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® To Lillian Lee Hewitt, Kenneth W. Ford, and
the memory of Ernie Brown
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conserstit Poto Album

anceptual Physics is a very personal book, reflected

in its many photographs of family and friends,
beginning with three people to whom this edition is
dedicated—my mentor Ken Ford, my wife Lillian, and
my lifclong friend Ernic Brown. A personal profile of
Ken, former CEO of the American Institute of Physics,
opens Chaprer 20 and indicares his passion for gliding.
Ken's other passion. teaching with Germantown Acad-
emy high-school students in Pennsylvania, is shown on
page 620. Lillian is shown on page 1 and various other
photos scartered throughour the book. She holds our col-
orful pet conure, Sneezlee, on page 478, Emic Brown,
Conceprual Physics logo designer, is featured in the photo
opener to Chapter 8, with a cartoon likeness in Appendix
D, Figure D.7. Sadly, Ernie died in 2008 at the age of 82.

The First Edicion of Conceprual Physical Science was
dedicated to resourceful Charlic Spiegel, shown on page
462. Although Charlie passed away in 1996, his personal
touch carries over to rhis book.

Part opener photos are of family and friends. The book
begins on page xxiv with my great nephew Evan Suchocki
(pronounced Su-hock-ee, with silent ¢) holding a per
chickie while sitting on my lap. Part One on page 17 is
my Hawaii friend Chiu Man Wu's daughter Andrea,
when she was four years old (repeated on pages 120 and
461). Chiu Man is on page 301. Part Two on page 195 is
an Egyptian four-year old, Nour Tawfik Diab, nicce of
friend Mona El Tawil-Nassar (on page 398). Then from
Ttaly, Part Three opens on page 267 with four-year old,
Francesco Ming Giovannuzzi, grandson of friends Keith
and Tsing Bardin, Keith took several of this book’s pho-
tos, including Tsing on page 228, Part Four, page 266, is
my grandson Alexander Hewitt, Part Five, page 381, is
my granddaughter Megan, daughter of Leslic and Bob
Abrams. Part Six, page 455, is Lillian's nephew, Joshua
Lee. Part Seven, page 565, is Lillian’s cousins, Sharon Yee
and Leslic Chew. My granddaughter Grace Hewite begins
Part Eight on page 619.

To celebrare this Eleventh Edition, chapter-opening
photographs are of teacher friends and colleagues,
mostly in their classrooms demonstrating physics 1ypi-
cal of the chaprer material. Their names, oo numerous
to list here, appear with their photos,

City College of San Francisco friends and colleagues
open Chapters 2, 3, 13, 21, 26, 32, and 33. On page 92
we sec Will Maynez with the air track he designed and
built, and again burning a peanut on page 299. Diana

Lininger Markham, physics deparement chairperson, is
shown on page 75.

Physics instructor friends from other colleges and univer-
sities include emeritus University of Hawaii Walter Steiger,
prohled in Chaprer 30, and again shown on page 588.
Mary Beth Monroe demonstrates torque on page 129,
Retired physics instrucror Evan Jones, in addition to open-
ing Chaprer 30, shows the promise of LED light bulbs on
page 539. Chuck Stone shows an energy ramp on page 174.
Peter Hopkinson, who opens Chaprer 28, tosses eggs on
page 98. John Hubisz, wha opens Chapter 12, appears in
the entropy photo on page 327.

Physics teacher friends from high schools include
Chicago's finest, Marshall Ellenstein, now retired, who
swings the water-filled bucket on page 136 and walks
barcfoot on broken glass on page 244. His prohle begins
Chaprer 29. Marshall, a longtime contributor to this book
has produced the DVDs of my lectures, in San Francisco
(Conceptual Physics Alive!— The San Francisco Years) and
in Hawaii (Conceprual Physics Alive!). He is presenly edit-
ing 1982 classroom footage saved from CCSF archives by
librarian Judich Bergman. Other teachers from Illinois are
Ann Brandon, page 250, and Tom Senior, page 378,
Dean Baird, author of Conceprual Physics and Concepesal
Physical Science lab manuals is shown and profiled in
Chaprer 17.

Family photos begin with the touching photo on page
72 of son Paul and his daughter Grace. On page 79 is
another photo that links rouching to Newton's third law:
my brother Steve with his daughter Gretchen art their cof-
fee farm in Costa Rica. Steve's son Travis is seen on page
144, and his oldest daughter Stephanie on page 215. My
son Paul is again shown on pages 287 and 319. Daugheer-
in-law Ludmila Hewirtt holds crossed Polaraids on page
523. The endearing girl on page 202 is my daughter
Leslic Abrams, carth-science co-author of Conceprual
Physical Sctence textbooks. This colorized photo of Leslie
has been a trademark of Conceprual Physics since the
Third Edition. A more recent photo of her with husbhand
Bob is on page 456. Their children, Megan and Emily,
along with son Paul’s children, make up the colorful set of
photos on page 477. Granddaughter Emily is on page
520, and as mentioned, Megan on page 381, Photos of
my late son James arc on pages 140, 371, and 503. He left
me my first grandson, Manuel, scen on pages 219 and
360. Manuel’s grandmom, my wife Millie, who passed
away in 2004, bravely holds her hand above the active
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pressure cooker on page 287. Brother Dave (no, not a
twin) and his wife Barbara demonstrate atmospheric pres-
surc on page 251, Their son Dave is on page 418, and
grandson John Perry Hewitr is on page 259, Sister
Marjorie Hewitt Suchocki, an author and emeritus the-
ologian ar Claremont School of Theology, illustrares
reflection on page 489. Marjoric’s son, John Suchocki,
author of Conceprseal Chemisary. now in its fourth edition,
and chemisury co-author of the Conceprual Physical
Science textbooks, walks fearlessly across hot coals on page
300 (for emphasis, David Willey does the same on page
310). Talented nephew John is also a vocalist and guitanst
known as John Andrew in his popular CDs, seen with his
guitar on pages 351 and 443, The group listening to
music on page 375 arc part of John's and Tracy’s wedding
party; from left to right, late Butch Orr, nicce Cathy
Candler {on page 124), bride and groom, niece Joan
Lucas (on page 35), sister Marjorie, Tracy's parents
Sharon and David Hopwood, teachers Kellie Dippel and
Mark Werkmeister, and myself,

Photos of Lillian's family include her mom, Siu Bik
Lee, who demonstrates solar power on page 295, and her
dad Wi Tsan Lee, who shows magnetic induction on page
428. Lillian’s nicce and nephew, Allison and Erik Wong,
dramatically illustrate thermodynamics on page 325,

Personal friends who were my former studenes begin
with Tenny Lim, drawing her bow on page 106, which
has appeared in every book since the Sixth Edition. She is
presently a rocker engineer at Jer Propulsion Lab in
Pasadena and is profiled in Chaprer 10. Tenny is seen
with husband Mark Clark on page 134. Another of my

protégés is rocket-scientist Helen Yan, who develops satel-
lites tor Lockheed Martin in Sunnyvale in addition to
stints at part-time physics teaching. Her photos and pro-
file open Chaprer 16. Helen is again shown on page 511
with Richard Feynman and Marshall Ellenstein. Alexci
Cogan demonstrates center of gravity on page 134, and
the karate gal on page 87 is Cassy Cosme. On page 140
Cliff Braun is at the far left of my son James in Figure
8.50, with nephew Robert Baruffaldi at the far right.

Three dear friends who go back to my own school days
are Dan Johnson on page 315, his wife Sue on page 35
(the first rower in the racing shell), and Howie Brand on
page 83, Other cherished friends are Paul Ryan, whe
drags his finger through molten lead on page 310, and
Tim Gardner, demonstrating Bernoulli's principle on
page 256. Lori Patterson is clectrified on page 399 and
her son Ryan resonares on page 359. My science influence
from sign-painting days is Burl Grey, page 26 (with a
sample sign-painting discussion on page 25). Also from
the same era is charismatic and very influential Jacque
Fresco, whose profile opens Chaprer 8. Larry and Tammy
Tunison wear radiation badges on page 582 (Tammy's
dogs arc on page 301). Suzannc Lyons, co-author of
Conceprual Insegrated Science textbooks poses with her
children Tristan and Simone on page 472, Phil Wolf, co-
author of the Problem Sofving in Concepiual Physics book
that accompanies this edition, is on page 547. Helping
create that book is high school reacher Diane Riendean,
on page 334 (and her son Tim on page 32).

The inclusion of these people who are so dear o me

makes Conceprual Physécs all the more my labor of love.




lo the Student

You know you can't enjoy a game unless

you know its rules; whether it's a ball game, a
computer game, or simply a party game. Likewise, you
can't fully appreciate your surroundings until you
understand the rules of nature. Physics is the study of
these rules, which show how everything in nature is
beautifully connected. So the main reason to study
physics is to enhance the way you see the physical
world. You'll see the mathematical structure of physics
in frequent equations, but more than being recipes for

computation, you'll see the equations as guides to
thinking.

| enjoy physics, and you will too
— because you'll understand it.
So go for comprehension of
concepts as you read this book,
and if more computation is on
your menu, check out Problem
Solving in Conceptual Physics,
the ancillary book by Phil Wolf
and me. Your understanding of
physics should soar.
Enjoy your physics!

"Rm.é.'l',!u?"'




1o the Instructor

he sequence of chapters in this Eleventh Editon is identical to that of the

previous edition. New to this edition are the personality profiles at the outser
of every chaprer. | was influenced 1o do this by David Bodanis’s popular book.
E= mc, in which the people behind physics discoveries are seen to be so fascinat-
ing. So each chaprer highlighes a scientist, teacher, or historical figure that comple-
ments the chaprer material. Each chapter also begins with a photo montage of
professors, instructors, and teachers, who bring life o physics instruction.

As with the previous edition, Chapter 1, *About Science,” begins your course on
a high note with coverage on early measurements of the Earth and distances to the
Moon and the Sun. It is hoped that the striking photos of wife Lillian surrounded
by spots of light on the sidewalk beneath a tall tree will prompt doing the Project at
chaprer’s end thar has students investigaring the round spot cast by a small hole in a
picce of card held in sunlight. And going further 1o show that simple measurements
lead o finding the diameter of the Sun. This project extends to the Pracrice Book
and the Lab Manual. It's one of my favorites.

Part One, "Mechanics,” begins with Chaper 2, which, as in the previous edition,
presents a brief historical overview of Aristotle and Galileo, progressing o Newron's
first law and 1o mechanical equilibrium. The high tone of Chaprer 1 is maintained
as forces are treated before velocity and acceleration. Students get their finst taste of
physics via a very comprehensible treatment of parallel force vectors, They enter a
comfortable part of physics before being introduced to kinemarics.

Chaprer 3, “Lincar Motion,” is the only chapeer in Part One that is devoid of
physics laws. Kinematics has no laws, only definitions, mainly for speed, velocity, and
acceleration—likely the least exciting concepts that your course has to offer. Too
often kinematics becomes a pedagogical "black hole” of instruction—rtoo much
time for 100 little physics. Being more math than physics, the kinemarics equarions
can appear to the student as the most intimidating in the book. Although the expe-
rienced eye doesn't see them as such, this is how students firse see them:

c= g + 83
§= g+ 18
¢ =g’ + 28
G=Ha+o

If you wish 1o reduce class size, display these equarions on the firse day and
announce that class effort for much of the term will be making sense of them. Don't
we do much the same with the standard symbols?

Ask any college graduate these two questions: Whar is the acceleration of an
object in free fall? Whar keeps Earths interior hot? You'll see where their education
was focused, for many more will correctly answer the first question than the second.
Traditionally, physics courses have been top-heavy in kinematics with little or no
coverage of modemn physics. Radioactive decay almost never gets the attention given
to falling bodics. So my recommendarion is to pass quickly through Chaprer 3,
making the distinction between velocity and acceleration, and then to move on to
Chaprer 4, “Newton's Second Law of Motion,” where the conceprs of velocity and
acceleration find their application.

Chaprer 5 continues with Newton's third law. The end of the chaprer wears the
parallelogram rule for combining vectors—first force vectors and then velocity




vectors. It also introduces vector components. More on vectors is found in Appen-
dix D, and especially in the Practice Book.

Chapter 6, “Momentum,” is a logical extension of Newton's third law. One reason
1 prefer teaching it before teaching encrgy is thar students find me much simpler and
casier to grasp than jmy~. Another reason for treating momentum first is that the
vectors of the previous chapter are employed with momentum but not with energy.

Chapter 7, “Energy.” is a longer chapter, rich with everyday examples and cur-
rent encegy concerns. Energy is central to mechanics, so this chaprer has the greatest
number of exercises (64) in the chapter-end material. Work, energy, and power also
get generous coverage in the Practice Book.

After Chapters 8 and 9 (on rotational mechanics and gravity), mechanics culmi-
nates with Chapter 10 (on projectile motion and satellite motion). Students are
fascinated to learn that any projeciile moving fast enough can become an Earth
satellite. Moving faster, it can become a sarellite of the Sun. Projectile motion and
satellite mouon belong together.

Part Two, “Properties of Marter,” begins with a new chaprer on atoms. Chaprers
on Solids, Liquids, and Gases, are much the same as the previous edition. New
applications, some quite enchanting, increase the flavor of these chaprers.

Parts Three through Eight continue, like eaclier parts, with enriched examples of
current technology. New lighting via CFLs and LEDs are introduced in Chapeer 23
with more treatment in Chaprer 30. The chaprers with the fewest changes are
Chapters 35 and 36 on special and general relarivity, respectively.

At the end of cach of the cight parts is a Practice Exam, most featuring 30
multiple-choice questions, Answers appear at the end of the book, along with
answers to all odd-numbered Exercises, Rankings, and Problems, (Answers to sim-
pler Review Questions and Plug-and-Chugs are not listed.)

As with previous editions, some chapters include short boxed essays on such rop-
ics as energy and technology, railroad rrain wheels, magnenc strips on eredin cards,
and magnetically levitated trains. Also featured are boxes on pseudoscience, culmi-
nating with the public phobia abour food irradiation and anyching nudear. To the
person who works in the arena of science, who knows about the care, checking, and
cross-checking that go into understanding something, pseudoscientific misconcep-
tions are laughable. Bur to those wha don't work in the science arena, including
even your best students, pseudoscience can seem compelling when purveyors clothe
their wares in the language of science while skillfully sidestepping the tenets of sci-
ence. Our hope is to help stem this rising ride.

End-of-chapter marterial begins with 2 Summary of Terms. Following are
Review Questions that summarize the main points of the chapter. Students can
find the answers to these, word for word, in the reading. Unlike the more challeng-
ing end-of-chaprer material, answers 1o Review Questions are not given at the end
of the book or in the frseructor Manual. Likewise, no answers are given for the Plug
and Chug problems. These require only single-step solutions, a simple plug-in of
numerical quantities to familiarize the student with the equations of the chaprer.
They appear only in more equation-oriented chaprers,

New to this edition are Rankings. Critical thinking is required in comparing
quantitics for similar situations. Getting an answer is not enough. The answer must
be compared with others and a ranking from most to least is asked for. 1 consider
this the most worthwhile of the chaprer-end marerial.

Exercises are the nuts and boles of conceprual physics. Many require critical
thinking, while some are designed 10 connect concepts to familiar sitwarions. Most
chaprers have from 50 10 60 Exercises. Solutions to odd-numbered Exercises are
found at the end of the book, and all solutions are in the fuitrwcror Manwal.

More math-physics challenges are found in the sets of Problems. As with Rank-
ings and Exercises, odd-numbered solutions are at the back of the book, and all

TO THE INSTRUCTOR
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solutions appear in the fnstructor Manual. The problems are much less numerous
than Exercises, Many more problems are available in the student supplement,
Problem Solving in Conceptual Physics, co-authored with Phil Wolf. While
problem solving is not the main thruse of a conceprual course, Phil and 1, like most
physics instructors, nevertheless love solving problems. In a novel and student-
friendly way, our supplement features problems that are more physics than math,
nicely extending Conaeptual Physic—even to courses that feature problem solving.
We think that many professors will enjoy the options offered by this student sup-
plement 10 the rextbook. Problem solutions are included in the Insceuctor
Resources area of The Physics Place.

The most important ancillary to this book is the Practice Book, which contains
the most creative of my writing and drawings. These work pages guide students step
by step toward understanding the central concepes. There are one or more practice
pages for nearly every chapter in the book. They can be used inside or outside of
class. In my teaching | passed out copics of sclected pages as a home tutor.

The Laboratory Manual thar accompanies this edition provides a great variety
of activirics and lab exercises. Available tor purchase.

