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To begin exploring this unit’s concepts,
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real-world problem.
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at fantastic speeds
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FIGURE 1: Each collision transfers energy among the metal balls.

The Newton’s cradle is a fun desk toy that also illustrates how moving objects interact.
If you pull back one of the end metal balls and release it, it will collide with the others
and come to a stop. On the far end, the last ball will swing out to approximately the same
height. Motion is transferred in a similar way when you strike a cue ball, kick a soccer ball,
or hit a baseball. In the Newton’s cradle, the energy you added to the system is transferred
through the system in a predictable way.

DRIVING QUESTIONS
As you move through the unit, gather evidence to help you answer the following
questions. In your Evidence Notebook, record what you already know about these topics
and any questions you have about them.
1. How does the mass of an object affect how easily its motion can be changed?
2. Which quantity do you expect to be conserved when two objects collide?
3. How can you predict the motion of objects after a collision?
4. When objects collide, what do you expect to be conserved and what might not be
conserved?

UNIT PROJECT

Modeling Stopping Distances
Go online to download
the Unit Project
Worksheet to help
plan your project.

76

On many roads, you may see a sign listing a different speed limit for trucks over a certain
weight, compared to the speed limit for cars. Why would two vehicles on the same road
have different speed limits? In this project, you will consider the momentum of a moving
vehicle and compare the distances or times needed to slow or stop the vehicle. Then you
will make an infographic that proposes speed limits and explains your reasoning.
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PREDICT If two hockey pucks are moving directly toward one another on smooth ice,
how will their motions change when they collide? Describe several possible results.

Language Development
Use the lessons in this unit to complete the chart and expand your
understanding of the science concepts.
TERM: momentum
Definition

Similar Term

Example

Phrase

TERM: impulse
Definition

Similar Term

Example

Phrase

TERM: elastic collision
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Definition

Similar Term

Example

Phrase

TERM: isolated system
Definition

Similar Term

Example

Phrase
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LANGUAGE DEVELOPMENT

TERM: inelastic collision
Definition

Similar Term

Example

Phrase

TERM: tectonic plate
Definition

Similar Term

Example

Phrase

TERM: deformation
Definition

Similar Term

Example

Phrase

Definition

Similar Term
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TERM: fracture

2.1

Momentum

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Kim Shiflett/NASA Kennedy
Space Center

Once launched, a rocket goes faster and faster.

CAN YOU EXPLAIN IT?
An unbalanced force must be exerted for a rocket to launch into space (Newton’s first law).
The amount of force acting on the rocket is related to the mass of the rocket fuel that is
burned and the mass and acceleration of the gases escaping the rocket (Newton’s second
law). The reaction to that force is the thrust, the upward push on the rocket, which is equal
to and in the opposite direction of the force (action) from the engine (Newton’s third law).
EXPLAIN Why does a rocket start off moving slowly and go faster as it climbs into space?

Evidence Notebook As you explore this lesson, gather evidence to explain how a rocket

engine makes a rocket move faster and faster after launching.

Lesson 1 Momentum

79

EXPLORATION 1

Quantifying Momentum
You may have heard the term momentum. In science, momentum has a specific meaning.
Let’s explore the scientific meaning of momentum.

Quantifying Motion
The car and truck in Figure 1 are both moving. If each vehicle needed to stop quickly, the
driver would apply the brakes. Think about what happens as each vehicle tries to stop.
FIGURE 1: The truck and the car are both in motion.

Newton’s first law tells us that an object in motion tends to stay in motion until acted
upon by an unbalanced force. An object in motion has a property called momentum. The
momentum of an object is related to the amount of force needed to change the object’s
motion in a given amount of time. In Figure 1, if the truck has a mass of 3000 kg and a
velocity of 10 m/s, its momentum is 30 000 kg∙m/s. If the car has half the mass of the truck
(1500 kg) but twice the velocity (20 m/s), its momentum is also 30 000 kg·m/s. The truck
and car have the same momentum, so they would be equally difficult to stop.
ANALYZE Think about examples of the way the word momentum is used in everyday
speech. How are they related to the meaning of momentum in physics?

80
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PREDICT Will the car or the truck in Figure 1 be more difficult to stop? What additional
information would you need to answer the question? What assumptions would you need
to make to answer the question?

FIGURE 2: The truck has twice the mass of the car, but it is moving at only half the speed of the car.

v = 10 m/s
v = 20 m/s

m = 3 000 kg

m = 1500 kg

MODEL The symbol used in physics for momentum is the variable p. Momentum is
calculated using velocity (v) and mass (m). Which of these equations shows the correct
mathematical expression for momentum?
a. p = mv

b. p = m/v

c. p = v/m

d. p = 1/mv

Collaborate With a partner, answer the following question: A 2 kg ball is rolling at 4 m/s, and

a 5 kg ball is rolling at 2 m/s. Which of the two balls has the greater momentum? Why?

Momentum Comparisons
Momentum is a vector quantity because it depends on the direction of the motion. That
is, to describe momentum, both the speed and direction are needed. By adding direction,
an object’s momentum is fully described. For this reason, the mathematical equation for
momentum uses velocity rather than speed.

Problem Solving

© Houghton Mifflin Harcourt Publishing Company

SAMPLE PROBLEM
ANALYZE
SOLVE

A 2250 kg pickup truck has a velocity of 25 m/s to the east. What is the
momentum of the truck?
Given: m = 2250 kg, v = 25 m/s to the east

Unknown: p = ?

Use the definition of momentum.
p = mv = (2250 kg)(25 m/s to the east)
p = 5.6 × 10 kg·m/s to the east.
4

PRACTICE
PROBLEM

SOLVE Answer the following questions:
1. A deer with a mass of 146 kg is running head-on toward you with a
speed of 17 m/s. You are going north. Find the momentum of the deer.

2. What velocity must a 1210 kg car have in order to have the same
momentum as the pickup truck in the Sample Problem?

Lesson 1 Momentum

81

FIGURE 3: These balls are rolling across the floor, and all have the

Explore Online

same momentum.

1

t=0s

2

t=1s

3

t=2s

The mathematical equation for momentum shows that if both the mass and velocity
are large, the momentum will also be large. Momentum is directly proportional to both
mass and velocity. Look at how these balls move to see how momentum, mass, and
velocity are related.
EXPLAIN Select the correct term to complete the statement about momentum.
For objects with the same momentum, as mass increases, velocity decreases | increases.

Momentum as a Vector
The momentum of an object can be represented as a vector, just as velocity and force
vectors can be used to represent movement and forces associated with an object.

mv1

mv2

Evidence Notebook In your evidence notebook, describe what is required to cause a change

in the velocity of an object.
82
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ANALYZE An object was moving with a velocity v1. After interacting with another object,
its velocity changed to v2. Draw a vector to show the direction of the required force to act
on the object in order to change its momentum from mv1 to mv2.

EXPLORATION 2

Impulse
An unbalanced force is required to change the motion of an object. If the unbalanced
force acts on the object over a period of time, it is called an impulse, or a change in
momentum. An impulse (I) is a vector quantity and is the product of the force (F) acting
on an object (a vector quantity) and the time interval (∆t) during which the force acts
on the object (a scalar quantity). The mathematical formula for impulse is I = F∆t.
To stop an object, the time required by a constant force is ∆t = ∆p/F, where ∆p and F
are in the same direction. If vf = 0, then this equation provides the stopping time of the
object. The impulse-momentum theorem relates the impulse on an object to its change
in momentum with the following equation: F∆t = ∆p. Given an impulse of F∆t, the same
change of an object’s momentum can be produced by either decreasing the force while
increasing the time interval or increasing the force while decreasing the time interval.

