyor belt at
the rate of 5.00 kg/s as shown. The conveyor belt is supported by
frictionless rollers and moves at a constant speed of v = 0.750 m/s
under the action of a constant horizontal external force

#»

F ext

supplied by the motor that drives the belt. Find (a) the sand’s rate
of change of momentum in the horizontal direction, (b) the force
of friction exerted by the belt on the sand, and (c) the external
force

#»

F ext.

292 Chapter 9 Linear Momentum and Collisions

acceleration; the work–kinetic energy theorem, stating 
that the total work on the particle causes its change in 
kinetic energy; and the impulse–momentum theorem, 
stating that the total impulse on the particle causes its 
change in momentum. In this problem, you compare 
predictions of the three theories in one particular 
case. A 3.00-kg object has velocity 7.00 ĵ m/s. Then, a 
constant net force 12.0 î N acts on the object for 5.00 s.  
(a) Calculate the object’s final velocity, using the 
impulse–momentum theorem. (b) Calculate its acceler-
ation from aS 5 1 vSf 2 vSi 2/Dt. (c) Calculate its accel-
eration from aS 5 g  F

S
/m . (d) Find the object’s vector 

displacement from D rS 5 vSit 1 1
2 aSt 2. (e) Find the work  

done on the object from W 5 F
S

? D rS. (f) Find the  
final kinetic energy from 12mvf

2 5 1
2mvSf ? vSf . (g) Find the 

final kinetic energy from 12mvi
2 1 W. (h) State the result 

of comparing the answers to parts (b) and (c), and the 
answers to parts (f) and (g).

 91. A 2.00-g particle moving at 8.00 m/s makes a perfectly 
elastic head-on collision with a resting 1.00-g object. 
(a) Find the speed of each particle after the collision. 
(b) Find the speed of each particle after the collision 
if the stationary particle has a mass of 10.0 g. (c) Find 
the final kinetic energy of the incident 2.00-g particle 
in the situations described in parts (a) and (b). In 
which case does the incident particle lose more kinetic 
energy?

Challenge Problems
 92. In the 1968 Olympic games, University of Oregon 

jumper Dick Fosbury introduced a new technique of 
high jumping called the “Fosbury flop.” It contributed 
to raising the world record by about 30 cm and is cur-
rently used by nearly every world-class jumper. In this 
technique, the jumper goes over the bar face-up while 
arching her back as much as possible as shown in Figure 
P9.92a. This action places her center of mass outside 
her body, below her back. As her body goes over the 
bar, her center of mass passes below the bar. Because 
a given energy input implies a certain elevation for her 
center of mass, the action of arching her back means 
that her body is higher than if her back were straight. 
As a model, consider the jumper as a thin uniform rod 
of length L. When the rod is straight, its center of mass 
is at its center. Now bend the rod in a circular arc so 
that it subtends an angle of 90.08 at the center of the 
arc as shown in Figure P9.92b. In this configuration, 
how far outside the rod is the center of mass?
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 93. Two particles with masses m and 3m are moving toward 
each other along the x axis with the same initial speeds 

M

vi. Particle m is traveling to the left, and particle 3m is 
traveling to the right. They undergo an elastic glanc-
ing collision such that particle m is moving in the nega-
tive y direction after the collision at a right angle from 
its initial direction. (a) Find the final speeds of the two 
particles in terms of vi. (b) What is the angle u at which 
the particle 3m is scattered?