Next-Time Questions, familiar 1o readers of The Physics Teacher as Figuring
Physics, are now available electronically. When sharing these with your classes,
please do notshow a question and follow it with the answer. Let there be a sufficient
“wait-time” between the question and the answer, Allow your students to argue over
the answer before showing it "next time” (which at minimum should be the next
class meeting, or even next week). More learning occurs when students ponder
answers before being given them. Nexi-Time Questions are now in a horizonial for-
mat to make them more compatible with computer monitors and PowerPoint™
displays. Next-Time Questions are included on the Instructor Resource DVD, as
well as in the Instrucror Resources area of The Physics Place. They are also available
at the dick of 2 mouse on the Arborsci.com website.

The Instructor Manual for the textbook and Laborarory Manual. like previous
ones, features demonstrations and suggested lecrures for every chaprer. It includes
answers to the end-of-chaprer material as cited above. If you're new 1o reaching
this course, you'll likely find it enormously useful. It sums up the “what-works” in
my quarter-century of teaching.

The Instructor Resource DVD provides a wealth of presentation wols to help
support your instruction. It includes more than 100 video clips of my favorite class-
room demonstrations, more than 130 interactive applets developed specifically to
help you illustrate particularly tricky concepis, a full set of lecture outlines for each
chapter in PowerPoint, and chapter-by-chapter weekly in-class quizzes in PPT for
use with Classroom Response Systems (easy-to-use wireless polling syscems char
allow you 1o pose questions in class, have each student vote, and then display and
discuss resulis in real time), The IR DVD also provides all the art and photos from
the book (in high-resolution jpeg formar), the Test Bank, Next- Time Questions,
and the Instructor Manual in editable Word format.

For out-of-class help for your students, a critically acclaimed website found at
htepi//www.physicsplace.com provides a wealth of study resources, The Physics
Place is the most educationally advanced, most highly rated by students, and most
widcly used website available for students taking this course. The website includes
students” favonite interactive online rutorials (covering ropics that many of you
requested), and a library of Interactive Figures (key figures from cach chaprer in the
book that are betcer understood through interactive experimentation owing to
reasons of scale, geomerry, time evolution, or multiple representation). Through
the website students can also access the Pearson eText, an online version of the text
with highlighting, notes, and search functions, as well as media linked directly from
the text. Videos, quizzes, flashcards, a glossary, and a wealth of other chaprer-
specific study aids are also provided,
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the answer before showing it "next time” (which at minimum should be the next
class meeting, or even next week). More learning occurs when students ponder
answers before being given them. Nexi-Time Questions are now in a horizonial for-
mat to make them more compatible with computer monitors and PowerPoint™
displays. Next-Time Questions are included on the Instructor Resource DVD, as
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The Instructor Manual for the textbook and Laborarory Manual. like previous
ones, features demonstrations and suggested lecrures for every chaprer. It includes
answers to the end-of-chaprer material as cited above. If you're new 1o reaching
this course, you'll likely find it enormously useful. It sums up the “what-works” in
my quarter-century of teaching.

The Instructor Resource DVD provides a wealth of presentation wols to help
support your instruction. It includes more than 100 video clips of my favorite class-
room demonstrations, more than 130 interactive applets developed specifically to
help you illustrate particularly tricky concepis, a full set of lecture outlines for each
chapter in PowerPoint, and chapter-by-chapter weekly in-class quizzes in PPT for
use with Classroom Response Systems (easy-to-use wireless polling syscems char
allow you 1o pose questions in class, have each student vote, and then display and
discuss resulis in real time), The IR DVD also provides all the art and photos from
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For out-of-class help for your students, a critically acclaimed website found at
htepi//www.physicsplace.com provides a wealth of study resources, The Physics
Place is the most educationally advanced, most highly rated by students, and most
widcly used website available for students taking this course. The website includes
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requested), and a library of Interactive Figures (key figures from cach chaprer in the
book that are betcer understood through interactive experimentation owing to
reasons of scale, geomerry, time evolution, or multiple representation). Through
the website students can also access the Pearson eText, an online version of the text
with highlighting, notes, and search functions, as well as media linked directly from
the text. Videos, quizzes, flashcards, a glossary, and a wealth of other chaprer-
specific study aids are also provided,




All of these innovative, targeted, and effective online learning media are casily
integrated in your course using an online gradebook (allowing you to “assign” the
tutorials, quizzes, and other activities as out-of-class homework or projects that are
automatically graded and recorded), simple icons throughout the text (highlighting
for you and your students key tutorials, Interactive Figures, and other online
resources), and the Instructor Resource DVD. A chapter guide section on The
Physics Place summarizes the media available wo you and your students, chaprer by
chaprer.

i-'P(ur more information on the support ancillaries, check our hop://www.
pearsonhighered.com/physics or contact your Pearson Addison-Wesley representative,
or contact me, Pghewin@aol.com,

* What’s New in This Edition

nlike previous editions, every chaprer in this Eleventh Edition begins with a

several-paragraph profile of a physicist or educator who is linked to the chap-
ter content. By learning more about the people behind the chapeer content, the
reader gets a more personalized Havor of physics.

For the first time, the chaprer-end matenal has Ranking Exercises, which clicit
critical student thinking that goes beyond that needed for another new and simpler
teature, the Plug and Chug exercises. When asked 10 rank quantities such as
momentum or kinetic energy, much maore judgment is called for than chae needed
in providing numerical answers. Also unlike previous editions, a page of multiple-
choice practice questions are at the end of cach of the eight parts of the book.

The problem sets have been revised for greater success with math-challenged sti-
dents. In each set of problems, the last one is a challenging one, noted with a =, For
the first time, solutions to odd-numbered Exercises and Problems (and now Rank-
ings) are ar the end of the book for students to check. More challenging problems
are presented in the second edition of the ancillary book, Prodlem Solving in Con-
ceprual Phrysier.

In addition to these sweeping changes, updartes such as wingsuie Hying are in
Chaprer 4, the latest on energy sources and power production are included in
Chapeer 7, and the fascinating Falkirk Wheel in Scodand is featured in the physics
of liquids in Chaprer 12. Waves and vibrations in Chapters 19-21 have been
updated with current technology, such as blue-ray compact discs. In the chaprers on
electricity and light, compact fluorescent and light-emitting diodes are now
featured,

TO THE INSTRUCTOR
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Wow Great Uncle Paul! Before this chickie exhaust-
ed its inner space resources and poked out of its
shell, it must have thought it was at its last
moments. But what seemed like its end was a new
beginning. Are we like chickies, ready to poke
through to a new environment and a new under-
standing of our place in the universe?




| About Science

1 The arcular spots of Light surrounding Lillian are “pinhole” images of the Sun, cast

through small openings berween leaves above. 1 The spots would no longer be full circles
as the Moon progresses in front of the Sun. 3 The rendered phota ar the right shows thar

the spots would be crescents during a partial solar eclipse

cing sccond best was not all thar bad for
Greek mathemarician Eratosthenes of Cyrene
(276-194 nc). He was nicknamed “beta” by his contem-
i'\!(ﬂli\ \'II“I .}llll!:t‘l llif‘l M\\‘l‘l] l‘t’\! il\ many hl'ldh.
1||‘,|u‘j||l!: mathemarics, |\!lllt)\n|llll¥. athletics, and astron-
omy. Perhaps he ook second prizes in running or
wrestling contests. He was one of the early libranans at the
world's then greatest library, the Mouseion, in Alexandria
Egypr. founded by Prolemy 1l Soter. Eratosthenes was one
of the foremost scholars of his time and wrote on philo-
sophical, scientific, and literary matters. His reputation
among his contemporaries was immense—Archimedes
dedicared a book to him. As a marhemanician, he invented
a method for finding prime numbers. As a geographer, he
measused the wlt of Earth’s axis with grear accuracy and
wrote rlfi'.'ll""!‘f\‘r'}, Il)l.' Iif\l l‘tll‘k o *:l\ C F‘L\P‘\:l.]l‘l'l\ a4 ]]IJlll\"
matical basis and 1o wear Earth as a globe divided by lau-
tudes and into frigid, temperate, and torrid zones
I'be classical works of Greck literature were pre-
served at the Mouscion, which was host to numerous
scholars and contained hundreds of thousands of
papyrus and vellum scrolls. Bur this human treasure

wasn't appreciated by everybody. Much information in
the Mouseton conflicted with cherished beliels held by
others. Threatened by its "heresies.” the great library
was  burned and complerely
;lc\llﬂ_\\,'d Ilhh)u.lll\ aAre unsure
of the culpris—who were likely
guided by the cerainty of their
truths. Being absolutely certain,
having absolutely no doubus, is
certitnde—the root cause of
much of the destructon, human
and otherwise, in the centuries
thar followed. Erarosthenes did-

nt wimess |l|\.‘ l!L'HlIII& son of I'IIE\

great library, for it occurred after
his lifetime.

loday Eratosthenes is most remembered for his
of Earth’s size, with remarkable
accuracy {two thousand v

amazing calculatio

irs ago \\'!lll No Computcrs,

no .]I‘l';( [.'Il \‘I'f”'nl('\—llﬁing‘ l'lrll_\' g("\(l lhll\l{lng, gn\nl-
ctry, and simple measurements). In this chaprer you will
see how he accomplished this.
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« Science is the body of knowledge
that describes the order within
nature and the causes of that
order Science 15 also an ongoing
human activity that repre<ents the
collective efforts, findings. and wis-
dom of the human race. an activity
that is dedicated to gathering
knowledge about the world and
organizing and condensing it into
testable laws and theories. Science
had its beginnings before recorded
history, when peaple first discov-
ered reqularibes and relationships
I nature, such as star patterns in
the night sky and weather
patterns—when the rainy season
started or when the days grew
longer From these reqularities,
people learned to make predic-
tions that gave them some control
over thewr surroundings

Sclence made great headway In

Greece in the gth and 3rd centuries
s, and spread throughout the
Maditarranean world. Scientific
advance came to a near halt in
Europe when the Roman Empire
fell in the sth century ac. Barbarian
hordes destroyed almost every-
thing in their paths as they overran
Europe Reason gawe way o reli-
gion, which ushered in what came
1o be known as the Dark Ages, Dur-
mg this time, the Chinese and Poly-
nesians were charting the stars
and the planets and Arab nations
were developing mathematics and
learning about the production of
glass, paper, metals, and varous
chemicals Greek science was re-
imtreduced to Europe by slamic
mnfluences that penetrated into
Spain during the voth, 11th, and
12th centuries Universities emerged
in Europe in the 13th century, and
the introduction of gunpowder
changed the socsal and palitical
structure of Europe in the
14th century The 15th century saw
art and science beautifully blended
by Leonarde da Vincl. Scientsfic
thought was furthered in the
16th century wath the advent of the
printing press

ABOUT SCIENCE

® Scientific Measurements

M:::mnmnu are a hallmark of good science. How much you know abour
mething is often related to how well you can measure ir. This was well
put by the famous physicist Lord Kelvin in the 19th century: I often say that
when you can measure something and express it in numbers, you know something
about it. When you cannot measure it, when you cannot express it in numbers,
your knowledge is of a meager and unsatisfactory kind. 1t may be the beginning
of knowledge, bur you have scarcely in your thoughts advanced to the stage of
science, whatever it may be.” Scientific measurements are not something new but
go back to ancient times. In the 3rd century B¢, for example, fairly accurate meas-
urements were made of the sizes of Earth, Moon, and Sun, as well as of the

distances between them.

HOW ERATOSTHENES MEASURED THE SIZE OF EARTH

The size of Earth was first measured in Egypt by Eratosthenes abour 235 sC. He cal-
culated the circumference of Earth in the following way, He knew thar the Sun is
highest in the sky at noon on June 22, the summer solstice. At this time, a vertical
stick casts its shoreest shadow. If the Sun is directly overhead, a vertical stick casts
no shadow ac all, which occurs at the summer solstice in Syene, a city south of
Alexandrnia (where the Aswan Dam stands today). Eratosthenes learned thar the
Sun was directly overhead ar the summer solstice in Syene from library information,
which reported thar, ar this particular aime, sunlight shines direcdy down a decp
well in Syene and is reflecred back up again. Eratosthenes reasoned that, if the Sun’s
rays were extended into Eardh ar this poine, they would pass through the center.
Likewise, a vertical line extended into Earth ar Alexandria (or anywhere else) would
also pass through Earth’s center.

At noon on June 22, Eratosthenes measured the shadow case by a vertical pillar
in Alexandria and found it to be 1/8 the height of the pillar (Figure 1.1). This cor-
responds to a 7.1° angle between the Sun's rays and the vertical pillar. Since 7.1° is
7.1/360, or abour 1/50 of a circle, Eratosthenes reasoned thar the distance berween
Alexandria and Syene must be 1/50 the arcumference of Earth, Thus the circum-
ference of Earth becomes 50 times the distance beeween these two cities. This dis-
tance, quite fat and frequently traveled, was measured by surveyors 1o be about

FIGURE 1.1

When the Sun is directly overhead at Syene, it is not dircctly overhead in Alexandria,
800 km norch, When the Sun's rays shine directly down a vertical well in Syene, they casta
shadow of a verncal pillar in Alexandria. The verticals at both locations extend to the
cenrer of Earth, and they make the same angle that the Sun’s rays make with the pillar ar
Alexandsia. Eratosth red this angle o be 1/50 of 2 complete circle. Theref
dria and Syene is 1/50 Earth’s circumference.

the di ¢ berween Al
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5000 stadia (800 kilometers). So Eratosthenes calculated Earth’s circumference o
be 50 * 5000 stadia = 250,000 stadia. This is very close to the currently accepred
value of Earths circumference.

We get the same result by degrees altogether and comparing the length
of the shadow cast by the pillar to the heighr of the pillar. Geometrical reasoning
shows, to a close approximation, that the ratio shadow length/pillar beight is the same
as the ratio distance between Alexandria and Syene/Earths radius. So just as the pillar
is 8 rimes greater than its shadow, the radius of Earth must be 8 times greater chan
the distance between Alexandria and Syene.

Since the arcumference of a circle is 27 tumes its radius (C = 2ar), Farchs
radius is simply its circumference divided by 2o, In modern units, Earch's radius is
6370 kilometers and its circumference is 40,000 km.

SIZE OF THE MOON

Aristarchus was perhaps the first to suggest that Earth spins on a daily axis, which
accounted for the daily motion of the stars. He also hypothesized that Earth
moves around the Sun in a yearly orbit and that the other planets do likewise.!
He correctly measured the Moon's diameter and its distance from Earth. He did
all this in about 240 BC, seventeen centuries before his findings became fully
ted.
mzismduumm the size of the Moon with the size of Earth by watching an
eclipse of the Moon. Earth, like any body in sunlight, casts a shadow. An eclipse of
the Moon is simply the event wherein the M, into this shadow.
Aristarchus carefully studied this event and found thar the width of Earth's shadow
out at the Moon was 2.5 Moon diameters. This would seem to indicate that the
Moon's diameter is 2.5 times smaller than Earth’s. But because of the huge size of
the Sun, Earth’s shadow tapers, as evidenced during a solar eclipse. (Figure 1.2
shows this in exaggerated scale.) At that time, Earth intercepts the Moon's
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— Mw; duﬂng Earth's M\ﬂ is 2.5 times
—W upper edge of Sun~  solar eclipse Earth wider than Moon
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' Anistarchus was unsuse of his heliocentric hypothess, likely because Farth's unequal seasons seemed not
to support the idea thar Earth circles the Sun. More important, it was noted thar the Moons dastance
trom Earth vanes—<lear evidence thae the Moon docs nex perdectly cincle Earth. [ dhe Moon does not
follow a circular path about Earth, nlmhudumdwhﬁ&hnmuhpﬂt“dw&n.

Thuplmmmdwdﬁp:ﬂpuhdphmtwam d uwniil wov bater by Joh
Kepler. In the the epicycles propased by nther 1 foe these discrey
ltnnlmmwwlhehmﬂumdﬂmddnumu“lm|tllfrlph!nlls1l
would net have contribured w the eardy dicrediting of the hels theory. which might have taken

hold centunes carlier.
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» The16th-century Polish astronomer
Micolaus Copernicus caused great
controversy when he published a
book proposing that the Sun is sta-
tionary and that Earth revolves
around the Sun These ideas con-
flicted with the popular view that
Earth was the center of the um-
verse. They also conflicted with
Church teachings and were banned
for 200 years The italan physicist
Galileo Galilel was arrested for pop-
ularizing the Copernican theory
and for some astronomical discov-
ertes of his own. Yet, a century later,
the ideas of Copernicus and Galileo
were generally accepted.