Change in Momentum
Think about a billiard ball hitting the raised edge of a pool table. When the ball hits the
edge, a small amount of energy is expended during the deformation of the ball and the
edge of the table. However, the ball and the edge of the table are sufficiently rigid that the
amount of the kinetic energy lost by the ball is very small. In this case, we can consider the
total kinetic energy of the system to remain constant. This is known as an elastic collision.
The speed of the ball is approximately the same before and after hitting the raised edge of
the table, but the direction of travel is opposite.

© Houghton Mifflin Harcourt Publishing Company

FIGURE 4: When the ball hits the raised edge of the table, the velocity is approximately the
same before and after impact, but the direction of travel is opposite.

a

Before

b

After

ANALYZE Select the correct terms to complete the paragraph. Assume the usual
convention: positive direction is from left to right.
The momentum of the ball is its mass times its velocity. After hitting the edge of the
table, the velocity of the ball changes from positive to negative | negative to positive.
As a result, the momentum of the ball changes from positive to negative |
negative to positive.

Lesson 1 Momentum
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Combinations of Force and Time
The impulse required to change the momentum of an object can be expressed as
F∆t = ∆p. If the change in momentum (∆p) is fixed, the equation may be solved using
many different combinations of F and ∆t. For example, a greater force over a shorter
period of time can produce the same momentum change as a lesser force over a longer
period of time.
FIGURE 5: A ball hits the raised edge of a table.

a

Before

b

During

c

After

APPLY Based on the diagram in Figure 5, what net force acted on the ball when it hit
the edge of the table? Describe ∆t in this scenario. What could be changed to reduce the
force on the ball while still having the ball experience the same change in momentum?

You have probably noticed that a ball moving very fast stings your hands when you catch
it, whereas a slow-moving ball causes no discomfort when stopped in the same amount of
time. The fast ball stings because it exerts more force on your hand than the slow-moving
ball does. This is one example of how the force acting on an object can be minimized for a
given change in momentum.

A system is any portion of the universe that one can select to study. A system is a
way of looking at a phenomenon by limiting the number of interactions considered
in the system to make the phenomenon easier to study. In an isolated system, there
are no external forces acting on any of its components. Ignoring friction from the
surface of the pool table and air resistance, two colliding billiard balls is an example
of an isolated system.
ANALYZE Define the billiard ball and the edge of the pool table as the components
of the system shown in Figure 5. Is it an isolated system? Is the total momentum of the
system conserved after a collision of the billiard ball and the edge of the pool table?

Evidence Notebook Describe the impulse on a rocket as it takes off and flies into space.

84
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Systems and System Models

EXPLORATION 3

Momentum of Interacting Objects
In an isolated system, there are no external forces acting on the objects in the
system. In an isolated system, the total momentum of all objects interacting
with one another remains constant regardless of the nature of the forces
between the objects. The collision between two objects may be analyzed
by comparing their initial momenta with their final momenta.

Explore Online

Hands-On Lab
Conservation of Momentum

Perform an experiment to verify the
law of conservation of momentum.

Forces in a System
ANALYZE Define the system shown as the ball, the raised edge of the table, and the side
of the table. To represent the moment of impact, draw arrows to show all the forces acting
on the three components of the system.

© Houghton Mifflin Harcourt Publishing Company

INFER For the system shown, what else do you think you would need to include in order
for it to be an isolated system?

Systems and System Models
In an isolated system, when a collision between two objects of the system occurs, the
total momentum of the objects before the collision is equal to the total momentum
of the two objects after the collision. That is, the momentum lost by one object is
equal to the momentum gained by the other object. Because this will always occur,
it is called the law of conservation of momentum. Within an isolated system, the total
momentum of the system is constant.

Lesson 1 Momentum
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Objects from Rest to Motion
In Figure 6, two people on roller skates are facing each other and touching hands. At the same
time, they push against each other. The people roll away from each other in opposite directions.
FIGURE 6: Two people push away from each other.

p1,f

a

Before

b

p2,f

After

MODEL Write equations to represent the initial and final momentum of the system
of the two skaters.
pi = _____________________

pf = _____________________

Are pi and pf equal? _____________________

Colliding Objects

An isolated system of two balls of equal mass on a surface is shown. One ball, the red ball,
is stationary, and the other ball, the white ball, is in motion and heading directly for the
red ball.
PREDICT Which statement describes what most likely happens just after the white ball
collides with the stationary red ball?
a. Both balls move to the right, but the red ball moves faster.
b. The balls move to the right together.
c. The white ball becomes stationary, and the red ball moves to the right.
d. The white ball moves to the left, and the red ball moves to the right.

Evidence Notebook Describe when you can use conservation of momentum to determine

the final conditions of objects involved in a collision. How can you use conservation of momentum
to analyze the momentum of a rocket before and after launch?
86
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FIGURE 7: A moving ball is about to hit a stationary ball and transfer all of its momentum.

TAKE IT FURTHER

Careers in Engineering
FIGURE 8: Hunjoo Kim, NASA JPL (left), and Ashley Karp, NASA JPL (right), attach heat sensors
to the Peregrine Hybrid Rocket Engine prior to its test at the Outdoor Aerodynamic Research
Facility at NASA’s Ames Research Center.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Don Richey/NASA Ames Research
Center

Rocket Engineer

Language Arts Connection

Rocket engineers work on the design and manufacture
of rocket-propelled spacecraft. They can specialize
in particular fields such as fuel systems, acoustic,
aerodynamics, or guidance systems. Some rocket
engineers specialize in quality control inspections.
Rocket engineers who specialize in fuel systems evaluate
the design specifications of rocket engines to determine
the amount of thrust they produce. The product of force
and time is the impulse. The impulse provided by the
rocket engine is critical in causing a stationary rocket
to start moving as it lifts off the launch pad and flies.
A rocket engineer evaluates information from many
different sources to help select criteria for choosing a
rocket engine with enough thrust while keeping design
constraints such as cost, weight, and availability in mind.
Engineering in Your Community Engineers
from diverse backgrounds are responsible for many
advances in the fields of rocket science and propulsion. Research
an engineer whose work has benefited your community.
ACCELERATION
IN A VACUUM

SATELLITE LAUNCH

Gather information about model rocket engines, the
amount of thrust they produce, and the mass of the rocket they
can launch. Use the following questions to guide your research:
• What is the mass of the model rocket?
•	How are model rocket engines rated based on thrust and
mass of the rocket?
•	What other considerations are necessary when choosing
a model rocket engine?
Next, use the Internet to gather charts or tables of model
rocket engine data. Include examples from different
manufacturers of model rocket engines.
Last, write a brief essay that explains the selection criteria
for at least two rocket engines from different manufacturers.
As you write, be sure to address the following points:
• The specifications of the model engines selected
•	The criteria used to evaluate the suitability for model
rocket engines
•	The manufacturer and model numbers for the model
rocket engines you chose

INVESTIGATING
NEWTON

Go online to choose one
of these other paths.
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EVALUATE

Lesson Self-Check
CAN YOU EXPLAIN IT?

There are some unique characteristics of rocket motion. First, the thrust for the rocket
continues for as long as its engines are firing. Also, the mass of the rocket changes during
flight. Its mass is the sum of all its parts: engines, fuel tanks, payload, control system,
and fuel. The largest part of the rocket’s mass is its fuel, and it constantly changes as
the engines fire.
Evidence Notebook When a rocket launches, it begins moving slowly and accelerates

as it climbs into space. Refer to your notes in your Evidence Notebook to construct an
explanation for this question using a claim, evidence, and reasoning. Your explanation should
include a discussion of how a rocket’s velocity increases.
1. How does the mass of a rocket change in flight?
2. How do forces cause a rocket to change its velocity?
3. How does the velocity of a rocket change as it takes off?
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FIGURE 9: The rocket engine provides the force to launch a rocket.