 94. Sand from a stationary hopper falls onto a moving 
conveyor belt at the rate of 5.00 kg/s as shown in 
Figure P9.94. The conveyor belt is supported by fric-
tionless rollers and moves at a constant speed of v 5  
0.750 m/s under the action of a constant horizontal 
external force F

S
ext supplied by the motor that drives 

the belt. Find (a) the sand’s rate of change of momen-
tum in the horizontal direction, (b) the force of fric-
tion exerted by the belt on the sand, (c) the external 
force F

S
ext , (d) the work done by F

S
ext in 1 s, and (e) the 

kinetic energy acquired by the falling sand each 
second due to the change in its horizontal motion.  
(f) Why are the answers to parts (d) and (e) different?

v
Fext
S

Figure P9.94

 95. On a horizontal air track, a glider of mass m carries 
a G-shaped post. The post supports a small dense 
sphere, also of mass m, hanging just above the top 
of the glider on a cord of length L. The glider and 
sphere are initially at rest with the cord vertical. (Fig-
ure P9.57 shows a cart and a sphere similarly con-
nected.) A constant horizontal force of magnitude F 
is applied to the glider, moving it through displace-
ment x1; then the force is removed. During the time 
interval when the force is applied, the sphere moves 
through a displacement with horizontal component 
x2. (a) Find the horizontal component of the veloc-
ity of the center of mass of the glider–sphere system 
when the force is removed. (b) After the force is 
removed, the glider continues to move on the track 
and the sphere swings back and forth, both without 
friction. Find an expression for the largest angle the 
cord makes with the vertical.

 96. Review. A chain of length L 
and total mass M is released 
from rest with its lower end just 
touching the top of a table as 
shown in Figure P9.96a. Find 
the force exerted by the table 
on the chain after the chain 
has fallen through a distance 
x as shown in Figure P9.96b. 
(Assume each link comes to 
rest the instant it reaches the 
table.)
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Generalized Newton’s second law example

Let the x-direction point to the right in the diagram.

(a) the sand’s rate of change of momentum in the horizontal
direction system: sand on belt

d #»p

dt
=

d(m #»v )

dt

= m
�
�
�7

0
d #»v

dt
+ #»v

dm

dt

= #»v
dm

dt

= (0.750 m/s)(5.00 kg/s) î

= 3.75 N î
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Momentum vs. Kinetic energy

Momentum: #»p = m #»v

Kinetic energy: K = 1
2mv2 = p2

2m

• Both depend on m and #»v only.

• K is a scalar.

• #»p is a vector.

• In a system with many particles, can have
∑

i
#»p i = 0 even if∑

i Ki 6= 0.



Momentum vs. Kinetic energy

Momentum: #»p = m #»v

Kinetic energy: K = 1
2mv2 = p2

2m

• Both depend on m and #»v only.

• K is a scalar.

• #»p is a vector.

• In a system with many particles, can have
∑

i
#»p i = 0 even if∑

i Ki 6= 0.



Question

Quick Quiz 9.11 Two objects have equal kinetic energies. How do
the magnitudes of their momenta compare?

(A) p1 < p2

(B) p1 = p2

(C) p1 > p2

(D) not enough information to tell

1From Serway & Jewett, page 250.



Question

Quick Quiz 9.11 Two objects have equal kinetic energies. How do
the magnitudes of their momenta compare?

(A) p1 < p2

(B) p1 = p2

(C) p1 > p2

(D) not enough information to tell ←

1From Serway & Jewett, page 250.



Question
Quick Quiz 9.22 Your physical education teacher throws a
baseball to you at a certain speed and you catch it. The teacher is
next going to throw you a medicine ball whose mass is ten times
the mass of the baseball. You are given the following choices: You
can have the medicine ball thrown with

(i) the same speed as the baseball
(ii) the same momentum, or
(iii) the same kinetic energy.

Rank these choices from easiest to hardest to catch, in terms of
work done to catch the ball.

(A) (i), (ii), (iii)

(B) (iii), (ii), (i)

(C) (ii), (iii), (i)

(D) all are equivalent
2From Serway & Jewett, page 250.
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Summary

• finished power

• linear momentum

• momentum in an isolated system

Test Monday, Mar 2, energy and linear momentum.

(Uncollected) Homework Serway & Jewett,

• prev: Ch 8, onward from page 236. Probs: 29, 31, 41, 43, 57,
67 (power)

• new: Ch 9, onward from page 283. Probs: 1, 3, 5

• Read the first sections of Chapter 9, read ahead about
non-isolated systems.