This kind of cycke happens age
after age. In the early 18c0s, geolo-
gists met with violent condemna.
tion because they differed with the
Genesis account of creation Later
in the same century, geology was
accepted, but theories of evolution
were condemned and the teaching
of them was forbidden Ewrr ’xh
has 1ts groups of intellectual
who are condemned and some-
times persecuted at the time but
whao later seem harmiess and often
essential to the elevation of human
conditions. As Count M. Maeterlinck
wisely said, "At every crossway on
the road that leads 1o the future,
each progressive spirit is opposed
by a thousand men appointed to
guard the past

FIGURE 1.2
During a lunar eclipse, Earth’s
shadow is observed 1o be 2.5 times as
wide as the Moon's diameter. Because
of the Sun’s large size, Earths shadow
must taper. The amount of caper is
evident during a solar eclipse, where
the Moon's shadow tapers a whole
Moon diameter from Moon to Earth,
So Earch's shadow tapers the same
amount in the same distance.
Therefore, Earth's diameter must be
3.5 Moon diameters.
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shadow—but just barely. The Moon's shadow tapers almost to a point at Earth’s
surface, evidence that the aper of the Moon's shadow at this distance is 1 Moon
diameter. So during a lunar eclipse Earth's shadow, covering the same distance, must
also taper | Moon diameter. Taking the tapering of the Sun's rays into account,
Earth’s diameter must be (2.5 + 1) umes the Moon's diameter. In this way,
Aristarchus showed that the Moon's diameter is 1/3.5 that of Earth’s. The presently
accepted diameter of the Moon is 3640 km, within 5% of the value calculated by
Aristarchus.

Sun Moon's orh{t

[too small to see)

FIGURE 1.3

Correct scale of solar and lunar eclipses, which shows why eclipses are rare, (They are
cven rarer because the Moon's orbit is tilted about 5% from the plane of Earth’s orbit abour
the Sun.)

DISTANCE TO THE MOON

Tape a small coin, such as a dime, to a window and view it with one eye so that it
just blocks out the full Moon. This occurs when your cye is about 110 coin diame-
ters away. Then the ratio of coin diameter/coin distance is about 1/110, Geometrical
reasoning of similar triangles shows this is also the ratio of Moon diameter/Moon dis-
tance (Figure 1.4). So the distance to the Moon is 110 times the Moon's diameter.
The carly Greeks knew this. Anstarchus’s measurement of the Moon's diameter was
all thar was needed 1o calculare the Earth-Moon distance. So the early Greeks knew
both the size of the Moon and its distance from Earch.

Diameter of Moon
Diameter of coin
=
{ »
Distance to coin Distance to Moon

Coin diameter  Moon diameter g [
Coin distance  Moon distance 110

FIGURE 1.4

An exercise in ratias: When the coin barely “eclipses” the Moon, then the diameter of the
coin to the distance berween you and the coin is equal 1o the diameter of the Moon to the
distance berween you and the Moon (nor 1o scale here). Measurements give a ratio of

11110 for both.

With this information, Aristarchus made a measurement of the Earth-Sun
distance.

DISTANCE TO THE SUN

If you were 1o repeat the coin-on-the-window-and-Moon excrcise for the Sun
{(which would be dangerous to do because of the Sun's brightness), guess what: The
ratio Sun diameter/Sun distance is also 1/110. This is because the size of the Sun and
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Moon are both the same to the eye. They both taper the same angle (about 0.57).
So, although the ratio of diameter to distance was known to the carly Greeks, diam-
eter alone or distance alone would have to be determined by some other means.
Aristarchus found a method for doing this. Here's what he did.

Anistarchus watched for the phase of the Moon when it was exactly half full, with
the Sun sull visible in the sky. Then the sunlight must be falling on the Moon at
right angles to his line of sight. This meant thart the lines between Earth and the
Moon, between Earth and the Sun, and between the Moon and the Sun form a

right triangle (Figure 1.5).

Half Moon

Earth

A rule of trigonometry states that, if you know all the angles in a right miangle
plus the length of any one of its sides, you can calculate the length of any other side.
Aristarchus knew the distance from Earth to the Moon. At the time of the half
Moon he also knew one of the angles, 90°. All he had to do was measure the second
angle between the line of sight to the Moon and the line of sight 1o the Sun. Then
the third angle, a very small one, is 180° minus the sum of the first two angles (the
sum of the angles in any triangle = 180°).

Measuring the angle between the lines of sight to the Moon and Sun is difh-
cult to do without a modern transit. For one thing, both the Sun and Moon are
not points, but are relatively big. Arnstarchus had to sight on their centers
(or either edge) and measure the angle berween—quite large, almost a right angle
isel! By modern-day standards, his measurement was very crude. He measured
87°, while the true value was 89.8°. He figured the Sun 1o be abour 20 times the
Moon’s distance, when in fact it is about 400 rimes as distant. So although his
method was ingenious, his measurements were crude. Perhaps Aristarchus found
it difficult to believe the Sun was so far away, and he erred on the nearer side. We
don't know.

Today we know the Sun to be an average of 150,000,000 kilometers away. It is
somewhat closer to Earth in December (147,000,000 km), and somewhar farther
in June (152,000,000 km).

SIZE OF THE SUN

Once the distance to the Sun is known, the 1/110 ratio of diameter/distance enables
a measurement of the Sun’s diameter. Another way to measure the 1/110 ratio,
besides the method of Figure 1.4, is to measure the diamerer of the Sun's image cast
through a pinhole opening. You should try this, Poke a hole in a sheet of opaque
cardboard and let sunlight shine on it. The round image that is cast on a surface
below is actually an image of the Sun. You'll see that the size of the image does not
depend on the size of the pinhole, but, rather, on how far away the pinhole is from
the image. Bigger holes make brighter images, not bigger ones, Of course, if the hole
is very big, no image is formed. Careful measurement will show the ratio of image
size 1o pinhole distance is 1/110—the same as the ratio of Sun diameter/Sun—Earth
distance (Figure 1.6),

ABOUT SCIENCE 5

FIGURE 1.5

When the Moon appears exactly half
full, the Sun, Moon, and Earth form
a right wiangle (not to scale). The
hypotwenuse is the Earth-Sun
distance. By simple trigonometry, the
hypotenuse of a right triangle can be
found if you know the value of cither
nonright angle and the length of one
side. The Earth-Moon distance is a
known side. Measure angle X and
you can calculate the Earth-Sun
distance.

d
D 1

h 150,000,000 km 110

FIGURE 1.6

The round spor of light cast by the
pinhole is an image of the Sun. ls
drameteridistance rano is the same as
the Sun diameter!Sun distance ratio,
1110, The Sun’s diameter is 1/110
its distance from Earth.
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FIGURE 1.7

Renoir accurately painted the spots of

light on his subjects’ dothing and

surroundings—images of the Sun cast
by relatively small openings in the

leaves above.

FIGURE 1.8

I'he crescent-shaped spots of sunlight

ex of the Sun when it s par
rially eclipsed

Interestingly, at the time of a partial solar eclipse, the image cast by the pinhole
will be a crescent shape—the same as that of the partally covered Sun. This pro-
\[lil" an .lll('r”\l‘l' WIV IO VIEW a4 }P lr[l.l; (a8 I!}3\l‘ ‘\'!‘hl!li' !l\l!kl”:__: at [h(’ Sun

Have you noticed that the spots of sunlight you see on the ground benecach
trees are perfectly round when the Sun is overhead and spread into ellipses when the
Sun is low in the sky? These are pinhole images of the Sun, where light shines

Li “ll}\ |E'II.' LI;\‘ ande o |!l\'

!IIII LK (i}‘\'llll]!"\ in ll'lt I\.'.I Vs ||I.l' arc .\HI-I]! comp

3'_!["“1& i‘;‘]ll\\. 1\ |l|lllll.5 \FNII 10 centimerers in lildlll;lt'[ 1S Cast I‘\ an l"'L'l\I"E:
that is 110 X 10 ¢m above ground. Tall trees make 1.::!;( images; short trees
make small images. And, at the time of a parcial solar eclipse, the images are cres
cents (Figure 1.8)

* Mathematics—The Language of Science

oacnce .I:]t] human conditions ‘uik.lllu L‘LI L:IJH‘.A‘.I\J”i alver science and l]l.lljll.

matics became integrated some four centuries ago. When the ideas of science

are expressed in mathematical terms, they are unambiguous. The equations of sci
ence provide compact expressions of relationships between concepts. They don't
have the 1nu|ri'1\|c rm‘.ming\ thar so olten contuse I!\L' li‘l‘\l:\xl"-‘” uﬁdﬁ.u r\pr\'umi
in common language. When hndings in naturc are expressed mathemancally, they

are casier to verify or to disprove by experiment. The mathemarical structure of
i

physics will be evident in the many equarions you will encounter throughour this
book. The equarions are guides to thinking thar show the connecrions berween
l.()lh.L'i‘l.\ in naturc, [-!h. ||\L'[!I‘ILE‘\ ol I:I.llllL'lll.l[.l.\ .I”(i I.‘hl‘t'l;]l',l.]l!-“ non [;'li 10 cnor-

IMIOUS SUCCOSS 1IN suicncc.

We duringush berwoen the mathemanical srsctuee of physics snd the practice of mathemancal problem

sobving—ihe t nonconceptusl counses. Note the relstvely small n umber of problenss ar che
mads « s i this book, compared with the number of exercises. The focus s on com prehension
snbortshly belore compurtsnon. Addirional problems tor this edition are in the Sobbuny ¢
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* Scientific Methods

here s no ere scientific method. But there are common fearures in the way scien-
tists do their work. This all dates back to the lralian physicise Galileo Galilei
(1564-1642) and the English philosopher Francis Bacon (1561-1626). They broke
free from the methods of the Greeks, who worked “upward or downward,” depending
on the circumstances, reaching conclusions about the physical world by reasoning from
arbitrary assumprions (axioms). The modern scientist works “upward,” first examining
the way the world actually works and then building a structure to explain findings.
Although no cookbook description of the scientific method is really adequare,
some or all of the following steps are likely ro be found in the way most scientists
carry out their work.

1. Recognize a question or a puzze—such as an uncxplained fact.

2. Make an educared guess—a hypothesis—thar might resolve the puzzle,

3. Predict consequences of the hypothesis,

4. Perform experiments or make calculations to test the predictions,

5. Formulate the simplest general rule thar organizes the three main
ingredients: hypothesis, predicted effects, and experimental findings.

Although these steps arc appealing, much progress in science has come from trial
and eror, experimentation without hypotheses, or just plain accidental discovery
by a well-prepared mind. The success of science rests more on an artitude common
to scientists than on a particular method. This attitude is one of inquiry, integrity,
and humility—thar is, a willingness 10 admit error.

" The Scientific Attitude

It 15 common to think of a fact as something that is unchanging and absolure.
But, in science, a fact is generally a close agreement by competent observers
who make a series of observations about the same phenomenon. For example,
where it was once a fact thar the universe is unchanging and permanent, today irisa
fact that the universe is expanding and evolving. A scientific hypothesis, on the
other hand, is an educared guess that is only presumed to be factual undil supported
by experiment. When a hypothesis has been tested over and over again and has not
been contradicted, it may become known as a law or principle,

If a scienrist finds evidence that contradicts a hypothesis, law, or principle, then,
in the scientific spirit, it must be changed or abandoned—regardless of the reputa-
tion or authority of the persons advocating it (unless the contradicting evidence,
upon testing, s out o be wrong—which sometimes happens). For example, the
greatly respected Greek philosopher Arisiotle (384-322 80) daimed that an objece
falls at a speed proportional o its weight. This idea was held 1o be true for nearly
2000 years because of Aristotle's compelling authority. Galileo allegedly showed the
falseness of Aristotle’s claim with one experiment— demonstrating that heavy and
light objects dropped from the Leaning Tower of Pisa fell at nearly equal speeds. In
the scientific spirit, a single verifiable experiment to the contrary outweighs any
authority, regardless of reputation or the number of followers or advocates, In mod-
em scicnce, argument by appeal to authority has linle valuc.*

"Bust appeal to brasay has value in science. Mare than one exy | sesake in uemes has

coneradicred a lovely thenry, which, upon hurther investigation, proved w be wroag, This has bolsered

sientisns’ Bich dhae the uliimaeddy comect description of narure involves conciscness of expression and
y of a comk that deserves to be called beaursul.

¥

Setence It 3 way of kmowing about
the world and making sense of it
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Facts are revisable data
about the
world.

Theories

"
0

Experiment, not philecophical
dwcussion, decides what 1 corect
Inscience.

interpret facts,

Much leaming can occur by
asking questions. Socrates
preached this, and hence the
Socratic method Questionmg has
led to some of the most
magnificent works of art and
science.

o

-

Scientists must accept their uperimcma[ findings even when they would like
them o be different. They must strive to distinguish between whar they see and
what they wish to s, for scientists, like most people, have a vast capacity for fool-
ing themselves.* People have always tended 1o adopt general rules, belicks, creeds,
ideas, and hypotheses without lhormghl) questioning their validity and to retain
them long after they have been shown 1o be meaningless, false, or at least question-
able. The most widespread assumptions are often the least questioned. Most often,
when an idea is adopred, particular aention is given 1o cases that seem 1o support
it, while cases that seem 1o refure it are distorred, belitded, or ignosed.

Scientists use the word theery in a way thac differs from its usage in everyday
speech. In evervday speech, a theory is no different from a hypothesis—a supposi-
tion that has not been verified. A scientific theory, on the other hand, is a synthesis
of a large body of information that encompasses well-tested and verified hypotheses
about certain aspects of the natral world, Physicists, for example, speak of the
quark theory of the atomic nucleus, chemists speak of the theory of mewllic bond-
ing in metals, and biologists speak of the cell theory.

The thearies of science are not fixed: rather, they undergo change. Sciennhc the-
ories evolve as they go through stages of redefinition and refinement. During the
past hundred years, for example, the theory of the atom has been repeatedly refined
as new evidence on atomic behavior has been gathered. Similarly, chemists have
refined their view of the way molecules bond rogether, and biologists have refined
the cell theory. The refinement of theories is a strength of science, not a weakness.
Many people feel that it is a sign of weakness to change their minds. Competent sci-
cntists must be experts at changing their minds. They change their minds, however,
only when confronted with solid experimental evidence or when a conceprually
simpler hypothesis forces them 1o a new point of view. More important than
defending beliefs is improving them. Better hypotheses are made by those who are
honest in the face ofcxpcnmmul wadcncc

Away from their profession, s are inh ly no more honest or ethical
than most other pcoplt But in their profession they work in an arena thar places a
high premium on honesty. The cardinal rule in science is that all hypotheses must
be testable—they must be susceptible, at least in principle, 1o being shown to be
wrong. In science, it 1s more important that there be a means of proving an idea
wrong than that there be a means of proving it right. This isa major factor that dis-
tinguishes science from nonscience. At first this may seem strange, for when we
wonder abour most things, we concern ourselves with ways of finding our whether
they are true. Scientific hypotheses are different. In fact. if you want to distinguish
whether a hypothesis is scientific or not, check to see if there is a test for proving it
wrong. If there is no 1est for its possible wrongness, then the hyporhesis is not sci-
entific. Albert Einstein put it well when he 1, “No ber of expen can
prove me right: a single experiment can prove me wrong.”

Consider the biologist Charles Darwin's hypothesis that life forms evolve from sim-
pler to more complex forms, This could be proved wrong if palcontologists discovered
that more complex forms of life appcarod before their simpler counterparts. Einstein
hypothesized that light is bent by gravity: Thu mlahr be proved wrong if starlight that
grazed the Sun and could be scen during a solar eclipse were undeflected from s nor-
mal path. As it rurned out, less complex life forms are found 1o precede their more
complex counterparts and starlight is found to bend as it passes close to the Sun,
which support che claims. [Fand when a hypochesis or scientific claim is confirmed, it
is regarded as useful and as a stepping-stone 1o additional knowledge.

Consider the hypothesis “The alignment of planets in the sky determines the
best time for making decisions.” Many people believe it, but this hypothesis is not

o your education it is st enough to be aware that ather people may try to foal you: it is more impor-
tant 1w be aware of your own tmdency to ool yourself.




CHAPTER1  ABOUT SCIENCE

scientific. It cannot be proven wrong, nor can it be proven right. It is speculasion.
Likewise, the hypothesis “Intelligent life exists on other planets somewhere in the
universe” is not scientific. Although it can be proven correct by the verification of a
single instance of intelligent life existing elsewhere in the universe, there is no way
to prove it wrong if no intelligent life is ever found. If we searched the far reaches of
the universe for cons and found no life, that would not prove that it doesn't exist
“around the next corner.” On the other hand, the hypothesis “There is no other
intelligent life in the universe”™ s scientific. Do you see why?

A hypothesis that is capable of being proved right bur not capable of being
proved wrong is not a scientific hypothesis. Many such statements are quite reason-
able and useful, bur they lie outside the domain of science.

%T
[ ]
Which of these is a scientific hypothesis?
a. Atoms are the smallest particles of matter that exist.
b. Space is permeated with an essence that is undetectable.