Name

Date

CHECKPOINTS
Check Your Understanding
1. What is the magnitude of the momentum
of a 1000 kg car traveling at 5 m/s?
a. 200 kg∙m/s
b. 1000 kg∙m/s
c. 5000 kg∙m/s
2. What happens to an object’s momentum if its
mass is reduced by half but its velocity remains
the same?
a. The momentum doubles.
b. The momentum remains the same.
c. The momentum is reduced by one half.

© Houghton Mifflin Harcourt Publishing Company

3. Which of the following have a greater momentum
than a 10 kg ball rolling at 10 m/s? Select all correct
answers.
a. a 1 kg ball rolling at 50 m/s
b. a 5 kg ball rolling at 25 m/s
c. a 20 kg ball rolling at 10 m/s
d. a 50 kg ball rolling at 5 m/s
e. a 100 kg ball that is stationary
4. Select all of the statements that are true
about momentum.
a.	Two objects with the same mass have the
same momentum.
b. An object with mass also has momentum.
c. Momentum is a vector quantity.
d. Two objects with different velocities but the
same mass have the same momentum.
e. An object’s momentum varies with velocity.
5. Which equation is used to calculate the change
in momentum from an impulse?
a. p = mv
b. ∆p = mv
c. p = F∆t
d. ∆p = F∆t

6. Which of the following is the mathematical
definition of an impulse?
a. force times change in velocity
b. force times change in distance
c. force times change in time
7. A heavy object and a light object have the same
momentum. Which object has the greater velocity?
a. The heavier object has the greater velocity.
b. The lighter object has the greater velocity.
c. They have the same velocity.
8. Which is true about the momentum in an isolated
system for a collision of two objects in the system?
a. The total momentum is the same before and
after the collision.
b. The total momentum is less before
the collision than after the collision.
c. The total momentum is greater before the
collision than after the collision.
9. Two people on roller skates are facing each other
and not moving. Select all correct statements.
a. Both have a momentum of zero while
stationary.
b. If they push on each other and
start moving, one has a positive velocity,
and the other has a negative velocity.
c. If they push on each other, the person
with the smaller mass will have the greater
momentum.
d. If they push on each other, the
person with the greater mass remains
stationary while the other person moves.
e. The momentum of each person stays
constant, whether stationary, pushing on the
other person, or after pushing.
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EVALUATE

CHECKPOINTS (continued)
10. A billiard ball collides with an identical stationary billiard ball. Assuming that the
collision is elastic, which of the following is true of the ball that was originally
stationary?
a. It moves in the opposite direction as the ball that collided with it, and it has
half the velocity.
b. It moves in the same direction and with the same velocity as the ball that
collided with it.
c. It remains stationary.
11. Describe how it is possible for a very small force to provide a very large change
in momentum of a moving object.

12. Describe how two objects with different masses can have the same momentum.

MAKE YOUR OWN STUDY GUIDE
In your Evidence Notebook, design a study guide that supports the main ideas from this lesson:
Momentum is a vector quantity that is the product of mass and velocity.

Remember to include the following information in your study guide:
• Use examples that model main ideas.
• Record explanations for the phenomena you investigated.
• Use evidence to support your explanations. Your support can include drawings, data, graphs,
laboratory conclusions, and other evidence recorded throughout the lesson.
Consider how momentum is conserved in an isolated system when investigating or describing a collision.
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In an isolated system, the total momentum is conserved before and after a collision.

2.2

Collisions and
Tectonic Plates

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©Fstop/Photodisc/Getty Images

In an accident, the airbag rapidly inflates to protect the driver.

CAN YOU EXPLAIN IT?
For many years, seatbelts were the main protection for drivers and passengers in cars.
Airbags were added to cars to make them safer in an accident. An airbag is like a big
pillow that rapidly inflates during a collision. Like a pillow, the airbag cushions the driver
and passengers.
EXPLAIN Describe what happens to a driver in a collision that triggers the airbag to
deploy. How does the airbag protect the driver?

Evidence Notebook As you explore this lesson, gather evidence to explain how a device

can minimize the force on a object during a collision.
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EXPLORATION 1

Types of Collisions
Explore Online

During a collision of two objects, the objects come in contact and may transfer
momentum from one to the other. If the objects are part of an isolated
system, the total momentum is conserved. After the collision, the objects
Collisions
may continue moving together or bounce off each other. If the two objects
Examine the elasticity of collisions for stick together and continue moving as a single object, this is called an inelastic
different materials.
collision. In this type of collision, momentum is conserved but kinetic energy
is not. A collision in which two objects bounce off each other and momentum and kinetic
energy are conserved is called an elastic collision.
Hands-On Lab

Head-On Collisions
Suppose a person is moving along a sidewalk on a skateboard. Without pausing, she
picks up a backpack. You can analyze the situation as an inelastic collision. How you
describe the momentum of the skateboarder and the backpack depends on how you
define the system. If the system is both the skateboarder and backpack, then momentum
is conserved. However, you might need to define the system as only the skateboarder
or only the backpack. In that case, an external net force is applied to the system, and
momentum is not conserved within the system.
Explore Online

APPLY What do you expect to happen after the collision of the skateboarder and
the backpack?
a. The skateboarder will stop.
b. The skateboarder will move backwards.
c. The skateboarder will move in the same direction but slower.
d. The skateboarder will move in the same direction but faster.
Before the skateboarder picks up the backpack, the skateboarder has a certain
momentum, and the bag has zero momentum. When the skateboarder picks up the
backpack, both the skateboarder and the backpack move together. The momentum of
the combined skateboarder and backpack is equal to the momentum of the skateboarder
before picking up the backpack because momentum is conserved.
Collaborate With a partner, discuss the following scenario: an ice skater accidentally

collides with another skater who is standing on the ice. Is it possible for both skaters to be at
rest immediately after the collision? Write a summary of your discussion with your partner.
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FIGURE 1: Collision between a skateboarder and a backpack

Problem Solving

Momentum
SAMPLE
PROBLEM

A roller skater of 60 kg moving with a velocity of 12 m/s picks up a basket of 5 kg.
What is the final velocity of the person traveling with the basket?

ANALYZE

Given: m1 = 60 kg and m2 = 5.0 kg		
v1 = 12 m/s to the east and v2 = 0.0 m/s

Unknown: pf = ?
SOLVE

Use the definition of momentum to find the initial momentum of the system.
p = mv = (60 kg)(12 m/s to the east) + (5.0 kg)(0.0 m/s) = 720 kg·m/s to the east
Use the law of conservation of momentum.

pf = pi
pf = 720 kg·m/s to the east = (60 kg + 5 kg) vf
vf = 11 m/s to the east
P R AC T I C E
PROBLEMS

SOLVE Answer the following questions:
1. A 1500 kg car traveling at 15 m/s to the south collides with a 4500 kg truck that is
initially at rest at a stoplight. The car and the truck stick together and move together
after the collision. What is the final velocity of the two-vehicle mass?

2. A grocery shopper tosses a 9.0 kg bag of rice into a stationary 18 kg grocery cart.
The bag hits the cart with a horizontal speed of 5.5 m/s toward the front of the cart.
What is the final speed of the cart and the bag?

3. A 47.4 kg student runs down the sidewalk and jumps with a horizontal speed of
4.2 m/s onto a stationary skateboard. The student and skateboard move down the
sidewalk with a speed of 3.95 m/s. Find the following:
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a. the mass of the skateboard

b. how fast the student would have to run initially to have a final speed of 5.0 m/s

4. A boy on a 2.0 kg skateboard initially at rest tosses an 8.0 kg jug of water in the forward
direction. If the jug has a speed of 3.0 m/s relative to the ground and the boy and
skateboard move in the opposite direction at 0.60 m/s, find the boy’s mass.

5. A bumper car with a mass of 150 kg is moving forward at 10 m/s. It collides with a
stationary bumper car with a mass of 200 kg. After the collision, the 200 kg bumper
car moves forward at 8.0 m/s. Does the 150 kg bumper car continue to move forward
or backward after the collision?
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Consider a collision between two bumper cars of masses m1 and m2. Before the collision,
the velocities of the two bumper cars are v1,i and v2,i respectively. After the collision, their
velocities are v1,f and v2,f respectively.
FIGURE 2: Collision between two moving bumper cars

F1

m1

m2

v1,i

m1

v2,i

v1,f

F2

m2

v2,f

APPLY What happens to the total momentum of the system of the two bumper cars after
a collision? Select all correct answers.
a. There are two external forces acting on the system.
b. The total momentum of the system is m1v1,i + m2v2,i = m1v1,f + m2v2,f.
c. There are no net external forces acting on the system.
d. The momentum of the bumper car m1 has the same magnitude but
opposite direction as the momentum of the bumper car m2.
e. The change in the total momentum of the system is twice its initial momentum.
EXPLAIN A person driving a bumper car will feel a jolt during a collision. Based on your
knowledge of momentum and collisions, in which type of bumper car collision will the
driver experience the biggest jolt: colliding with another bumper car moving in the same
direction, colliding with a stationary bumper car, or colliding with a crash barrier?

Elastic and inelastic collisions occur all the time. An example of an inelastic collision
is two lumps of clay thrown at each other. The two lumps of clay stick together. The
lumps move in the direction that the larger lump was traveling but slower. Because
the mass increases, the momentum remains the same, so it is conserved. However,
the mashing together of the clay generates heat, so the kinetic energy is not conserved.
An example of an elastic collision is when a moving billiard ball strikes another ball.
The stationary ball begins moving at the same speed as the other ball, and the other
ball stops. In this case, momentum and kinetic energy are conserved.

Evidence Notebook Describe what happens to the momentum of each of two colliding

objects when they stick together and when they bounce off each other after a collision.
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Energy and Matter

EXPLORATION 2

Relating Impulse and Momentum
A moving object has momentum, and that momentum is the product of its mass and
velocity. A moving object’s momentum changes as its velocity and/or mass changes.
Applying a force to an object and changing the velocity of the object thus changes its
momentum. Applying a force to an object takes place over a certain amount of time.
A force may be applied over a short time or a long time. The measure of the amount
of force over time is called an impulse. The greater the impulse exerted on an object,
the greater the change in its momentum.

Newton’s Second Law and Impulse
According to Newton’s second law of motion, the acceleration of an object is directly
proportional to the net force acting upon the object and inversely proportional to the
mass of the object. Impulse is defined as a force applied for a period of time. Impulse is
actually the same as the change in momentum. In a collision, the impulse on an object
is equal to the change in the object’s momentum.
SOLVE Newton’s second law of motion is often expressed as F = ma, but when Newton
initially expressed the second law, he wrote it as F = Δp/Δt. Select the correct expressions
and order them to show how these two equations are equivalent.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: ©DecHogan/iStock/Getty Images
Plus/Getty Images

Fm

Δv/Δt

mΔv

Δd/Δt

mΔv/Δt

mΔt

mv

F = ma
a=
p=

, so F =
, so Δp =
F = Δp/Δt

Impulse and Momentum in Sports

FIGURE 3: The catcher catches the ball with

a mitt.

According to Newton’s second law, any change in an object’s
motion is closely related to the force applied. Sports provide
many excellent examples of this relationship. The expression
FΔt is called the impulse of the force F for the time interval Δt.
The impulse-momentum theorem relates the impulse exerted
on an object to its change in momentum: FΔt = Δp. Both force
and momentum are vectors.
When a catcher catches a baseball, the interaction between the
mitt and the baseball is a type of collision. In this collision, four
things are the same for both the mitt and the ball—the force exerted,
the time over which the force acts, the impulse delivered, and the
change in momentum.

Lesson 2 Collisions and Tectonic Plates

95

SOLVE Which of the following interactions occur between the ball and catcher’s mitt?
Select all correct answers.
a. The ball exerts a force on the catcher’s mitt.
b. The catcher’s mitt exerts a force on the ball.
c. The force on the ball cancels the force on the mitt.
d. During the interaction, Δt is the same for the ball and for the mitt.

e. During the interaction, Δt is twice as long for the ball as it is for the mitt.

Problem Solving
SAMPLE
PROBLEM

A baseball with a mass of 0.145 kg travels toward a catcher at a speed of
30 m/s. The catcher’s mitt brings the ball to rest in 0.20 s. Find the force
exerted on the ball by the mitt.

ANALYZE

Given: m = 0.145 kg			

    vi = 30 m/s toward the catcher
   Δt = 0.20 s
     
vf = 0 m/s
Unknown: F = ?
SOLVE

Use the impulse-momentum theorem.
FΔt = Δp
mv   − mv  
F=_
  f  i
Δt

m
_
(0.145 kg) (0 _
 m
s ) − (0.145 kg) (−30   s )
____
 
  
 
F =    
0.20 s
4.35 kg·m/s
F =   _
 
0.20 s
F = 21.75 N in the direction from the mitt to the ball
SOLVE Answer the following questions.
1. A 0.50 kg football is thrown with a velocity of 15 m/s to the right.
A stationary receiver catches the ball and brings it to rest in 0.020 s.
What is the force exerted on the ball by the receiver?

2. An 82 kg man drops from rest on a diving board 3.0 m above the surface
of the water and comes to rest 0.55 s after reaching the water. What is the
average net force on the diver as he is brought to rest?
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PRACTICE
PROBLEMS

A baseball field is a park shaped as a diamond. The field has three bases—first, second,
and third—placed on three different corners. Roughly in the center of the field, there is
the pitcher’s mound. Facing the pitcher’s mound is the spot for the batter, which is also
the home plate. In front of the pitcher and right behind the home plate is the catcher’s
location. The right outfield is the area beyond first and second bases, and the left outfield
is beyond second and third bases. Center field is beyond second base.
FIGURE 4: Baseball field

center fielder
right fielder

left fielder
shortstop

second baseman

third baseman

first baseman
pitcher
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batter
catcher
The pitcher throws the baseball toward the
batter and the catcher. The batter tries to hit
the ball, and if the batter misses, the catcher
catches the ball. The pitcher controls the
path and the speed of the baseball in such
a way as to make it difficult for the batter to
hit the ball. If the batter hits the ball, the ball’s
velocity changes direction, and it moves
outward into the field.

FIGURE 5: The pitcher throws the ball
toward the batter and the catcher.