Check Your Answer

Only a is scientific. because there is a test for falseness. The statement Is not only
capable of being proved wrong but in fact has been proved wrong. Statement

b has no test for possible wrongness and is therefore unsclentific. Likewise for any
principle or concept for which there is no means, procedure, or test whereby it can
be shown to be wrong (if it s wrong). Some pseudoscientists and other pretenders
to knowledge will not even consider a test for the possible wrongness of their
statements. Statement ¢ is an assertion that has no test for possible wrongness. If
Einstein was not the greatest physicist, how could we know? It is important to
note that because the name Einstein is generally held in high esteem, it isa
favorite of pseudascientists 5o we should not be surprised that the name of
Einstein, Itke that of Jesus or of any other highly respected person, is cited often by
chartatans who wish to bring respect to themsedves and their points of view. In

all fields, it is prudent to be skeptical of those who wish to aredit themselves by
calting upon the authority of others

None of us has the time, energy, or resources to test every idea, so most of the time
we take somebody's word. How do we know whose word ro take? To reduce the
likelihood of error, scientists accept only the word of those whose ideas, theories, and
findings are testable—if not in pracrice, ar least in principle. Speculations that cannor
be tested are regarded as “unscientific.” This has the long-run effect of compelling
honesty—findings widely publicized among fellow scienrists are generally subjected
to further testing. Sooner or later, mistakes (and deception) are found out; wishful
thinking is exposed. A discredited scientist does not get a second chance in the com-
munity of scientists, The penalty for fraud is professional excommunication, Honesty,
so important to the progress of science, thus becomes a matter of self-interest to scien-
uists, There is relatively linle bluthng in a game in which all bets are called. In ficlds of
study where right and wrong are not so easily established. the pressure 1o be honest is
considerably less.

The ideas and concepts most important to our everyday life are often unscien-
tific; their correctness or incorrectness cannot be determined in the laborarory.
Interestingly enough, it seems that people hanestly believe their own ideas about
things to be correct, and almost everyone is acquainted with people who hald com-
pletely opposite views—so the ideas of some (or all) must be incorrect. How do you
know whether or not you are one of those holding erroncous beliefs? There is a test.

The essence of science Is
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Before you can be reasonably convinced that you are right abour a particular idea.
vou should be sure that you understand the objections and the positions of your
maost articulate antagonists, You should find out whether your views are supported
by sound knowledge of opposing ideas or by your misconceprions of opposing ideas.
You make this distinction by seeing whether or not you can state the objections and
paositians of your opposition to thefr satisfaction. Even if you can successfully do
this, you cannot be absolutely certain of bcing rislu about your own ideas, but the
probability of being right is considerably higher if you pass this test.

__C.H.Etl'mw,r

"
Suppose that, in a disagreement between two friends, Aand B, you note
that friend A only states and restates one point of view, whereas friend &
clearly states both her own position and that of friend A Who is more
likely to be correct? (Think before you read the answer belowl)

Check Your Answer
Who knows for sure? Friend B may have the cleverness of a lawyer who can state
various points of view and still be incorrect. We can't be sure about the "other quy”
The test for correctness or incorectness suggested here is not a test of others, but
of and for you. It can aid your personal development. As you attempt to articulate
the ideas of your antagonists, be prepared, like scentists who are prepared to
change their minds, todiscover evidence contrary 1o your own ideas—evidence
that may alter yvour views. Intellectual growth often occcurs in this way

30, Although the notion of being familiar with counter points of view seems reason-
able o most thinking people, just the opposite—shielding ourselves and others
from opposing ideas—has been more widely practiced. We have been raughe to dis-

We each need a knowledge filter credit unpopular ideas without understanding them in proper context, Wich the
to tell the difference between 20120 vision of hindsight, we can see that many of the “deep truths™ that were the
what is vahd and what anly FE AR § T
pretends tobevalld, The best cornerstones 51f whole civilizatons were shallow rtﬂcum:!s uf the prevailing 1gna-
knowledge filter ever irverded 15 rance of the ime. Many of the problems thar plagued societies stemmed from this
science ignorance and the resulting misconceptions; much of what was held to be true sim-
ply wasn't true. This is nor confined to the past. Every scientific advance is by neces-
I sity incomplete and pardy inaccurate, for the discoverer sees with the blinders of the
day and can only discard a part of that blockage.
* Science, Art, and Religion
S Tl‘w scarch for order and meaning in the world around us has taken different
= Y forms: One is science, another is art, and another is religion. Although the

roots of all three go back thousands of years, the traditions of science are relatively
recent. More important, the domains of science, art, and religion are different,
although they otften overlap. Science is principally engaged with discovering and
recording natural phenomena, the arts are concerned with personal interpretation
and creative expression, and religion addresses the source, purpose, and meaning
oficall.

Science and the arts are comparable, In the arc of literature, we discover what is
possible in human experience. We can learn abour emotions ranging from anguish
to love, even if we haven't experienced them. The arts do not necessarily give us
those experiences, but they describe them 1o us and suggest what may be possible
for us. Science tells us whar is possible in nature, Scientific knowledge helps us to

Art is about cosmic beauty
Soence 15 about cosmic order.
Religran 13 about cosmic purpase.




Pseudoscience

n prescientific times, any attempt to hamess nature

meant forcing nature against her will Nature had to be
subjugated, usually with some form of magic or by means that
were above nature—that is, supernatural Science does just the
opposite, and it works within nature’s laws. The methods of sci-
ence have largely displaced reliance on the supernatural—but
not entirely. The old ways persist, full force in primitive cultures,
and they survive in technologically advanced cultures too,
sometimes disguised as science. This is fake science—
pseudoscience, The hallmark of a pseudoscience is that it lacks
the key Ingredients of evidence and having a test for wrong-
ness in the realm of pseudoscience, skepticssm and tests for
possible wrongness are downplayed or flatly ignored.

There are various ways to view cause-and-effect relations in
the universe. Mysticism is one view, appropriate perhaps in
rehigion but not apphicable to science. Astrology 1 an ancient
bellef system that assumes there & a mystical correspondence
between individuals and the universe as a whole—that human
affairs are influenced by the positions and movements of plan-
ets and other celestial bodies This nonscientific view can be
quite appealing However insignificant we may feel at times,
astrologers assure us that we are intimately connected to the
workings of the cosmos, which has been created for humans—
particularly those humans belonging to one’s own tribe, com-
munity, o religious group Astrology as ancient magic is one
thing, but astrology in the guise of scence 1s another When it
poses as a science related 10 astronomy, then it becomes pseu-
doscience. Some astrologers present their craft in a scientific
quise When they use up-to-date astronomical information
and computers that chart the movements of heavenly bodies,
astrologers are operating in the realm of science But when
they use these data to concoct astrological revelations, they
have crossed over into full-fledged pseudoscience.

Pseudoscience, hike sclence, makes predictions. The predic-
tions of a dowser, who locates underground water with a dows-
Ing stick, have a very high rate of success—nearly 100%. When-
ever the dowser goes through his or her ritual and points toa
spot on the ground. the well digger is sure to find water. Dows-
g works. Of course, the dowser can hardly miss, because there
1s groundwater within 100 meters of the surface at nearly
every spot on Earth. (The real test of a dowser would be finding
a place where water wouldn'l be found!)

Ashaman who studies the oscillations of a pendulum sus-
pended over the abdomen of a pregnant woman can predict
the sex of the fetus with an accuracy of 50%. This means that, if
he tries his magic many times on many fetuses. half his predic-
tions will be right and half will be wrong—the predictability of
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ordinary guessing. In comparison, determining the sex of
unborns by scientific means gives a 95% success rate via sono-
grams and 100% by amniocentesis. The best that can be said
for the shaman is that the 50% success rate is a lot better than
that of astrologers, palm readers or other pseudoscientists
who predict the future

An example of a pseudoscience that has zero success is pro-
vided by energy-multiplying machines. These machines, which
are alleged to deliver more energy than they take i, are, we are
told, "still on the drawing boards and needing funds for devel-
opment.” They are touted by quacks who sell shares to an igno-
rant public who succumb to the pie-in-the-sky promises of suc-
cess. This Is junk sclence Pseudoscientists are everywhere_ are
usually successful in recruiting apprentices for money or labor,
and can be very convincing even to seemingly reasonable peo-
ple. Their books greatly outnumber books on science in book-
stores Junk sclence s thriving,

Four centuries ago, most humans were dominated by
superstition, devils, demons, disease. and magic In their short
and difficult lives. Life was cruel m medieval times. Only
through enormous effort did humans gain scientific knowl-
edge, overthrow superstition, and gain freedom from igno-
rance We should rejoice in what we've learned—no longer hav-
ing to die whenever an infectious disease strikes or to live in
fear of demons. Today we have no need to pretend that super-
stition s anything but superstition, or that junk notions are
anything but junk notions—whether voiced by street-cormner
quacks, by loose thinkers who write promise-heavy health
books, by hucksters who sell magnetic therapy, or by dema-
gogues who inflict fear

Yet there is cause for alarm when the superstitions that
people once fought to erase come back in force enchantinga
growing number of people. There are now more than twenty
thousand practicing astrologers in the United States who serve
millions of credulous believers. A greater percentage of
Americans today believe in astrology and occult phenomena
than did citizens of medieval Europe. Few newspapers print a
dally sclence column, but nearly all provide daily horoscopes.
Although goods and medicines around us have improved with
scientific advances, much human thinking has not.

Many believe that the human condition is shiding backward
because of growing technology More likely, however, we'll slide
backward because science and technology will bow to the
Irrationality superstitions, and demagoquery of the past,
“Equal time” will be allotted to irrationality in our classrooms.
Watch out for the spokespeople of irrationality Pseudoscience
and irrationality are huge and lucrative businesses.

predice possibilities in nature even before thase possibilities have been experienced.
It provides us with a way of connecting things, of seeing relationships berween and
among them, and of making sense of the grear variety of natural events around us,
Science broadens our perspective of nature, A knowledge of both the ares and the
sciences makes for a wholeness that affects the way we view the world and the deci-
sions we make about the world and ourselves. A truly educated person is knowl-
edgeable in both the arts and the sciences.
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Science and religion have similarities also, bur they are basically different—
principally because their domains are different. The domain of science is natural
order; the domain of religion is nature’s purpose. Religious belicfs and practices
usually involve faith in, and worship of, a supreme being and the creation of human
community—not the practices of science. In this respect, science and religion are as
different as apples and oranges: They are two different yet complementary helds of
human activicy.

When we study the nature of light later in chis book, we will trear light first as a
wave and then as a particle. To the person who knows a little bir abour science,
waves and particles are contradictory; light can be only onc or the other, and we
have to choose berween them. But to the enlightened person, waves and particles
complement each other and provide a decper understanding of light. In a similar
way, it is mainly people who are either uninformed or misinformed abour the
deeper natures of both science and religion who feel that they must choose between
believing in religion and believing in science. Unless one has a shallow understand-
ing of cither or bath, there is no contradicrion in being religious and being scien-
tific in onc’s thinking.”

Many people are troubled abour not knowing the answers 1o religious and philo-
2f iz sophical questions. Some avoid unceriainty by uncritically accepring almose any
comforting answer, An imporeant message in science, however, is that uncerainty is

The belief that there is. only acceptable. For example, in Chaprer 31 you'll leamn that it is not possible 1o know

one truth ard that oneself with certainty both the momentum and position of an electron in an atom. The

:'W"w of feseerns i more you know about one, the less you can know about the other. Uncertainty is a
1 the deepest root of all the evil e fdon > ;

that is in the world, —Max Born part of the scientific process. 1t's okay not to know the answers to fundamental ques-

tions, Why are apples gravitationally attracted to Earth? Why do clectrons repel one

b another? Why do magnets interact with other magners? Why does energy have
mass? At the deepest level, scientists don't know the answers 1o these questions—at
least not yer. We know a lot abour where we are, but nothing really abour why we
are. Ir's okay not to know the answers 10 such religious questions. Given a choice
benween a closed mind with comforting answers and an open and exploring mind
without answers, maost scientists choose the latter. Scientists in general are comfore-
able with not knowing.

* Science and Technology

Scimcr and rechnology are also different from each other. Science is concerned
with gathering knowledge and organizing it. Technology is applicd science,
used by technologists and engineers for practical purposes. It also provides the wols
needed by scientists in their further explorations.

Technology is & double-edged sword that can be both helpful and harmful. We
have the wechnology, for example, 1o extract fossil fuels from the ground and then
1o burn rhe fossil fuels for the production of energy. Energy production from fossil
fuels has benefired our society in countless ways. On the flip side, the burning of
fossil fuels endangers the environment. It is tempring 1o blame technology itself for
pmblmm such as pollution, resource depletion, and even overpopulation. These
problems, however, are not the fault of rechnology any more than a shotgun wound
is the fault of the shotgun, lt is humans who use the technology, and humans who
are responsible for how it is used.

Remarkably, we already possess the technology to solve many environmental
problems. This 21st century is secing a switch from fossil fuels to more sustainable

SOF comrse., this doesn apply w religions cxtemisn who steadfistly assert that one cananot cmbirace both
ther brand of religion and science.




Risk Assessment

he numerows benefits of technology are paired with

risks When the benefits of a technological innavation
areseen 1o outweigh its risks, the technology Is accepted and
apphed. X-rays, for example, continue to be used for medical
diagnesis despite their potential for causing cancer But when
the risks of a technology are percerved to outweigh its benefits,
it should be used very sparingly or not at all

Risk can vary for different groups. Aspirin is useful for
adults, but for young children it can cause a potentially lethal
condition known as Reye’s syndrome. Dumping raw sewage
into the local river may pose little risk for a town located
upstream, but for towns downstream the untreated sewage is
a health hazard Similarly, storing radioactive wastes under-
ground may pose fittle risk for us today, but for future genera-
tions the risks of such storage are greaterif there isleakage
into greundwater Technologles invalving different risks for dif-
ferent people, as well as differing benefits, raise questions that
are often hotly debated Which medications should be sold to
the general pubhc over the counter and how should they be
labeled? Should food be irradiated in order to put an end to
food poisoning, which kills more than so00 Americans each
year? The risks to all members of society need consideration
when publc policies are decded.

The risks of technalogy are not always iImmediately apparent.
Noone fully realized the dangers of combustion products when
petroleum was selected as the fuel of choice for automobiles
carly in the last century. From the hindsight of 20/20 viston, alco-
hots from blomass would have been a superior cholce environ-
mentally, but they were banned by the prohibition movernents
of the day that made akcohol an fllegal substance
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Because we are now more aware of the environmental costs
of fossil-fuel combustion, biomass fuels are making a slow
comeback An awareness of both the short-term risks and the
long-term risks of a technology is crucial.

People seem to have difficulty accepting the impossibility
of zero risk. Airplanes cannct be made perfectly safe.
Precessed foads cannet be rendered completely free of toxic-
ity for all foods are toxic to some degree. You cannot go to the
beach without risking skin cancer, no matter how much sun-
screen you apply You cannot avod radioactivity, for itsin the
alryou breathe and the foods you eat, and It has been that
way since before humans first walked Earth. Even the cleanest
rain contains radioactive carbon-14, not to mention the scame
inour bodies. Between each heartbeat in each human bady,
there have always been about 10,000 naturally eccurring
radicactive decays. You might hide yourself in the hills, eat the
most natural of food s, practice obsessive hygiene, and stilldie
from cancer caused by the radioactivity emanating from your
own body. The probability of eventual death is 100%. Nobody is
exempt.

Science helps to determine the most probable. As the
tools of science improve, then assessment of the most
probable gets closer to being on target Acceptance of risk,
on the other hand, s a socketal issue. Placing zero risk as a
societal goalis not only impractical but selfish, Any society
striving toward a policy of zero risk would consume its pres-
ent and future economic resources. Isn't it more noble to
accept nonzero risk and to minimize risk as much as possible
within the limits of practicality? A society that accepts no
risks receives no benefits

encrgy sources, such as photovoluaics, solar thermal elecuic generation, and biomass
conversion. Whereas the paper on which this book is printed came from trees, paper
will soon come from fast-growing weeds, and less may be needed as small, easy-to-read
computer screens gain popularity. We are more and more recycling waste products,
In some parts of the world, progress is being made on stemming the human popu-
lation explosion that aggravates almost every problem faced by humans today, We
live on a finite planct and more of us are acknowledging Earth's population carrying
capacity. The grearest obsracle to solving roday's problems lies more wirh social inerria
than with a lack of technology. Technology is our tool. What we do wich this tool is
up to us, The promise of technology is a deaner and healthier world. Wise applica-
tons of technology can lead 1o a betrer world.

* Physics—The Basic Science

cience, once called naroad phi asses the study of living things

and nonliving things, the life sciences and the physical sciences. The life sci-

ences include biology, zoology, and botany. The physical sciences include geology,
astronomy, chemistry, and physics.