ANALYZE How could a coach use the idea
of impulse to help these players be most
effective in their position?
Pitcher:

Batter:

Catcher:
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Stopping Distances and Times
The mass of a vehicle is an important factor in how fast the vehicle can stop. Stopping
distance includes both the braking distance and the reaction time of the driver. The
braking distance is the distance a vehicle travels after the brakes are applied.
FIGURE 6: BrakingSpeeds
distances
a car, bus,
and truck
andfor
Braking
Distances
for Car, Bus, and Truck

80

Speed (km/h)

70
60
50
40
30

Car (m = 1800 kg)
Bus (m = 15 000 kg)
Truck (m = 80 000 kg)

20
10
0

0

10

20

30
40
50
Braking distance (m)

60

70

80

EXPLAIN Select the correct terms in the sentences to compare the braking distances
of the vehicles described by the graph.
If the three vehicles are traveling at the same speed and all experience the same
braking force, the bus | car | truck will always have the shortest braking distance
because it has the greatest | smallest mass. The car | truck can have a shorter braking
distance than the bus only if the speed of the bus is greater.

Stability and Change

EXPLAIN Considering the car as the system, why is the car’s momentum not
conserved over the process of coming to rest?

Evidence Notebook Describe the differences between the change in momentum when a car

is stopped with the brakes and when a car is stopped in a collision.
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The graph in Figure 6 shows that a car driving at 80 km/h has a braking distance
of about 30 m.

EXPLORATION 3
Engineering

Modeling Impact Protection
The purpose of this activity is to design a device to protect an egg in a cart during a collision.
MAKE A CLAIM

How can a protective device minimize the magnitude of the net force acting on an egg
in a cart during a collision?

POSSIBLE MATERIALS

• safety goggles, nonlatex apron, nonlatex gloves
• eggs, uncooked
• materials, such as pillows, packing peanuts, bubble packing, plastic bags, and newspaper
• open cart, small
SAFETY INFORMATION

• Wear safety googles, a nonlatex apron, and nonlatex gloves during the setup, hands-on,
and takedown segments of the activity.
• Immediately pick up any items dropped on the floor so they do not become a slip/fall hazard.
• Wash your hands with soap and water immediately after completing this activity.
• Never eat any food items used in a lab activity.
PLAN THE INVESTIGATION

• Design and build a device with features to protect the egg in a cart during a collision.
• Take the cart and egg to the crash zone test area, and crash the cart at various speeds.
safety goggles

• Make modifications to the design as needed, and repeat testing.
ANALYZE
© Houghton Mifflin Harcourt Publishing Company

1. List the constraints you encountered while designing and building your protective device.

2. Describe the device you designed. Include its dimensions, the materials used in its
construction, and any other details you think are important in the design.

3. Explain how the design of your device relates to the concepts of momentum and
impulse. In your explanation, describe what happens to an egg when the cart crashes.
Describe how the device minimizes the force on the egg to prevent it from cracking.

Evidence Notebook Compare the design of your device to an airbag in a car.
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EXPLORATION 4

Tectonic Plate Collisions
You cannot feel it, but the ground beneath you is in continual motion. This is because
Earth’s outermost layer is broken up into pieces called tectonic plates. These plates
move very slowly, on the scale of only a few millimeters to a few centimeters per year.

Deformation of Earth’s Crust
Tectonic plates push together, pull apart, or slide past each other. As plates interact, stress
acts along the edges of the plates, or plate margins, and deforms Earth’s crust. Stress refers
to a force applied over a specific area. Whether rock folds or fractures under stress depends
on the rock type, the impulse, and several other factors. It may be easy to imagine how
stress can cause rock to break, or fracture, but rock can also bend and fold. Rock bends and
folds at great depths, where temperature and pressure are high, or when fluids are present
within the rock. Near the surface, most types of rock are more brittle and tend to fracture
under stress.

Engineering

FIGURE 7: Objects react differently under physical stresses.

a

Rubber bands stretch.

b

Cans bend.

c

Vases fracture.

d

Balls bounce.

PREDICT Some car parts are designed to withstand minor accidents with little or no
damage. These are the parts of a car that would most likely be involved in a minor
accident. Which parts of a car are designed to regain their shapes after deformation?

EXPLAIN What materials might be useful in modeling how rock folds or breaks?
How are the materials similar to and different from rock?
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Look at these four examples of objects under stresses. Deformation is an important
part of the energy balance that minimizes forces during tectonic plate collisions.
Deformation can be elastic, where shape is regained after collision, or plastic, where
shape is not restored.

Hands-On Lab

Design a Plate-Boundary Model
As a group, choose one type of plate boundary to model. Perform research to learn more
about that type of plate boundary, how rock at the boundary is deformed, and where
these boundaries are located on Earth.
MAKE A CLAIM

Do all types of rock deform the same way at a plate boundary?

POSSIBLE MATERIALS

• safety goggles, nonlatex
apron, nonlatex gloves

• marking pens

• sand

• newspaper

• tape

• clay

• plastic knife

• toothpicks

• computer, Internet access

• rubber bands

• wax

• gravel

• ruler

• wax paper

SAFETY INFORMATION

• Wear safety googles, a nonlatex apron, and nonlatex gloves during the setup, hands-on,
and takedown segments of the activity.

safety goggles

• Use caution when using sharp tools, which can cut or puncture skin.
PLAN THE INVESTIGATION

• Develop a written plan to make a physical model. Include diagrams indicating what
your model will show. Describe how you will model how rock is deformed at the plate
boundary. List all materials needed to complete your physical model.
• Submit your plan for your teacher's approval. Make any necessary changes to your plan.
© Houghton Mifflin Harcourt Publishing Company

• When you have final approval for your plan, begin building your physical model.
• After completing your model, prepare a short demonstration to deliver to your class.
ANALYZE

1. Identify the type of tectonic boundary you modeled, and briefly describe what it shows.

2. Describe the stresses that your model shows. How does rock respond to the stresses at
that type of boundary?
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Stresses in Plate Tectonics
The boundary where two tectonic plates meet and push into one another is called
a convergent boundary. In a divergent boundary, two tectonic plates move away from
each other. In a transform boundary, two tectonic plates slide past each other horizontally.
MODEL The type of stress on two interacting tectonic plates depends on the way each
plate is moving at a plate boundary. What type of stress do you expect at a divergent
boundary?
a. compression
b. friction
c. shear
d. tension
FIGURE 8: The arrows on each tectonic plate show its speed and direction relative to other plates.
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Source: Kreemer et al, 2014

EXPLAIN What do you think is happening to Earth’s crust along the boundary between
the Pacific and Nazca plates?

102

Unit 2 Momentum and Collisions

© Houghton Mifflin Harcourt Publishing Company

Plate boundary
Velocity

Shear Stress and Transform Boundaries
Transform boundaries are places where two tectonic plates slide
sideways past each other. Because the two plates are sliding past
each other, the stresses do not produce tall mountains or other
features. However, there are significant stresses present in these
types of boundaries. The stresses in these boundaries are called
shear stresses.

FIGURE 10: California’s San Andreas Fault
marks a plate boundary between the
North American plate and the Pacific
plate. These plates are moving along the
boundary between them. The Pacific plate
is moving toward the northwest while the
North American plate is moving toward the
southwest.

FIGURE 9: A closer view of part of the San Andreas Fault

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (l) ©Francois Gohier/Science
Source; (r) ©Craig Aurness/Corbis/VCG/Getty Images

EXPLAIN In the closer view of the San Andreas Fault, you can see two streambeds. What
do you notice where the fault cuts across these streambeds? Explain how plate motion has
affected Earth’s surface here.

Compression and Convergent Boundaries
When two plates collide at a convergent boundary, rock is subjected to compressional
stress. This kind of stress squeezes rock and pushes up mountains. The Indian plate has
been colliding with the Eurasian plate for hundreds of millions of years. The compressional
stress has deformed the crust over this time into the tallest mountain chain on Earth, the
Himalayan Mountains. These mountains are still growing today because they are rising
slightly faster than erosion can wear them down.
PREDICT What might happen if the Indian and Eurasian plates continue to move toward
each other for hundreds of millions of years into the future? How might this affect organisms
that live in the mountains?
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FIGURE 11: When two tectonic plates collide, the stresses at the boundary push up mountains. The
Indian plate has been pushing against the Eurasian plate for hundreds of millions of years, forming
the Himalayan Mountains. These mountains still grow vertically at a rate of more than 1 cm/y.

a

Convergent boundary

b

Indian and Eurasian plates

Tension and Divergent Boundaries
At a divergent boundary, plates move away from each other. Where divergent boundaries
exist on continents, rift valleys form as the crust is stretched and thinned by tensional stress.
This tensional stress also causes rock to fracture near the surface. Magma rises to the surface
through these fractures and cools to form new crust. As the two plates continue moving
apart, this process continues making new crust. If this process continues, water can begin
filling in the low-lying rift valley and form a sea. Eventually, an ocean basin can form.
Where divergent boundaries exist on the ocean floor, they are marked by a feature
called a mid-ocean ridge.

a

Divergent boundary

b

A rift valley can form as hot, rising mantle
material thins and spreads the crust.

EXPLAIN Select the correct terms to complete the paragraph.
Tensional stress at a convergent | divergent | transform plate boundary can form
ocean basins over hundreds of millions of years. The two plates at this boundary are
moving away from | toward | horizontally past each other.

Evidence Notebook Compare and contrast the motion and forces at convergent boundaries

to those at a car crash. Explain how they are similar and different.
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FIGURE 12: As a divergent boundary forms, tensional stress stretches and fractures Earth’s crust.

TAKE IT FURTHER

Guided Research
Cosmic Dust
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FIGURE 13: GIADA analyzes the characteristics of a
comet’s dust particles.

The European Space Agency’s Rosetta Mission was
designed to study the structure and composition
of comets. One of Rosetta’s instruments was the Grain
Impact Analyzer and Dust Accumulator (GIADA). This
instrument analyzed the dust of the comets as Rosetta
traveled through space. The instrument measured the
number, mass, momentum, and velocity distributions
of dust grains near the comet. The momentum of
these dust grains was measured with a special sensor.
Scientists analyzed this information to learn more
about dust in the comet’s tail.

Language Arts Connection

Using credible print or online sources, research
to learn more about GIADA and how the data from GIADA
are used by scientists. Use the following questions to help
guide your research:
• What is one problem that NASA engineers had to
solve before GIADA left the launchpad?
• How do you think engineers solved the problem of
measuring the momentum of fast, tiny particles?
• What sort of information came from GIADA and how
was it gathered?
• What have scientists learned from GIADA about dust
particles?
• How have scientists used this information to understand
the comet’s composition and the processes on its
surface?
• How could the GIADA spacecraft help us learn about
the ancient history of planet Earth?
Use your research to make a written report describing GIADA
and how scientists have used its data.

Use a variety of primary and secondary sources to find
out more about GIADA and the Rosetta Mission and
what scientists have discovered from the data.

CRASH TESTS

TECTONIC & CLIMATE
INTERACTIONS

EGG DROP

Go online to choose one
of these other paths.
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Lesson Self-Check
CAN YOU EXPLAIN IT?
FIGURE 14: In an accident, the airbag rapidly inflates to cushion and protect the driver.

Car seatbelts and airbags are safety features designed to protect the driver and passengers
in a collision. Car manufacturers include other ways to make cars safer. Crumple zones
absorb some of the impact of the collision. Materials used in crumple zones may have
properties of elastic deformation or plastic deformation. Parts with elastic deformation
regain their shape after impact, while parts with plastic deformation do not. For example,
a spring undergoes elastic deformation while a tin can undergoes plastic deformation.
Both elastic and plastic deformation absorb some of the energy of an impact, so it is less
likely to injure the driver and the passengers.
The key to many car-safety features is the concept of momentum. Most cars have an
electronic sensor that detects sharp decelerations and sends a signal to inflate an airbag.
In a collision, the airbag rapidly inflates to protect the driver. The airbag acts as a pillow
between the driver and the steering wheel and windshield. Mechanical and chemical
engineers work together to design airbags. Properly engineered airbags must work in the
space between the driver and the steering wheel, inflate quickly and deflate at the right
time, and deploy only during moderate or high-impact collisions.
Evidence Notebook Describe what happens to a driver in a collision that triggers the

airbag to deploy. How does the airbag protect the driver? Refer to the notes in your Evidence
Notebook to construct an explanation for this question using a claim, evidence, and reasoning.
Include a discussion of forces and material stresses in a collision.
1. How does an airbag protect the driver in a collision?
2. What stresses affect the car and driver in a collision?
3. How does an airbag change the momentum in a collision?
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When cars collide on a freeway, the resulting rapid change in speed can cause injury or
death to drivers and passengers.

Name

Date

CHECKPOINTS
Check Your Understanding

1. Select the correct terms to complete the
paragraph.
A student on a skateboard is rolling down the
sidewalk. She picks up a satchel full of library
books with a mass of 7 kg. When she does this, her
velocity decreases | increases | remains the same
and her momentum decreases | increases |
remains the same.
2. A bumper car with a mass of 86 kg is traveling
at 3.6 m/s. A bumper car with a mass of 98 kg is
traveling at 1.6 m/s in the opposite direction.
After the collision, the 86 kg bumper car travels
at −0.5 m/s. What is the speed of the 98 kg
bumper car after the collision?
a. 3.1 m/s
b. 2.0 m/s
c. 1.8 m/s
d. 1.1 m/s
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3. What happens when a moving bumper car collides
with a stationary bumper car?
a. The stationary bumper car gains momentum.
b. The moving bumper car gains momentum.
c. Momentum is not transferred between the
bumper cars.
d. The total momentum after the collision is less
than the total momentum before the collision.
4. A baseball with a mass of 0.165 kg travels toward
the outfield at a speed of 47 m/s. The outfielder’s
glove brings the ball to rest in 0.20 s. What is the
average force exerted on the ball by the glove?
a. 1.6 N
b. 23 N
c. 39 N
d. 57 N

5. Select the correct terms to complete the
statement.
Impulse is a scalar | vector quantity, and it is
mathematically expressed as mv | Δp/Δt |

Δp | p/v.

6. Which of the following are examples of impulse
acting on a baseball? Select all correct answers.
a. t he catcher catching a pitch with the
catcher’s mitt
b. an outfielder throwing the ball to the pitcher
c. the batter swinging and missing the ball
d. the third baseman scooping up a rolling ball
e. the pitcher throwing the ball into his own glove
Select the correct terms to complete the statement.

7. The different types of plate boundaries are
associated with certain types of landforms.
High mountain ranges are associated with
convergent | divergent | transform boundaries.
Offset streams are associated with convergent |
divergent | transform boundaries. Rift valleys are
associated with convergent | divergent | transform
boundaries.
8. Ocean basins form as the crust is stretched at
convergent | divergent | transform boundaries.
The stress caused by the motion of these plates is
compressional | tensional | shear.
9. A scientist is studying a transform boundary.
The stress caused by the motion of these plates is
compressional | tensional | shear.
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CHECKPOINTS (continued)
10. Select the correct terms to complete the statement
about how the mass of a vehicle relates to its
braking distance.