Physics is more than a part of the physical sciences. It is the basic science. It's

about the nature of basic things such as motion, torces, energy, macter, heat, sound,

[
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No wrars are fought over
sclence,
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light, and the structure of atoms. Chemistry is about how marrer is put together,
how atoms combine 1o form molecules, and how the molecules combine to make
up the many kinds of matter around us. Biology is more complex and involves mat-
ter that is alive, So underneach biology is chemistry, and underncath chemisery is
physics. The concepes of physics reach up to these more complicated sciences.
That's why physics is the most basic science.

An u.ndmandmg of science begins with an understanding of physics. The fol-

lowing chapeers present physics conceprually so char you can enjoy understanding it

_LILF.C.I'.OTNT

| ]
Which of the following activities involves the utmost human expression
of passion, talent, and intelligence?
a. painting and sculpture
b. literature

€ music
d. religion

Check Your Answer

Allof them! The human value of science, however, is the least understeod by most
individuals in our society The reasons are vaned, ranging from the common
notien that science s Incomprehensible to people of average ability tothe
extreme view that science is a dehumanizing force in our society. Most of the
misconceptions about scence probably stem from the confusion between the
abuses of sclence and science itself

Science s an enchanting human activity shared by a wide variety of people
who, with present-day tools and know-how, are reaching further and discovering
more about themselves and their envitonment than peoplein the past were ever
able to do. The more you knew about science, the more passionate you feel toward
your surroundings. There is physics ineverything you see, bear, smell taste. and
touch!

* In Perspective

Only a few centuries ago the most talented and most skilled artists, architects,
and artisans of the world directed their genius and effort 1o the construction
of the great cathedrals, synagogues, temples, and mosques. Some of these architec-
tural structures wok centuries 1o build, which means that nobody witnessed both
the beginning and the end of construction. Even the architects and cardy builders
who lived 1o a ripe old age never saw the finished resulis of cheir labors. Entire
lferimes were spent in the shadows of construction thar must have seemed withour
beginning or end. This enormous focus of human energy was inspired by a vision
that weat beyond worldly concerns—a vision of the cosmos. To the people of thar
time, the structures they erected were their “spaceships of faith,” irmly anchored
but pointing to the cosmos.

Today the efforts of many of our most skilled scientists, engineers, artists, and
technicians are directed to building the spaceships that already orbit Earth and others
thar will voyage beyond. The time required 1o build these spaceships is extremely
bricf compared with the time spent building the stone and marble structures of the
past. Many people working on today’s spaceships were alive before the first jecliner
carried passengers. Where will younger lives lead in 2 comparable time?
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We seem to be ar the dawn of a major change in human growth, for as little Evan
suggests in the photo that precedes the beginning of this chaprer, we may be like the
hatching chicken whao has exhausted the resources of its inner-egg environment and
is about o break through to a whole new range of possibilities. Earth is our cradle
and has served us well. Bur cradles, however comfortable, are outgrown one day. So
with the inspiration that in many ways is similar to the inspiration of those who built
the carly cathedrals, synagogues, temples, and mosques, we aim for the cosmos.

We live in an exciting nme!

SUMMARY OF TERMS
Scientific method Principles and procedures for the system-

atx punsuit of knowledge involving the recognition and
formulation of a , the collection nfdn:a d\ml‘h
observation nul and the f |

testing of hypo(lmn

Hypothesis An cducared guess: 2 reasonable explanation of an
observation or experimencal resule thar is nos fully accepred
as facoual unul tested over and over again by expeniment.

Scientific artitude The sciendific method inclined roward

inguiry, integrity, and humilicy.

Fact A statement abour the world thar com petent observers
who have made a series of observations agree on.

Law A gencral hypothesis or statement abour the relationship
of natural quantitics that has been tested over and over
again and has not been contradicred. Also known as a

FIRTPIE.

wa:q A synthesis of a large body of information rhat
encompasses well-tested and verified hypotheses about
cernain aspects of the narural world.

Pscudoscience Fake science thar pretends to be real saence.

REVIEW QUESTIONS

‘.Brl.'ﬂy whar 15 science?
2. Throughout the ages, what has been the general reaction
to new ideas about established “truths™?

Scientific Measurements

3. When the Sun was directly overhead in Syene, why was it
not directly overbead in Alexandria?

4. Earth, like everything clse illuminated by the Sun, casts a
shadow. %}' does this shadow taper?

5. How does the Moon's diameter compare with the dis-
tance berween Earth and the Moon?

6. How does the Sun’s diameter compare with che distance
berween Earth and the Sun?

7. Why did Aristarchus make his measurements of the Sun's
distance at the time of a half Moon?

8. Whar are the circular spos of light seen on the ground
beneath a tree on a sunny day?

Mathematics—The Language of Science
9. What is che role of squations in this book?

Scientific Methods
10. Oudine some fearures of the scientific method.

The Scientific Attitude

11. Distingussh among a scientific fact, a hypothesis, a law,
and a theory.

12. In daily life, people are often praised for maintaining
some particular point of view, for the “courage of their
convictions.” A change of mind is seen as a sign of
weakness, How is this different in science?

13, What is the test for whether a hypothess is scientific
or not?

14. In daily life, we see many cases of people who are caught
misrepresenting things and who soon thereafter are
excused and accepred by their contemporanies, How is
this different in science?

15. What test can you perform to increase the chance in your
own mind that you are nght about a particular idea?

Science, Art, and Religion

16. Why are srudents of the arts encouraged to kearn abour s-
enceand science sadents encouraged o keam abour the arr?

17. Why do many people believe they must choase between
science and religion?

18. I'sy\'.hnlopa.lmfm uabmcﬁtu‘hnm;mb:lmn
w0 religious questions, What benefit accompanies a posi-
tion of not knowing the answers?

Science and Technology
19. Clearly disninguish berween science and rechnology.

Physics—The Basic Science
20. Why is physics considered o be the basic science?
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PROJECTS

Poke a hole in a piece of cardboard and hold the cardboard hori-
zonully in the sunlight. Note the image of the Sun thar is case
below. To convince younelf thar the round spot of light i1s an
image of the round San, try holes of different shapes. A square
or wiangular bole will sll cast a round image when the dutance
10 the image is luge compared with the size of the hole. When
the Sun's tays and the image surface are perpendicular, the image
IIIC.& Mhsnlnﬂm‘hmnﬁmﬂll Iw“ll’
fae, the image iv a “sretched-out” cirde, an cllipse. Let the solar
image fall upon a com. say 2 dime. Posstion the cardboard s the
innage just covers the coin, This is 4 convenient way to measre
rhdmufdwmardunmmlhdummoﬁh
ARy R0 PEALNE SO the di b the

candboard and the coin. Your ratio of image size w image dis-
tance should be about 1/110. This i the ratio of solar diamerer
to wolar distance 1o Easth. Using the information that the Sun is
150,000,000 kil dastant, cabculate che di of the
Sun. (Interesting quostions: How many coins placed end-to-end
would fie between the solar i and the cardboand? How
many s would fit beeween the cand and dhe Sun?)

2 (J‘uﬂtaplrﬁmhlhyintluwrymﬁmu—lddulh‘dm

day carry & small nowcbook with you and record every time you
wmm:uﬂmm:hmn&mnmdmdﬂp- J\ﬁuwurrmdu‘n
done, write 4 short page or owo di
your list of rechnologses. m:nmuf;u-ynmlh:ﬁndi
cach wuddenly vanished, and how you'd cope wirh the los.

EXERCISES

What is the penalty for scientific fraud in the science
community?

2. Which of the following are scientific hypotheses?

{a) Chlorophyll makes grass green. (b) Earth rotates about
its axas because living things need an altemacion of light
and darkness. () Tides are caused by the Moon.

3. In answer o the question, “When a plant grows, where

does the material come from?” Aristotle hypothesized by
]z that all marerial came from the soil. Do you con-

his hypothesis 1o be correct, incortect, or partially
correct? Whar experiments do
your choice?

YOU Propose 1o SUpport

4. The grear philosopher and mathemarician Bertrand

Russell (1872-1970) wrote about ideas in the carly part
of his life thar he rejected in the larter part of his life. Do
you see this as a sign of weakness or as 2 sign of strength
in Bertrand Russell? (Do you speculate thar your present
ideas about the world around you will change as you learn
andupmmctm or do you speculate that fusther

[ ge and exp e will solidify your present
understanding?)

5. Bertrand Russell wrore, “I think we must retain the belief

that scientific knowledge is one of the glories of man.

1 will pot maintain that knowledge can never do harm.

I think such general propositions can almost always be
refured by well-chosen examples. Whar I will maintain—
and maintain vigorously—is that knowledge is very much

&Tksbathwunb)'awrnalplhu

more often uscful than harmful and that fear of knowl-
edge is very much more often harmful than useful”

Think of examples 1o support this statement.

6. When you step from the shade into the sunlight, the Sun’s

hear is as evident as the hear from hot coals in a fireplace
in an otherwise cold mom. You feel the Sun’s heat not
because of its high remperarure (higher remperarures can
be found in some welder's torches), but because the Sun is
big. Which do you estimare is larger, the Sun’s radius or
the distance between the Moon and Earth? Check your
answer in the list of physical data on the inside back
cover. Do you find your answer surpnsing?
7. Whar is probably being misunderstood by a person who
says, “But that’s only a scientific theory™?
in Alexandria ar noon
lstice is found 10 be 1/8 the heighe
nflhepullu The distance berween Alexandria and Syene
is 1/8 Earth’s radius. Is there a geometric connection
between these two 1-10-8 ratios?

9. IF Earch were smaller chan it s, but the Alexandria-to-

Syene distance were the same, would the shadow of the
vertical pillar in Alexandria be longer or shorrer at noon
ing the summer solstice?

10. Scientists call a theory that unites many ideas in a

simple way “beautiful. " Are unity and simplicity among
the criteria of beauty ourside of science? Support your
answer.




Like everyone, I'm made of atoms. They're so
small and numerous that | inhale billions of
trillions of atoms with each breath of air. | exhale
some of them right away, but other atoms stay
for awhile and become part of me, which | may
exhale later. Other people breathe some of these,
50 they become a part of me. And vice versa
Although | am Eqyptian and was born in Cairo,
the atoms that make up my body were once in
the bodies of people from every country in the
world. Furthermore, since there are maore atoms
in a breath of air than the total number of
humans since time zero, in each breath you
inhale you recycle atomns that were once a part of
every person who ever lived. Hey, in this sense,
we're all one!

Mechanics




Isaac Newton

{1642

1 Theoretical physicist Toby Jacobson, my protégé since age 1 3, shows a simple

demonstration of inerria, 2

T'he balanced rock more serikingly illustrates inerria, 3 David

Yee asks his students which string, the lower or the upper, will break when he suddenly
vanks downward on the lower string,

od said, Let Newton be! and all was lighe!”
Alexander Pope.

II'I tl]lh Jlkj nmanv ll(})t'l glul‘lt'l\ we \\lll \l‘lll" llll.' ]LIL'.I)
of lsaac Newton, one of the greatest minds of all rime.
Newton was born lll’l_‘lll.llllll.'l\ on Christmas Day, 1642,
and barely survived in his mother’s
farmhouse in England. His father
died several months before his
birth, and he grew up under the
carc of his mother and grand-
mother. As a child, he showed no
particular signs of bnghmess, and.
as 2 young; teen, he was taken out of
school 1o help manage his mother's
farmy. He had livde intesest in this,
preferring to read books he bor-
rowed from a neighbor. An uncle,
who sensed the scholarly potential

in young [saac, arranged for him 1o

1727)

lL’_(l l'l‘ll"i\' (L) ‘\h(\l?l hll 4 vcar .1nli

then on to the University of Cambridge, where he stayed
for 5 years, graduating withour particular disuncrion.
When a plague swept through England, Newton
retreated to his mother’s frm—uahis time to continue his
studies. There, at the age of 22 and 23, he laid the foun-
dations for the work that was 1o make him immortal
Seeing an apple fall to the ground led him to consider the
force of gravity extending to the Moon and beyond. He
avitation and applied it

formulared the law of universal g
to solving the centunies-old mysteries of planetary

motion and ocean ndes; he invented the calculus, an
indispensable mathematical tool in science. He extended
the work of lralian sciennist Galileo, and tormulated che
II‘lh,'t' l'.l.lnl.]‘ul]L‘n(.ll |.l\\\ ui-r'llnlu 1IN T}u‘ I.il\l ol'l IIL‘\.\' |.l\'$\
is the law of inertia, which is the subject of chis \.h'.ll'lll'!.

As background to the physics that Newton so dearly
presented, we go back to the 3rd century BC 1o Aristotle,
the most nuul.mdmg l‘llilll\(\[‘ll(‘f‘\(It.'ﬂli‘l of his time
in ancient Greece, Aristotle attempted o clarify motion
l1}'«|.1\\|lik‘-lrl:m
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* Aristotle on Motion

A;i:mtlc divided motion into two main classes: natienad motion and violens
otien. We briefly consider each. nor as study marterial, bur as a background
to present-day ideas abour motion.

Aristotle asserred thar natural motion proceeds from the “nature” of an objecr,
dependent on the combination of the four elements {carth, water, air, and fire) the
object contains. In his view, every object in the universe has a proper place, deter-
mined by its “namre”; any object not in its proper place will “strive” o get there. Being
of the carth, an unsupported lump of clay will fall to the ground; being of the air, an
unimpeded puff of smoke will rise; being a mixture of carth and air but predomi-
nantly carth, a feather falls to the ground, but not as rapidly as a lump of day. He
stated that heavier objects would serive harder and argued thar objects should fall as
speeds proportional to their weights: The heavier the object, the faster it should fall.

Natural motion could be eicher straight up or straight down, as in the case of
all things on Earth, or it could be circular, as in the case of celestial objects.
Unlike up-and-down motion, circular motion has no beginning or end, repeat-
ing iwsell withour deviation, Aristotle believed that different rules apply 1o the
heavens and asserted that celestial bodies are perfect spheres made of a perfect
and unchanging substance, which he called quintessence.' (The only celestial
object with any detectable variation on its face was the Moon. Medieval Chris-
tians, stll under the sway of Anistotle’s teaching, ignoranily explained thar
lunar imperfections were due to the closeness of the Moon and contamination
by human corruption on Earth.)

Violent motion, Aristotle’s other class of motion, resulted from pushing or
pulling forces. Violent motion was imposed motion. A person pushing a cart or life-
ing a heavy weight imposed motion, as did someone hurling a stone or winning a
tug of war. The wind imposed motion on ships. Floodwaters imposed it on boul-
ders and wree trunks, The assential thing about violent motion was that it was exter-
nally caused and was imparted to objects; they moved not of themselves, not by
their “nature,” but because of pushes or pulls.

The concept of violent motion had its difficulties, for the pushes and pulls
responsible for it were not always evident. For example, a bowstring moved an
arrow until the arrow left the bow:; after thar, further explanation of the arrow’s
motion seemed to require some other pushing agent. Anistotle imagined, therefore,
that a parting of the air by the moving arrow resulted in a squeczing effect on the
rear of the arrow as the air rushed back to prevent a vacuum from forming. The
arrow was propelled through the air as a bar of soap is propelled in the bathrub
when vou squeeze one end of it

To sum up, Aristotle taught thar all motions are due 1o the nature of the moving
object, or due o a sustained push or pull. Provided that an object is in its proper
place, it will not move unless subjected to a force. Except for celestial objects, the
normal state is one of rest.

Aristotle’s statements about motion were a beginning in scientific thoughe,
and, alchough he did not consider them to be the final words on the subject. his
followers for nearly 2000 years regarded his views as beyond question. Implicic in
the lhinling of ancient, medieval, and early Renaissance times was che notion
that the normal state of objects is one of rest. Since it was evident to most thinkers
until the 16th century that Earth muse be in its proper place, and since a force
capable of moving Earth was inconceivable, it seemed quite clear to them that
Earth docs not move.

'Quintessence is the fifeh esence, the ather fuur being carth, water, air, and fise,
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CHECK InT

Isn't it comman sense to think of Earth in its proper place and that a force
to move it is inconceivable, as Aristotle held, and that Earth js at rest in
this universe?