11. Select the correct terms to complete the
statement.
When a baseball player catches a baseball, the

A 5000 kg truck, a 3000 kg bus, and a 1000 kg car

force exerted by the ball on the glove is equal to |

are traveling at 85 km/h. The drivers of all three

greater than | less than the force the glove exerts

vehicles apply the brakes at the same time with

on the baseball. The time interval for interaction

the same braking force. The bus | car | truck is the

between the glove and baseball is equal to |

first vehicle to stop, and the bus | car | truck is the

greater than | less than the time interval for

last vehicle to stop.

interaction between the baseball and glove.

12. Two identical large trucks are carrying loads. Truck 1 has a 5000 kg load, and truck 2
has a 4000 kg load. If the same braking force is applied, predict how the braking
distance of each truck traveling with the same velocity compares to an empty truck
traveling at the same velocity.

13. When a baseball batter hits a baseball, describe what happens to the velocity and
momentum of the ball.

In your Evidence Notebook, design a study guide that supports the main ideas from this lesson.
Collisions involve a change in momentum and kinetic energy.
An impulse is a force exerted over a period of time.
The force of a collision can be minimized if it is spread over a long time.
The forces in tectonic plate collisions depend on the relative motion of the plates.
Remember to include the following information in your study guide:
• Use examples that model main ideas.
• Record explanations for the phenomena you investigated.
• Use evidence to support your explanations. Your support can include drawings, data, graphs,
laboratory conclusions, and other evidence recorded throughout the lesson.
Consider how a change in momentum in a car collision can affect the driver.
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MAKE YOUR OWN STUDY GUIDE

UNIT CONNECTIONS

Physical Science Connection

FIGURE 1: The impactor needs to change
the path just enough to miss Earth.

Deflecting Asteroids Sentry is an automated collisionmonitoring system run by the NASA Jet Propulsion Laboratory,
that automatically scans the most current asteroid catalog for
possibilities of future impacts with Earth. If Sentry ever finds and
confirms a danger, engineers will figure out how to divert it. One
proposal that has been tested on a small scale is kinetic impaction.
A large, high-speed spacecraft crashes into the object. The
impact deflects the asteroid into a different path through space,
protecting Earth. This is a long-term project. It might take 20 years
or more to design and build an impactor for large asteroids.

Research several proposals to avoid an asteroid impact. Write a blog
post that describes the science behind one or more proposals. Evaluate
the claims and evidence for the proposal.

Art Connection

FIGURE 2: Dancers control momentum as
they perform a routine.

© Houghton Mifflin Harcourt Publishing Company • Image Credits: (tr) ©NASA; (cr) ©Will Ragozzino/
Patrick McMullan/Getty Images

Dancing with Momentum Dancers use physics all of the time.
They may not calculate forces and momentum as they choreograph
their moves, but they use experience and practice to know what
happens with each push or pull. A good dance looks effortless and
fluid, but this illusion requires careful use of the physics of motion.

Research choreographed dance routines. Find good examples to
show how forces and momentum enable a dancer with a partner
to move in ways that would not be possible for a single dancer. Prepare a
diagram with the choreography for a short dance sequence, either from a
source or designed by you. Include labels about how energy and
momentum are exchanged.

Computer Science Connection
Modeling Motion Whether you are swinging at a baseball,
gathering objects, or shooting asteroids in space, video games
include motion and collisions. If programmers want the game to
be compelling, they have to make the motion appear realistic.
A game that violates the rules of physics (unless that is the intent)
is not interesting because the model makes no sense and the
game is not playable. Programmers must understand the physics
of motion and the mathematics behind it to make the game work.

Research how programmers apply mathematics to model the
physical concepts of motion. Prepare a presentation illustrating
and explaining the motion in a video simulation, or write a simple code
that models a collision on a computer screen.

FIGURE 3: In this model, the purple ball rolls
to the right and strikes a stationary red ball.
After the collision the purple ball moves up
and right while the red ball moves down
and right.
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SKY BOAT PUSHER

A BOOK EXPLAINING
COMPLEX IDEAS USING
ONLY THE 1,000 MOST
COMMON WORDS

Machines that push other
machines through the air

RANDALL MUNR
OE
XKCD.COM

© Houghton Mifflin Harcourt Publishing Company

You’ve learned about momentum and how it is
conserved. How does a jet engine increase an
aircraft’s momentum, moving it forward? Here’s
an explanation in simple language.

110

Unit 2 Momentum and Collisions

KINDS OF PUSHERS
Small sky boats and large ones all work by pushing air, but
different kinds of sky boats use different kinds of pushers.
SIMPLE PUSHER
These are fun to play with, but if you try to push any
kind of boat with them, your arms get tired.
POWERED PUSHER
These are even more fun to play with (though you
probably want to put them on a sky boat first).
FIRE PUSHER
These are used to push fast boats, like the kind that
fight in wars. They go fast, but use more fire water than
other kinds.
FIRE-POWERED BLOWER
These are like the fire pushers, but with a big blower
added to the front. This kind of pusher is very good
if you don’t want to go too fast. They’re very loud.
BIG SKY BOAT PUSHER
These are like fire-powered blowers, but they have a
wall around the whole thing to control how the air goes
through. They only work well when you’re going slower
than sound, which is why almost no big sky boats go
faster than that.

HOW DO THEY WORK?

© Houghton Mifflin Harcourt Publishing Company

To understand how air pushers work, it can help
to start by looking at space pushers.
To make a fire, you need air and
something to burn. Space boats pour
fire water and air into a little room that’s
open on one side. Then the water and air
is set on fire. The fire blows up and flies
out the hole, pushing the boat.
Since there’s no air in space, but fires
need air, a space boat has to carry air
with it. Sky boats can use the air around
them, so they only need to carry the fire
water. They can take in air, add fire water
to it, and burn it.
You can make the pusher better by
using a blower in the front to force more
air together into the burning room. If
there’s more air, the fire can burn faster
and hotter.
Running the blower in front takes power.
You could get that power by burning fire
water in a different machine and running
power to the blower with power lines. But
it’s better to just use a little of the power
from the fire you’re already making.

If you put a blower in back, in the path
of the fire, it can turn a stick that turns
the blower in the front. This blower slows
down the burning air so it doesn’t push
you as well. But the blower makes the
fire work so much better that it more than
makes up for it.
There’s one last idea
that makes this work
better. Instead of just
using the hot air to
power the blowers that
press the air into the
burning room, you can
also use it to power a
big blower.
This big blower (which
sometimes has a wall
around it) is what
really pushes the sky
boat. Once you add
this blower, all the rest
of the parts are just
there to get lots of air
together, start a fire,
and get power from it.
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SKY BOAT PUSHER
STEP ONE:
GET AIR
Air comes in
from this side,
the first step in
making power.

STEP TWO: PUSH
These blowers push the air into a smaller
and smaller space, which will help the
fire burn faster and hotter.

STEP THREE: BURN
The air from the pushers comes into this
burning room, where little drops of fire
water are thrown into it and set on fire.
The fire water and air get hot and blow
up. The walls make it hard to blow up
in any direction except out the back,
so that’s where the burning air goes.

BLOCKER
If there’s stuff in the air, like
sticks or rocks, it gets pushed
through here so it doesn’t hurt
the blowers.

POINT
This thing helps to start
pushing the air together
before it goes inside.

Not all sky boats have a big blower
like this. Some of them just use the
hot air itself, which works well for
very fast boats. But for boats going
slower than sound, it turns out
that using the hot air to power big
blowers takes less fire water than
using the air itself as a pusher.
SPIN STOPPERS
The blowers that push the air together
all work by spinning, but since they’re
all spinning in the same direction, they
can start the air spinning around instead
of going toward the burning room. To
keep that from happening, there are little
wings in between each blower to make
the river of air go straight and keep it
from turning too much.
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POWER MAKER
This machine uses the turning
stick to make a little extra power
for the rest of the sky boat to
use (for things like lights and
computers).
AIR GETTER
The air up high is too thin to breathe. This
thing grabs some of the air that the blowers
pushed together and sends it to the inside
of the sky boat so people can breathe.

FIRE-WATER
CARRIERS
These carry
fire water into
the burning
room.
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BIG BLOWER
The fire in the back turns this
big blower using the stick in the
middle. This blower is what really
does most of the work of pushing
a big sky boat; everything else is
just there to turn it.

STEP FOUR: MAKE POWER
The force of the air coming out would help push
the sky boat on its own, but sky boat pushers
do something cooler: They put extra blowers
in the path of the air. Instead of turning those
blowers to push air, they let the air turn the
blowers. The blowers turn the stick in the middle
of the pusher, which turns all the blowers at the
start, powering the machine.
That might seem like it shouldn’t work, since
it’s using a blower to power another blower.
But the power is coming from the burning fire
water pushing its way out. These blowers are
just a cool way to use some of that fire to keep
the machine running.

WAIT A SECOND!
One thing a lot of people wonder is “How does
the force from the fire know to go out the back?
Why doesn’t it push on the blowers in front just
as much, and slow them back down?”

The answer is that the shape of the room and the
size of the blowers make it so the easier way out
is through the back. It just has to push through a
few blowers on the way.

POINT

Images

© Houghton Mifflin Harcourt Publishing Company • Image Credit: ©Monty Rakusen/Cultura/Getty

BACK PUSHER
If the sky boat needs to stop, it can use these doors
to send the air out the sides and toward the front,
which makes it push back instead of forward.

BIG BLOWER

Unit 2 Thing Explainer

113

UNIT PERFORMANCE TASK

How Can You Design a Firework’s Shape?
The key to a successful fireworks show is to awe the
watchers with a colorful display—including flashes of
light that look like balls, flowers, stars, and other shapes.
The shells must be designed and manufactured so that
the shape appears reliably when multiple rockets are
launched at the same time. As each charge flies from
the rocket into the air, the momentum of the charge
must carry it to the right location, and it cannot disrupt
the direction of motion of the other charges.

FIGURE 4: Designers arrange the parts of the shell
carefully to make the desired pattern.

Imagine you are an engineer working for a fireworks
manufacturer. Design a shaped charge to make a new
pattern. How will the solution meet a customer need?
1. D E F I N E T H E P R O B L E M
With your team, write a problem statement that
describes what the solution must accomplish.
2. C O N D U C T R E S E A R C H

• What are the standard shapes and sizes of rockets?
• How are individual streamers of light produced?
• How are the individual components arranged so
that they all appear at the right time?
• How can the arrangement and timing of explosions
produce a desired pattern?
3. U S E A M O D E L
Based on your research, design a model of a fireworks
rocket that will produce a shape in the sky. Indicate in
your model how the charges will be arranged and how
you will control the momentum of the various parts so
that the desired shape results.
4. D E S I G N A S O L U T I O N
Use evidence to support your reasoning for a
particular design.
• How is momentum conserved when the rocket
explodes?
• In what direction will the parts fly based on
the structure of your model?
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5. C O M M U N I C A T E
Prepare a written or multimedia report with one or
more labeled diagrams to present your solution to the
fireworks display operators and to explain how your
design meets their specifications.

CHECK YOUR WORK
Once you have completed this task, you
should have the following:

• A clearly defined problem statement that will lead
to the suggested solution
• Background information about how fireworks are
designed and constructed
• A physical model or a sketch of your design solution
along with a description of the pattern that it will
produce
• A conclusion that explains how you incorporated
conservation of momentum into your design
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Research what you need to design a firework rocket.
Questions to answer could include:

UNIT PRACTICE AND REVIEW

Name

Date

SYNTHESIZE THE UNIT

DRIVING QUESTIONS

In your Evidence Notebook, make a concept map, other
graphic organizer, or outline using the Study Guides you created
for each lesson in this unit. Be sure to use evidence to support your claims.
When synthesizing individual information, remember to follow these
general steps:
• Find the central idea of each piece of information.
• Think about the relationships among the central ideas.
• Combine the ideas to come up with a new understanding.

Look back to the Driving Questions from
the opening section of this unit. In your
Evidence Notebook, review and revise
your previous answers to those questions.
Use the evidence you gathered and other
observations you made throughout the
unit to support your claims.

PRACTICE AND REVIEW
1. In which of these collisions is kinetic energy
conserved? Select all correct answers.
a. A
 soccer ball is deformed when kicked and
then returns to its original shape.
b. A glass shatters when it hits the floor.
c. A ball lands in the dirt, deforming it, and
rebounds upward.
d. A pool ball collides with another pool ball.
e. A pad absorbs the impact of a pole vaulter.

5. A baseball with a mass of 0.155 kg travels toward
a catcher at a speed of 35 m/s. The catcher’s mitt
brings the ball to rest in 0.25 s. The average force
exerted on the ball is

N.

6. Select the correct terms to complete the statement.
A change in momentum is caused by an
acceleration | impulse that is equal to the force
multiplied by the distance | time interval. If the
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2. The momentum of a 23 000 kg truck traveling

time over which the object is brought to rest

eastward with a velocity of 50.0 m/s is

increases, the force experienced by the object

eastward.

decreases | increases.

3. How does the momentum of an object change
if the object’s speed is reduced by half?
a. The momentum doubles.
b. The momentum remains the same.
c. The momentum is reduced by half.
4. Order the objects from least to greatest
momentum.
a. 1.0 kg ball
moving at
500 m/s
b. 5.0 kg ball
moving at
25 m/s

c. 20 kg ball moving
at 20 m/s
d. 50 kg ball moving
at 5 m/s
e. 100 kg ball that
is stationary

7. A 40 000 kg railcar traveling northward at
2 m/s bumps into a stationary railcar with a
mass of 20 000 kg. The first rail car stops. After
the collision, the speed of the second railcar is
m/s, and it is traveling
in a

direction.

8. During a test, a car crashes into a wall. Sensors
measure the forces during the collision. Which
of these statements correctly describes the
interaction between the car and the wall? Select all
correct answers.
a. The wall exerts a force on the car.
b. The car exerts a force on the wall.
c. The wall is stationary, so there is no impulse
on the wall.
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UNIT PRACTICE AND REVIEW
9. How do the momentum and stopping distance for an empty truck compare to those
of an identical truck that is carrying a heavy load?

10. I f you slap a basketball with your hand, it does not travel as far as it will if you throw
it in a smooth, continuous motion with a force of the same magnitude. Why does the
ball thrown with a continuous motion travel farther?

11. Under what conditions might a small car have more momentum than a heavy truck?

UNIT PROJECT
Return to your unit project. Prepare your research
and materials into a presentation to share with
the class. In your final presentation, evaluate the
strength of your hypothesis, data, analysis, and
conclusions.
Remember these tips while evaluating:
• Include a clear, well defined claim.
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• Show how your solution applies scientific
concepts to solve a problem.
• Explain how your solution relates to the larger
system of traffic flow and traffic safety.
• Support your reasoning with models supported
by mathematical representations.

© Houghton Mifflin Harcourt Publishing Company

12. G
 ive examples of plastic and elastic deformation in everyday objects. Relate these
examples to how tectonic plates can deform when they collide and the effects the
deformations have on geologic events or features.