Check Your Answer

Arstotle’s views were logical and consistent with everyday observations. So, unless
you becorne familiar with the physics to follow In this book, Aristotle’s views about

mation domake common sense. But, as you acquire new information about nature’s

rules, you'll ikely fird your commaon sense progressing beyond Aristotelian thinking
* Copernicus and the Moving Earth

twas in this intellectual climate that the Polish astronomer Nicolaus Coperni-
cus (1473-1543) formulaced his theory of the moving Earth. Copemicus rea-
soned that the simplest way to account for the observed motions of the Sun, Moon,
and planets through the sky was to assume that Earth {and other plancts) circle
around the Sun. For years he worked withour making his thoughes public—for two
reasons. The first was thar he feared persecution: a theory so completely different
from common opinion would surely be taken as an artack on established order. The
second reason was that he had grave doubts abour it himsel£; he could not reconcile
the idea of a moving Earth with the ;uu'.uhul.; ideas of mouon. Finally, in che last
days of his life, at the urging of close friends, he sent his D¢ Revolusionibus 1o the
printer. The first copy of his famous exposition reached him on the day he died—
May 24, 1543
Most of us know abour the reaction of the medieval Church to the idea thar
Earth travels around the Sun. Because Aristotle’s views had become so formidably a
part of Church doctrine, to contradict them was to question the Church iself. For
many Church leaders, the idea of a moving Earth threatened not only their author-
iny but the very foundations of faith and ci

Nicolaus Copernicus
(147 3-1543)

zation as well, For better or for worsc,
this new idea was 1o overnum their conception ol the cosmos—although eventually
the Church embraced it.

Aristotle (384-322 8¢c)

reek philosopher, soentist. and almost all existing
educator, Aristotle was the son of a knowledge of the physi
icianwho personally served the cal workd His system
king of Macedonia AT 17 he entered the atic approach became

forgotten and lost in the
scholarship that contin

ued in the Byzantine and
Islamic empires. Various

Academy of Plato, where he workad and
studied for 2o years until Plato’s death
He then became the tutor of young
Alexander the Great Eight years later, he
red his own school. Aristotle’s aim

was to systematize existing hr-n-,'d-li.}i'
Just as Euclid had systematized geome-

try Arstotle made critical observations

4

collected specimens, and gather

together, summarized, and classified

the method from which
Western science later
arose After his death
his voluminous note
books were preserved in
caves near his home
and were later sold to the library at
Alexandna Scholarly actwity ceased in

nast of Europe through the Dark Ages

and the works of Aristotle were

texts were reintroduced
to Europe d‘.rr-—n\_-l. the nth
and 12th centunes and
translated inte Latin The
Church, the domimant
political and cultural
force In'Westemn Europe, first prohibited
the work
and Ix
doctrine

of Anstotle and then accepted

porated them into Christian
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* Galileo and the Leaning Tower

v was Galileo, the foremost scientist of the cardy 17th century, who gave cre-

dence to the Copernican view of a moving Earth. He accomplished this by dis-
crediting the Aristorelian ideas abour motion. Although he was not che firse 1o poing
out difficulties in Anstotle’s views, Galileo was the first w provide conclusive refuta-
tion through observation and experiment.

Galileo casily demolished Aristotle’s falling-body hypothesis. Galileo is said 0
have dropped objects of various weights from the top of the Leaning Tower of Pisa
to compare their falls. Contrary 1o Aristotle's assertion, Galileo found thar a stone
twice as heavy as another did not fall rwice as fast, Except for the small effect of air
resistance, he found that objects of vanous weights, when released at the same time,
fell rogether and hit the ground ac the same time. On one occasion, Galileo
allegedly artracted a large crowd 1o witness the dropping of two objects of different
weight from the top of the tower. Legend has it that many observers of this demon-
stration who saw the objects hir the ground rogether scoffed ar the young Galileo
and continued 10 hold fast 1o their Aristotelian reachings.

* Galileo’s Inclined Planes

Galilm was concerned with hew things move rather than why they move. He
showed that experiment rather chan logic is the best tese of knowledge. Asis-
totle was an astute observer of nature, and he dealt with problems around him
rather than with abstract cases that did not occur in his environment. Mortion
always involved a resistive medium such as air or water. He believed a vacuum to
be impossible and therefore did not give serious consideration to motion in the
absence of an interacting medium, That's why it was basic 1o Aristotle that an
object requires a push or pull to keep it moving. And it was this basic principle thar
Galileo rejected when he stated thar, if there is no interference with 2 moving
object, it will keep moving in a seraight line forever; no push, pull, or force of any
kind is necessary.

Galileo Galilei (1564-1642)

alilec was born in Pisa, Haly, in the Church doctrine. Galileo
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FIGURE 1.1

Galileo's famous demonstration.

Galileo was concerned with
haw things mave rather than
why they move. He showed that
experiment rather than logic is
the best test of knowledge

avouded the fate of

same year Shakespeare was born
and Michelangelo died. He studied med-
Kine at the University of Pisa and then
changed to mathematics. He developed
an early Inteérest in mation and was
soon at edds wath his conternporaries,
wha held to Aristotellan ideas on falling
bodies Gahleo's experiments with
falling bodies discredited Aristatle's
assertion that the speed of a falling
object was proportional to its weight. as
discussed above But quite importantly,
Galileo's findings also threatened the
authority of the Church, who held that
the teachings of Anstotle were part of

went on toreport his
telescopic observations,
which got him further
in trouble with the
Church, He told of his
sightings of moons that
orbited the planet
Jupiter The Church,
however, taught that everything m the
heavens revolved around Earth Galilea
also reported dark spots on the Sun, but
according to Church doctrine, God
created the Sun as a perfect source of
light, without blemish. Under pressure,
Galileo recanted his discoveries and

Glordano Bruno, who
held firm to his beliefin
the Copemican model of
the solar system and was
burned at the stake in
1boo Nevertheless,
Callleo was sentenced to
petpetual house arrest
Earlier, he had damaged his eyes while
Investigating the Sun in his telescopic
studies, which led to blindness at the
age of 74. He died 4 years later Every age
has intellectual rebels, some of whom
push the frantiers of knowledge further
Among them s certainly Galileo
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Slope downward- Galileo tested this hypothesis by experimenting with the motion of various
Speed increases objects on planc surfaces tled at various angles. He noted thae balls rolling on
downward-sloping planes picked up speed. while balls rolling on upward-sloping
planes lost speed., From this he reasoned that balls rolling along a horizontal planc
would neicher speed up nor slow down. The ball would finally come 1o rest not
because of its “nature,” but because of friction. This idea was supported by
Galileos observation of motion along smoother surfaces: When there was less fric-
Slope upward- tion, the motion of objects persisted for a longer time; the less the friction, the

Speed decreases

more the motion approached constant speed. He reasoned thar, in the absence of

friction or other opposing forces, a horizontally moving object would continue

moving indefinitely.

This assertion was supported by a different experiment and another line of rea-
soning, Galileo placed two of his inclined planes facing cach other. He obscrved

Na slope-

that a ball released from a position of rest at the top of a downward-sloping plane

Does speed change? rolled down and then up the slope of the upward-sloping planc undil it almost
reached its initial height. He reasoned that only friction prevented it from nsing to
exactly the same heighe, for the smoother the planes. the closer the ball rose ra the

same height. Then he reduced che angle of the upward-sloping plane. Again the ball

Mosion of ball ) rose to the same height, but it had o go farther. Additional reductions of the angle
. KAmresiony phass. yiclded similar results; to reach the same height. the ball had 1o go fasther cach tme.
He then asked the question, “If 1 have a long horizontal plane, how far must the ball
go to reach the same height?™ The obvious answer is “Forever—it will never reach

its initial height."*

Galileo analyzed this in still another way, Because the downward motion of the
ball from the first planc is the same for all cases, the speed of the ball when it begins
moving up the second planc is the same for all cases. If it moves up a steep slope, it
loses its speed rapidly. On a lesser slope, it loses its speed more slowly and rolls for a
longer time. The less the upward slope, the more slowly it loses s speed. In the
extreme case in which there is no slope ar all—thar is, when the plane is horizontal—

fﬂ the ball should not lose any speed. In the absence of retarding forces, the tendency
» Galileo published the first of the ball is w0 move forever without slowing down. We call this property of an
mathematical treatment of object 1o resist changes in motion inertia.
mation in 163212 yearsafter the Galileo's concept of incrtia discredited the Anstotclian theory of motion.

Pilgrims landed at Plymouth Rock

Aristotle did not recognize the idea of inertia because he failed o imagine what

motion would be like without friction. In his experience, all motion was subject 1o

Initial position Final position

FIGURE 2.3

A ball rolling down an incline on the
left tends w roll up o its inicial
height on the right. The ball must
1ol a grearer distance as the angle of
incline on the nght is reduced.

Where is final position?

*Froem Galikeo's Dialogmer Concerning the Trow New Sciemces.
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resistance, and he made this fact central w his theory of motion. Aristotle’s failure 1o
recognize friction for whart it is—namely, a force like any other—impeded the
progress of physics for nearly 2000 years, until the time of Galileo, An application
of Galileo's concept of incrtia would show that no force is required to keep Earch
moving forward. The way was open for Isaac Newton to synthesize a new vision of
the universe.

POINT
"
Would it be correct to say that inertia is the reason a moving object
continues in motion when no force acts upan it?

Check Your Answer
In the strict sense.no We don't know the reason for objects persisting im thewr
motion when no forces act upon them. We refer to the property of material
objects to behave in this predictable way as inertia. We understand many things
and have labels and names for these things. There are many things we do not
understand, and we have labels and names for these things alsa Education con-
sists mot so much in acquiring new names and labels, but in learning which phe-
namena we understand and which we don't.

In 1642, several months after Galileo died, Isaac Newton was born, By the time
Newton was 23, he developed his famous laws of motion, which completed the
overthrow of the Anistotelian ideas that had dominated the thinking of the best
minds for nearly two mullennia. In this chapter, we will consider the first of Newton's
laws. It is a restatement of the concept of incrtia as proposed carlier by Galileo,
(Newton's three laws of motion first appeared in one of the most important books
of all time, Newton's Principra.)

* Newton’s First Law of Motion

ristotle’s idea that a moving object must be propelled by a steady force was

ompletely wmed around by Galileo, who stated that, in the absence of a

force, a moving object will continue moving. The tendency of things to resist

changes in motion was what Galileo called inertra. Newton refined Galileo's idea

and made it his first law, appropriately called the law of inertia. From Newton's
Principia (iranslated from the original Latin):

Every object continues in a state of rest or of uniform speed ina
straight line unless acted on by a nonzero net force.

The key word in this law is continues: An object continues to do whatever ic hap-
pens 1o be doing unless a force is exerved upon it Ificis ar rest, it convinues in a state
of rest. This is nicely demonstrated when a tablecloth is skillfully whipped from
under dishes on a rabletop, leaving the dishes in their initial state of rest. This prop-
erty of objects to resist changes in motion is called inertia.

If an objcct is moving, it contimues to move without turning or changing its
speedl. This is evident in space probes that continually move in ourer space, Changes
in motion must be imposed aganst the tendency of an object to retain s state of
motion. [n the absence of net forces, 2 moving object tends 1o move along a
straight-line path indefinicely.

Inertia isn't a kind of force;
i's a property of all matter to
resist changes In motion

Videos

Newton's Law af Inertia
The Old Tablecloth Trick
Tollet Paper Roll

Inertia of a Clinder
Inertia of an Anvil

FIGURE 2.4

Inertia in action.
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FIGURE 2.5
Examples of inertia.
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¥ou can think of mertia as
another word for laziness for
resistance to change)

PhysicsPlace.com
Video
Definition of a Newton

Why will the coin drop
into the glass when a
force accelerates

the card?

T

Why does the downward i
motion and sudden stop
of the hammer tighten
the hammerhead?

Why is it that a slow
continuous increase in the
downward force breaks

the string above the massive
ball, but a sudden increase
breaks the lower string?

_‘m‘FU‘IIT

Ahockey puck sliding across the ice finally comes to rest. How would
Aristotle have interpreted

5N

this behaviar? How would Galileo and Newton

have interpreted it? How would you interpret it? (Think before you read
the answers below!)

Check Your Answers

Aristotle would probably say that the puck slides to a stop because It seeks its
proper and natural state, one of rest. Galileo and Newton would probably say that,
once in motion, the puck would continue in mation and that what prevents con-
tinued motion i net its nature or 1ts proper rest state, but the friction the puck
encounters. This friction is small compared with the friction between the puck
and a wooden fipor, which is why the puck slides so much farther on ice. Only you
can answer the last question

* Net Force

hanges in motion are produced by a force or combination of forces (in the

next chaprer we'll refer to changes in motion as acceleration). A force, in the
simplest sense, is a push or a pull. lts source may be gravitational, electrical, mag-
netic, ot simply muscular effort. When more than a single force acts on an object,
we consider the mer force. For example, if you and a friend pull in the same direc-
tion with equal forces on an object, the forces combine 1o produce a net force twice
as great as your single force. If each of you pull with equal forces in apposite direc-
tions, the net force is zero, The equal but oppositely directed forces cancel each
other. One of the forces can be considered to be the negative of the other, and they
add algebraically to zero, with a resulting net force of zero.

Figure 2.6 shows how forces combine to produce a net force. A pair of 5-newton
forces in the same direction produce a net force of 10 newtons (the newron, N, is
the scienuific unit of force). If the 5-newron forces are in oppaosite directions, the net
force is zero. If 10 newtons of force is exerted 1o the right and 5 newtons 1o the left.
the net force is 5 newtons to the right. The forces are shown by arrows. A quantity
such as force that has both magnitude and direction is called a vector quandity. Vec-
tor quantities can be represented by arrows whose length and direction show the
magnitude and direction of the quantity. (More about vectors in Chapier 4.)




CHAPTER 2

Personal Essay

hen | was in high school, my counselor advised me
not to enroll in sclence and math classes and instead

to focus on what seemed to be my gift for art. | took this advice.

| was then interested in drawing comic strips and in boxing.
netther of which earned me much success, After a stint in the
Army. | tried my huck at sign painting. and the cold Boston win-
ters drove me south to warmer Miaml, Florida. There, at age 26,
| got a job painting billboards and met a man who became a
great intellectual influence on me, Burl Grey Like me, Burl had
never studied physics m high school But he was passionate
about science in general, and he shared his passion with many
guestions as we painted together. | remember Burl asking me
about the tensions in the ropes that held up the scaffold we
were on. The scaffold was simply a heavy honzontal plank sus-
pended by a pair of ropes. Burl twanged the rope nearest his
end of the scaffold and asked me to do the same with mine. He
was comparing the tensions in both ropes—to determine
which was greater Burl was heavier than | was, and he rea-
soned that the tension in his rope was greater Like a more

- ")
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tightly stretched guitar string, the rope with greater tension
twangs at a higher pitch The finding that Burl's rope had a
higher pitch seemed reasonable because his rope supported
more of the load.

When | walked toward Burl to borrow one of his brushes, he
asked iIf the tensions in the ropes had changed. Did tension in
his rope increase as | moved closer? We agreed that it should
have because even more of the load was supported by Burl’s
rope How about my rope! Would its tension decrease? We
agread that it would. for it would be supporting less of the total
load | was unaware at the time that | was discussing physics.
Burl and | used exaggeration to bolster our reasoning (just as
physicists do} If we both stood at an extreme end of the scaf-
fold and leaned outward, it was easy te imagine the opposite
end of the scaffold rising like the end of a seesaw—with the
opposite rope going limp. Then there would be no tension in
that rope. We then reasoned the tension in my rope would

NEWTON'S FIRST LAW OF MOTION—INERTIA

gradually decrease as | walked toward Burl. it was fun posing
such questions and seeing if we could answer them.

A question that we couldn't answer was whether or not the
decrease in tension in my rope when | walked away from it
would be exactly compensated by a tension Increase in Burls
rope. For example, if my rope underwent a decrease of 50 new-
tons, would Burl’s rope gain 5o newtons? (We talked pounds
back then, but here we use the scientific unit of force, the
newton—abbreviated N} Would the gain be exactly so N? And,
if 50, would this be a grand comcidence? | didn’t know the
answer until more than a year later, when Burl's stimulation
resulted m my leaving full-time painting and going to college
to leam more about sclence *

At college, | learned that any object at rest, such as the sign-
painting scaffold that supported us, is said to be in equilibrium
That is.all the forces that act on it balance to zero So the sums
of the upward forces supplied by the supporting ropes indeed
do add up to our weights plus the weight of the scaffold Aso-N
loss in one would be accompanied by a o-N gain in the other

-2 3 )

Itedl this true story 1o make the point that one's thinking Is
very different when there is a rule to guide it. Now when | look
at any motionless object | know immediately that all the forces
acting on it cancel out. We view nature differently when we
know s rules. Without the rules of physics we tend to be

superstitious and to see magic where there is none. Quite won-

derfully. everything is connected to everything else by a sur-
prisingly small number of rules, and in a beautifully simple
way The rules of nature are what the study of physics is about.

Iam forever indebted to Burl Grey for the stimulation he provided. for
when | continued with formal education, It was with enthusiasm | lost
touch with Burl for 40 years A student i my class at the Exploratorium
Im San Francisoa Jayson Wechter who was 3 private detective, located
him i w908 and put usin contact Friendship renewed we once again
continiee in spirited conversations.
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FIGURE 2.6

Net force (a force of 5 N is
about 1.1 1b)

FIGURE 1.7

Barl Grey, who kst introduced the
author o tension forces, suspends a
2b hag of Hour from a spring scale,
showing its weight and the rension in
the string of abour 9 N.

Everything not undergaing
(II.I'N._I!_"; In motion is In
mechanical equilibrium That's

when LF - o

FIGURE 2.8

I'he sum of the upward vectors
equals the sum of the downward vec-
tors. LF = 0and the scaffold is in
equilibrium.

Applied forces Net force

-
e

5N

5
N

Né) -nN
oy =

5N

* The Equilibrium Rule

f you tie a stnng around a 2-pound bag of flour and hang it on a weighing scale

(Figure 2.7), a spring in the scale streeches uneil the scale reads 2 pounds. The
stretched spring is under a “stretching force” called sension. The same scale in a sci-
ence lab is likely calibrated 1o read the same force as 9 newtons, Both pounds and
newtons are units of weight, which in trn are unics of force. The bag of four is
artracted to Earth with a gravirational force of 2 pounds—or equivalenty,
9 newtons. Hang twice as much Aour from the scale and the reading will be
18 newtons, .

Note that there are two forces acting on the bag of Hour—itension force acting
upward and weight acting downward. The two forces on the bag are equal and
opposite, and they cancel 1o zero. Hence, the bag remains at rest. In accord with
Newton's firse law, no net force acts on the bag. We can look at Newton's first law in
a different light—mechanical equilibrisem.

When the net force on something is zero, we say that something is in
mechanical equilibrium.” In mathematical notation, the equilibrium rule is

ZF = 0

The symbol E stands for “the vector sum of ™ and F stands for “forces.” For a sus-
pended object ar rest, like the bag of Hour, the rule says thar the forces acting upward
on the object must be balanced by other torces acting downward ro make the vector
sum equal zero. (Vector quantities take direction into account, so if upward forces
are +, downward ones are —, and, when added, they actually suberace.)

In Figure 2.8, we see the forces involved for Burl and Hewitt on their sign-
pamiing scaffold. The sum of the u;lw.lrd ensions is uqu.\l to the sum of their
weights plus the weight of the scaffold. Note how the magnitudes of the two
upward vectors equal the magnitude of the three downward vectors. Net force on
the scaffold is zero, so we say it is in mechanical equilibrium

2F=(§_

Y

l

‘Something i equilibeism i withous o change in is staee of motion. When we snady rotanonal motion in

Chaprer &, we'll see that another condition For mechamcal oquelibemm is thae the ner tompwe equashy 2ero
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-
Consider the gymnast hanging from the rings.

1. if she hangs with her weight evenly divided between the two rings, how
would scale readings in both supporting ropes compare with her weight?

2. Suppose she hangs with slightly more of her weight supported by the left
ring. How will the right scale read?

Check Your Answers
(Are you reading this before you have formuiated reasoned answers in your think-
Ing? If 5o, do you also exercise your body by watching others do push-ups? Exercise
your thinking: When you encounter the many Check Point questions throughout
thes book, think before you check the answers/)

. The reading on each scale will be half her weight. The sum of the readings on both
scales then equals her weight.

2. When more of her weight |s supported by the left ring, the reading on the right
scale will be less. For vertical or near-vertical ropes, the sum of the upward pulls of
both scales will equal her weight, (The upward pulls provided by the rope tensions
for nonparallel ropes is treated m Figure 5 25 on page 75)

- Practicing Physics

1. When Burl stands alone in the exact middle of his scaffold.
the left scale reads soo N. Fill in the reading on the right scale.
The total weight of Burl and the scaffold must be N

2. Burl stands farther from the left. Fill in the reading on the
right scale.

3. Inasilly mood, Burl dangles from the right end. Fill in the
reading on the right scale.

Practicing Physics Answers

Do your answers (llustrate the equilibrium rule? in Question 1. the right 170N
rope must be under oo N of tension because Burl ts in the middle and
both ropes support his weight equally Since the sum of upward tensions
15 1000 N, the total weight of Burl and the scaffold must be yooo N. Let's
call the upward tension forges <1000 N. Then the downward weights are
~1000 N. What happens when you add +1000 N and 1000 NI The
answet Is that they equal zero 5o we see that IF = o

27

For Question 2. did you get the correct answer of 830 N? Reasoning: We an
know from Question 1that the sum of the rope tensions equals wooo N, —_N
and since the left rope has a tension of 10 N, the other rope must make up «

the difference—that 1000 N-170 N = 830 N.Get it? If so. great. If not, talk
about it with your friends until you do. Then read further

The answer to Question 3151000 N, Do you see that this illustrates ?
¥e0
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FIGURE 2.9

(Letft) The table pushes up on the
book with as much force as the
downward force of gravity on the
book. (Right) The spring pushes up
on your hand with as much force as
you exert 1o push down on the
spring.

Gravitational
force

Support force
(scale reading)

FIGURE 2.10

The upward support is as much as
the downward !;rzriutiurul force.

A zero net farce on an object
doesn't mean the object must
be at rest. but that its state of
motien remains unchanged it
can be at rest or mowing
uniformly in a straight lne.

MECHANICS

* Support Force

onsider a book lying at rest on a able. It is in equilibrium, Whar forces act on the

book? One force is thar due to gravity—the wesghe of the book. Since the book is
in equilibrium, there must be another force acting on the book 1o produce 2 net force
of zevo—an upward force appasite 1o the force of gravity. The table exeres this upward
force. We call this the upward support force. This upward support force, often called the
normal farce, must equal the weight of the book.” If we call the upward force positive,
then the downward wesght is negative, and the two add 10 become zero. The net force
on the book is zero. Another way to say the same thing is £F = 0.

To understand betrer that the tble pushes up on the book, compare the case of
compressing a spring (Figure 2.9). If you push the spring down, you can fecl the
spring pushing up on your hand. Similarly, the book lying on the table compresses
atoms in the table, which behave like microscopic springs. The weight of the book
squeezes downward on the atoms, and they squecze upward on the book. In this
way, the compressed atoms produce the suppore force.

When you step on a bathroom scale, two forces act on the scale. One is your
downward push on the scale—the result of gravity pulling on you—and the other is
the upward support force of the floor, These forces squeeze a mechanism (in effect,
a spring) within the scale that is calibrated to show the magnitude of the support
force (Figure 2.10). It is this support force that shows your weight. When you weigh
yourselt on a bathroom scale ar rest, the support force and the force of gravity
pulling you down have the same magnitude, Hence we can say that your weight is
the force of gravity acting on you.

ek

®
1. What s the net force on a bathroom scale when a.150-pound person
stands on it?
2. Suppose you stand on two bathroom scales with your weight evenly
divided between the two scales. What will each scale read? What
when you stand with more of your weight on one foot than the other?

Check Your Answers

1. Zern,as evidenced by the scale remaining at rest. The scale reads the support force,
which has the same magnitude as welght—not the ret force

2. The reading on each scale is half your weight. Then the sum of the scale readings
will balance your weight and the net force om you wall be zero, I you lean more on
one scale than the other, more than half your weight will be read on that scale but
less on the other, so they will still add up to your weight. Like the exampie of the
gymnast harging by the rings, if one scale reads two-thirds your weight, the other
scale will read one-third your weight.

* Equilibrium of Moving Things

Rm is only one form of equilibrium, An object moving at constant speed in a

ight-line path is also in equilibrium. Equilibrium is a state of no change. A
bowling ball rolling ar constant speed in a straight Iine s in equilibrium—unuil it
hits the pins. Whether ae rest (static equilibrium) or steadily rolling in a seraighi-line

pach (dynamic equilibrium), ZF = 0.

“This horce acts a right angles w0 the surtace. When we sy “notmal to,” we are saying “ar right angles
to,” which & why this force is called 2 nommal force,
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It follows from Newrton's first law that an object under the influence of only one
force cannot be in equilibrium. Net force couldn't be zero, Only when two or more
forces act on it can it be in equilibrium. We can test whether or not something is in
equilibrium by noting whether or not it undergoes changes in its state of motion.

Consider a crate being pushed horizontally across a faccory floor. If it moves at a
steady speed in a seraighe-line path, it is in dynamic equilibrium. This tells us that 75—” friction '75-N
more than one force acts on the crate. Another force exists—likely the force of fric- force applied force
tion between the crate and the floor. The face that the net force on the crate equals  FIGURE 2.1
zero means thar the force of friction must be equal and opposite 10 our pushing force.  When the push on the crate is as

The equilibrium rule, ZF = 0, provides a reasoned way to view all things at  grear as the force of friction between
rest—balancing rocks, objects in your room, or the steel beams in bridges or in  the crate and the Hoar, che net force
building construction. Whatever their conﬁgnraliun. if in static equilibrium, all ace-  °® 'lh:n“.‘“ leximyand e stidel man
ing forces always balance to zero. The same is true of objects that move seeadily, nor "™ "ENE wpoul.
speeding up, slowing down, or changing dircction. For dynamic equilibrium, all
acting forces also balance to zero. Thc:qulhbnumnllcuon:thauﬂmyoutouc
more than meets the eye of the casual observer. Ie's nice 10 know the reasons for the
stability of things in our everyday world.

There are different forms of equilibrium. In Chaprer 8, we'll talk abour rota-
tional equilibrium, and. in Part 4, we'll discuss chermal equilibrium associated with
heat. Physics is everywhere.

_ﬂiﬂlm.,l,

El
An airplane flies at constant speed in a horizontal straight path.In other
words, the flying plane is in equilibrium. Two horizontal forces act on the
plane One is the thrust of the propellers that push it forward. and the
cother is the force of air resistance that acts in the opposite direction.
Which force is greater?

Check Your Answer
Both forces have the same magnitude. Call the forward force exerted by the pro-
pellers positive Then the air resistance IS negative. Since the plane is in dynamic
equilibrium, can you see that the two forces combine 1o equal zero? Hence it nei-
ther gains nor loses speed.

* The Moving Earth

hen Copernicus announced the idea of a moving Earth in the 16ch century,
the concept of inertia was not understood. There was much arguing and
debare about whether or not Earth moved. The amount of force required 1o keep
Earth moving was beyond imagination. Another argument against a moving Earth
was the following: Consider a bird sitting at rest at the top of a tall tree. On the
ground below is a far, juicy worm, The bird sces the worm and drops vertically
below and carches it. This would be impossible, 1t was argued, if Earth moved as
Copernicus suggested. If Copernicus were correct, Earth would have 1o travel ara
speed of 107,000 kilometers per hour to circle the Sun in one year. Convert this
speed 1o kilometers per second and you'll ger 30 kilomerers per second. Even if the
bird could descend from its branch in 1 second, the worm would have been swept
by the moving Earth a distance of 30 kilometers away. It would be impossible for a
bird o drop straight down and carch a worm, But birds in fact do catcch worms from
high tree branches, which scemed to be clear evidence that Earth must be at rest, =
Can you refute this argument? You can if you invoke the idea of ineria, You see, Ficure 2.12
not only is Earth moving at 30 kilomerers per second but so are the tree, the branch  Cun dhe bird drop down and catch
of the tree, the bird that sits on it, the worm below, and even the air in berween, All  the worm if Earth moves at 30 km/s?
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FIGURE 2,13

When you Hip 2 coin in 2 high-speed
airplane, it behaves as if the airplane
were at rest. The coin keeps up with
you—incrtia in action!

are moving ar 30 kilometers per second. Things in motion remain in motion if no
unbalanced forces are acting upon them. So, when the bird drops from the branch,
its initial sideways motion of 30 kilometers per second remains unchanged. It
catches the worm, quite unaffecred by the motion of its total environment,

Stand next o a wall. Jump up so that your feet are no longer in contact with the
Hoor. Does the 30-kilometer-per-second wall slam into you? [t doesn't, because you
are also traveling ac 30 kilometers per second—betore, during, and after your jump.
The 30 kilometers per second is the speed of Earth relative to the Sun. not the speed
of the wall relative 1o you.

People 400 years ago had difficulty with ideas like these, not only because they
failed 1o acknowledge the concepr of inertia but because they were not accustomed
to moving in high-speed vehicles, Slow, bumpy rides in horsedrawn carriages did
not lend themselves to experiments that would reveal the effect of inertia. Today we
Hip a coin in a high-speed car, bus, or plane, and we catch the vertically moving coin
as we would if the vehicle were at rest. We see evidence for the law of incrda when
the horizontal motion of the coin before. during. and after the carch is the same.
The coin keeps up with us. The verrical force of gravity affects only the vertical
motion of the coin.

Our notions of motion roday are very different from those of our ancestors.
Auistotle did not recognize the idea of inertia because he did not see thavall moving
things follow the same rules, He imagined that rules for motion in the heavens were
very different from the rules of motion on Earch. He saw vertical motion as natural
but horizontal motion as unnatural, requiring a sustained force, Galileo and
Newton, on the other hand, saw that all moving things follow the same rules. To
them, moving things require #o force to keep moving if there are no opposing
forces, such as friction. We can only wonder how differently science might have
progressed if Anstotle had recognized the unity of all kinds of motion.

I e ey
SUMMARY OF TERMS

Inertia The property of things

Mechanical

ro resist

Newton's first law of motion (the law of inertia) Fvery
object continues in a state of rest or of uniform speed in a
straight line unless acted on by a nonzero net foree,

Force In the simplest sense, a push or a pull.

Net force The vector sum of forces that act on an object.

um The state of an object or system

In accord with Newton's firse law, if ar rest, the state
of rest persists. If moving, motion continues withour
change.

in moton.

rule For any object or system of objects in equi-
librium, the sum of the forces acting equals zero. In equa-
tion form, LF = 0,

of objecrs for which there are no changes in morion.

REVIEW QUESTIONS

Each ohaprer in this book concludes with a ies of review
questions, exercises, and, for some chapters, ranking exercises,
.fufpm&!m The Review Questions are devigned 10 help you
comprehend deas and catch the essentralr of the chapter material
You U notice that answers Nf’ﬂ'qﬂﬂﬁm otn blﬁld within
the chaprers. In some chapren, theve s a set of single-step
muomerical prob. and are meant te
acqraing you with equations in the chapree, In some chaprers
MH‘ hub’mu’l Jyou te compare the mnxlu'mln ofmt'm
concepts. All ehaprers have Exercises thar sivess thinking rather
than mere recall of information. Unless you cover ondy a fea
chaprers in your course, you will likely be expecsed 1o rackle only
‘h'mﬁrm@m.hﬂm’w&lﬂ ﬂm’h’
sentences. with an explanation ov skesch when applicable. The
large numsber of exercises is o allow your instructor & wade choice

of wuignmenss. Problems go further than Plug and Clrugs and

frature conceprs that are more clearly understond with more

chalienging compstasions. Challenging problems ave indicated

wwith a budler (). Soluttons to odd-numbered Ranking,

Exercises. and Problems are shown J!t&ﬁlr}afﬂm book.

Adediiconal problems ave in the supplemens Problem Solving
Conceprual Physics.

Aristotle on Motion
1. Contrast Aristotle’s ideas of I motion and violent
mation.
2. Whar claws of B I or viol did Anstotl

arrribuce to motion of the Moon?
3. What state of motion did Aristodle attribute to Earch?
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Copernicus and the Moving Earth

4. What relationship berween the Sun and Earch did Coper-
nicus formulare?

Galileo and the Leaning Tower

S. Whar did Galileo discover in his legendary experiment on
the Leaning Tower of Pisa?

Galileo's Inclined Planes
6. Whar did Galileo discover about moving bodics and force

in his experiments with inclined planes?

7. Whar does it mean to say that a moving object has iner-
tia? Give an example.

8. Is inertia the rewion for moving objects maintaining
motion or the name given to this property?

Newton's First Law of Motion

9. Cite Newton's hest law of motion.

Net Force

10, What is the net force on a cart that is pulled to the right
with 100 pounds and ro the left with 30 pounds?
11. Why do we say that force 1 a vector quantity?

The Equilibrium Rule

12. Can force be n:pnﬂal:d in units nf;lmnlll and also in
units of newtons?

13, What is the net force on an object that is pulled with
80 newrons 1o the right and 80 newrons 1o the left?

14. What is the net force on a bag pulled down by graviry
with 18 newtons and pulled upward by a rope with
18 newtons?
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15, What does it mean to say something 15 in mechanical
equilibrium?
16, Stare the equilibrium rule in symbaolic norarion,

Support Force

17, Consider a book that weighs 15 N at rest on a Har mble,
How many newrons of support force does the table
provide? What is the net force on the book in ths case?

18. When vou stand ar rest on a bathroom scale, how does
your weight compare with the support force by the scale?

Equilibrium of Moving Things

19, A bowling ball at restis in equilibrium. Is the ball in equilib-
rium when it moves 2t constant qxﬂl ina nnigl'nvliru [lld'l.’

20, What is the test for whether or not a moving object is in
equilibnum?

21. If you push on a crate with a force of 100 N and i slides
at constant velocity, how much is the friction acting on
the crate?

The Moving Earth
22. What concept was mussing in people’s minds in the
16ch cenrury when they couldn't believe Earth was moving?

23, A bird sitting in a tree i sraveling at 30 km!s relative to
the faraway Sun. When the bird drops to the ground
below, does it sull go 30 km/s, or does this speed become
zer0?

24, Stand next tw a2 wall that rravels ar 30 km/s relative to the
Sun. With your feer on the ground, you also travel the
same 30 km/s, Do you maintain this speed when your
feet leave the ground? Whar concept supporrs your
answer?

25. What did Arnistotle fail 1o recognize aboue the rules of
nature for objects on Earth and in the heavens?

RANKING

1. The weights of Bud, Paul, and the scaffold produce
tensions in the supporting ropes. Rank the rension in the
left rope, from most wo least, in the thiee situations, A, B,
and C.

L bdalds !

2. Rank the net force on the block from least to most in the
four sitations, A, B, C, and D.

10N-5E )_‘H.jll l!N.4H 3'1!6

3. Different matenials, A, B, C, and D, rest on a table.
a. From greatest  least, rank them by how much they
resist bemng st into motion,
b. From greatest w least, rank them by the support
(normal) force the rable exerts on them.

12 kg sand 10 kg water

2 kg pillow

15 kg iton

4. Three pucks, A, B, and C, are shown sliding across ice at
the noted speeds, Air and ice friction forces are negligible.

2mjs 4mfs 6 mfs
— > -

a. Rank them, from greatest 1o least, by the force needed
to keep them moving.

b. Rank chem, from greatest o least, by the force necded
to stop them in the same tme interval.
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EXERCISES
Pleise ddo riot be sntimsdused by the large muumber of exervises v thves
baak As mentiomeed carfier if your cowrse work i fo cotyr ety

rhr,p{m. e estractor u-m?.(:i'r{r aragn only a few exrrcoes
_ﬁhm e

1. A ball rolling along a Rloor doesn't continue rolling indefi-
nitely. Is it because it is seeking a place of rest or because
some force s acting upon it? [F the larter, idenrify the force

2. Copernicus postulated thar Earch moves around the Sun
(rather than the other way around), but be was croubled
about the ides. Whar concepes of mechamics was he mus
ing (concepts later introduced by Galileo and Newron)
that would have cased his doubes?

3. Whar Aristotelian idea did Galileo discredit in his fubled
Leaning Tower demonstration?

4. Whart Aristotelian idaa did Galileo demolish with his
experiments with inclined planes?

5. Was it Galileo or Newton wha finst proposed the concepe
of inertia?

6. Asteroids have been moving through space for billions of
vears, What keeps them moving?

7. A space probe may be carried by a ocket into auter space.
What keeps the probe moving after the rocket no longer
||ll.£|‘|cs a?

8. In answer to the question *What keeps Earth moving
around the Sun?” a friend asserts that inertia keeps it

maving, Correct your friend’s erroncous assertion,

9. Your friend says thas inertia is a force that ktqﬂ thlngt in
their place, cither ar rest or in motion. Do you agree?
Why or why not?

10. Why is it important chat Tim pull slightly downward
when he attempts 10 whip the cloth from beneath the
dishes? (Whart occurs if he pulls slightly upward?)

11. Consider a ball ar rest in the middle of a 1oy wagon.
When the wagon is pulled forward, the ball rolls against
the back of the wagon. Interpret chis observation in rerms
of Newton's first law.

12. In rearing a paper towel or plastic bag from a roll, why is a
th.n‘p jerk more effective than a slow pull?

13. If you're in a car at rest thar gers hut from behind, you can
suffer a serious neck injury called whiplash. Whar does
whiplash have to do with Newton's first law?

14. In terms of Newrton's first law (the law of inertia), how
does a car headrest help to guard against whiplash in a
rear-end collision?

15. Why do you lurch forward in 2 bus that suddenly slows?
Why do you lurch backward when it picks up speed?
What law applies here?

16. Suppase char vou're in a moving car and the moror stops
running. You step on the brakes and slow rhe car ro half
speed. 1f you release your foot from the brakes, will the
car speed up a bit, or will ie continue ar half speed and
slow due to ficoon® Defend your answer.

. When you push a cart, it moves. When vou stop pushing,
it comes to rest. Does this violare Newton's law of inertia?
Dietend your answer

18. Each bone in the chain of bones forming your spine is
separaced from its neighbors by disks of elastic rissue
What happens, then, when you jump heavily onto your
feer from an clevared position? (Hime: Think abour
the hammerhead in I'lguru 2.5.) Can you think of a
reason why you are a lirtle raller in the morning than
at night?

19. Starr a ball rolling down a bowling alley and you'll find
that it moves slightly sbower with time, Does this violate
Newton's law of inertia? Defend your answer.

20. Consider a pair of forces, one having a2 magnitude of

20 N and the other a magnitude of 12 N, What maxi-
mum net force 1 possible for these two forces? What is
the minimum net force possible?

. When any object is in mechanical equilibrum, what can
be correctly said abous all the forces thar act on it? Mus
the net force necessarily be zero?

22. A monkey hangs stationary at the end of a vertical vine.
What two forces act on the monkey? Which, if cither, is
greater?

23. Can an object be in mechanical equilibrium when only a
single force acs on i Explain.

24, When a ball is tossed straight up, it momentarily comes
10 a stop at the wp of its path. Is it in equilibrium during
this brief moment? Why or why not?

25. A hockey ;m(k shdes across the e at a constant \pcni. Is
it in equilibrium? Why or why net?

26. Can you say that no force acts on a body at rest? Or is it
corredt 1o siy that no mer force acts on it? Defend your
answer,

27. Nellic Newton hangs at rest from the ends of
the rope as shown. How does the reading on
the scale compare with her weight?

28. Harry the painter swings vear afrer year from
his bosun’s chair. His weight is 500 N and the
L} l;'ll.‘. Ul\l\fll?“n (1] hlfl'l. I'L.\ 4 hlf‘.ll\lnﬂ I‘l\l"l llf‘

300 N. Why doesn’t the rope break when he is
supported as shown at the left? One day, Harry is paine-
ing neara I|.||_,r;m|r. and, for a change, he ties the free end
of the rope to the flagpole instead of 1o his chair, as shown

~3
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mﬂt& right. Why did Harry end up taking his vacation
early?

29, For the pulley system shown, whar is the upper limic of

strong man can life?

30. If the strong man in the previous exercise exerts a down-
ward force of 800 N on the rope. how much upward force
i exerred an the block?

31. A force of gravity pulls downward on a book on a table,
What force prevents the book from acceleraning downward?

32. How many significant forces act on a book ac reston a
table? Idenufy the forces.

33. Consider the normal force on a book at rest on a tabletop. [If
the table is tilted so that the surface forms an inclined plane,
will the magnitude of the normal force change? If so, how?

34. When you push downwand on a book at rest on a wable,
you feel an upward force, Does this force depend on fric-
tion? Defend your answer.

35. Place a heavy book on 4 rable and the rable pushes up on
the book. Why docsn’t this upward push cause the book
to rise from the table?

36. As you stand on a floor, does the floor exert an upward
force against your feer? How much force does ir exere?
Why are you not moved upward by this force?

37. An empry jug of weight Wrests on a table. What is the
support force exerted on the jug by the table? Whar is
the support force when water of weight w is poused into
the jug?

ﬂlfyn?pu]lhmi:mnliymamuwitbaﬁumnflﬂﬂ N.
it slides across the floor in dynamic equilibrium. How
much friction is acuing on the crate?

39. In order ro slide a heavy cabinet across the floor at con-
stant speed, you exert a harizontal force of 600 N, Is the
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force of friction between the cabinet and the floor greater
than, less than, or equal to 600 N? Defend your answer,

40, Consider a crare ar rest on a factory Hoor. As a pair of
workmen begin lifting it. does the support force on the
crate provided by the floor increase, decrease, or remain

2 What happens w the support force on the
workmen's feer?

. Two people each pull with 300 Nl on a rope in a rug of
war. What is the net force on the rope? How much force
is exerted on each person by the rope?

42, Two forces act on a parachutist falling in air: weight and
aur drag. If the fall is steacly, with no gain or loss of speed.
then the parachutist is in dynamic equilibrium. How do
the magnimdes of weight and air drag compare?

43. A child learns in school that Earth is traveling faster than
100,000 kil per hour 4 the Sun and, ina
fugbrcmdwnc.uhwhywmtwoff.%uu

4

-

44 Btfol‘e :hcmnrnﬂ;.;lﬂm and Newton, some learned
scholars thought that a stone dropped from the top of a
wall mast of 2 moving ship would fall verrically and hit the
deck behind the mast by a distance equal 1o how far the
ship had moved forward while the stone was falling. In
light of your understanding of Newton's first law, what do
you think abour this?

45. Because Earth rotates once every 24 hours, the west wall
in your room maoves in a direction toward you ar a linear
speed thar is probably more than 1000 kilomerers per
hour (the exact speed depends on your latitude). When
you stand facing the wall, you are camied along ar the
same speed. so you don’t notce it. But when you jump
upward, with your feer no longer in contact with the
floor, why doesn’t the high-speed wall slam into you?

46. 1f you toss a coin scraight upward while riding in a tain,
where does the coin land when the moton of the train is
uniform along a straight-line track? When the train
slows while the coin i3 in the air When the train i
turning?

47, The smokestack of a stactonary toy train consists of a ver-
tical spring gun thar shoots a steel ball 4 meser or so
straight into the air—so straight that the hall always falls
back into the smokestack. Suppose the rrain moves ar
constant speed along the strughr track. Do you think
the ball wall still return to the smokestack if shot from the
moving erain? What if the orain gains speed along the
straight track? What if it moves at a constant speed on a
circular track? Why do vour answers differ?

48. Consider an airplane that fies due cast on a tip, then
rerurns flying due west. Flying in one direction, the
plane fies wath Earth's rotation, and in the opposite
direction, against Earth’s rotation. Bur, in the absence
of winds, the times of flight are equal either way. Why is
this so?

PROBLEMS

1. Lucy Lightfoot stands with one foor on one bathroom
scale and her other foor on a second bathroom scale. Each
scale reads 350 N. What is Lucy's It"hl!

2. Henry Heavyweight weighs 1200 N and stands on a pair
of bathroom scales so that one scale reads swice as much
as the other. What are the scale readings?
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3. The skerch shows a painter’s scaffold in mechanical equi- 4. A different scaffold thar weighs 400 N supports rwo
librium. The person in the middle weighs 500 N, and painters, one 500 N and the other 400 N. The reading in
the tensions in cach rope are 400 N. What is the weight the lefr scale is 800 N, What is the reading in the right-
of the scaffold? hand scale?

400N 400 N SON
'
500 N
400N
500 N 400N
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1 Joan Lucas moves with increasing speed when the distance her horse rravels each second

mcreases. 2 | Ii\f\ll\r tor Sue l(lh!\-llll .Ilhl ')L‘f rew \v\r'(l win !!]rll.lib for fll}!l] \5‘(‘{'1.' n

thetr rac i“f‘ ;}‘kll L] (:l'k'l‘.l": Liu asks his students to check their llun‘unr_ \I'il!l ncll;}\hon

.I"J ilf(‘\{l\l “I\I\'II h.lEl W I‘: hirst N.‘:!l]] :i!L‘ l'Ildi'* |I\i' l'l{\l.ll']L‘!‘-].','i] rl.i\l\"

n this chapter we continue with the ideas of a man
who was .\U!\'L‘L'k‘d to house arrest because of his

ideas, the lalian scientist Galileo Galilei, who died in
(hl'.' same ‘\'l'Jl [h-ll. xl‘\[l”] Was h"ll. l IlL'M.' i(ik'.l\ were
to be a foundauon for lsaac Newton, who, when asked
about his success in science, replied that he stood on the
shoulders of grants, Most notable of chese was Galileo
Galilco developed an early interest in motion and
was soon at odds with his contemporaries, who held ro
Aristotclian ideas on RKlling bodies and generally
believed that the Sun goes around Earth. He left Pisa to
teach ar the University of Padua and became an advo-
cate of the new Copernican theory of the solar system.
He was the first man 1o discover mountains on the
maoon Jtlﬂ' o I;:Id |ht' moons of _luilllt'!. I;L'I.Jll.‘-l' hl.'
published his indings in lalian, the language of the
people, instead of in Latin, the language of scholars,
and because of the recent invention of the |!Iilllitlg
press, his ideas reached a wide readership. He soon ran

atoul of the Church, and he was warmned not to reach or
hold 10 Copernican views. He restrained himsell pub-

li.LI\' Illl Ilt‘JIl_\ "“ years Jﬂd (lll,'!l \.lll.'ll 1||\ Plll!ll‘&ht)\l ]lih

\lh.'l\'l\'il'llln\ :l:\li L(lll\l“.\ll?ll‘<
which were counter to Church
doctrine, The ourcome was a trial
mn \"l)l\'l’] I'l(' was I-“Un\l gll‘l'_\"
and he was forced 1o renounce
his discovery that Earth moves,
As he walked out of the court, it
is said that he whispered, “Bur it
moves.” By then an old man,
broken in health and spirit, he
was sentenced 1o p\'k}\cluJ' house
Nevertheless, he

darrest, com-

pleted his studies on motion, and

his writings were smuggled from lraly and published in
I'{‘)”.‘I'lll. l’l\ |QIC.‘\- on moton are (!'l( \Llh'ﬂ.’l‘l Ilr. |h|‘
chapter.
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FIGURE 3.1

When you sit on a chair, your speed
is zevo relative to Earth but 30 kmn/s
refaive o the Sun,

If you look out an airplane
window and view another
plane flying at the same speed
in the opposite direction, you'll
see it flying twace as fast—nicely
ustrating relative motion

PhysicsPlace.com
Videos

Definition of Speed
Average Speed

TABLE 3.1

Approximate Speeds in Different
Units

2mih = 20 kmih = bmis
25mi/h = 40 km/h = nm/s
7 mi/h = 6o km/h = 17 mis
Somifh = Bolkm/h = :2am/s
62 mi/h = 100km/h = 28 mis
75 mifh = nokmih = 33mis
womi/h = 160 km/h = 44 m/s

* Motion Is Relative

verything moves—even things that appear 1o be at rest. They move relative o the

Sun and stars. As you're reading this, you're moving ar abour 107,000 kilomerers
per hour relative o the Sun, and you're moving even faster relative o the center of our
galaxy. When we discuss the motion of something, we describe the motion relative to
something else. If you walk down the aisle of a moving bus, your speed relative 1o
the floor of the bus is likely quite different from your speed relative to the road.
When we say a racing car reaches a speed of 300 kilometers per hour, we mean rela-
tive to the track. Unless stated otherwise, when we discuss the speeds of things in our
environment, we mean relative to the surface of Earth. Motion is relative.

_E.H.E.El'.o.m‘,

o
Ahungry mosquito sees you resting in a hammock in a 3-m/s breeze How
fast and in what direction should the mosquito fly in order to hover
above you for lunch?

Check Your Answer

The mosquito should fly toward you into the breeze When just above you, it
should fly at 3mys in order to hover at rest, Unless its grip on your skin & strong
enough after landing, it must continue flying at 3 m/s to beep from being blown
off That's why a breeze is an effective deterrent to mosquito bites

* Speed

Bcfmc the time of Galileo, people described moving things as simply “slow” or
“fast.” Such descriptions were vague. Galileo is credited with being the first to
measure speed by considering the distance covered and the time it cakes. He defined
speed as the distance covered per unit of time, Interestingly, Galileo could casily
measure distance, but in his day measuring short imes was no casy marcer. He
sometimes used his own pulse and sometimes the dripping of drops from a “water
clock™ he devised.

distance

time

Speed =

A cyclist who covers 16 meters in a time of 2 seconds, for example, has a speed of
8 meters per second,

Any combination of distance and time units is legitimate for measuring speed;
for motor vehicles (or long distances), the units kilometers per hour (km/h) or miles
per hour (mi/h or mph) are commonly used. For shorter distances, meters per see-
ond (m/s) is more useful. The slash symbol (/) is read as per and means “divided by.”
Throughout this book, we'll primarily use meters per second (m/s). Table 3.1 shows
some comparative speeds in different units.!

INSTANTANEOUS SPEED

Things in motion often have variations in speed. A car, for example, may travel along
a street at 50 km/h, slow to 0 km/h at a red light, and speed up to only 30 km/h
because of traffic. You can tell the speed of the car ar any instant by looking ar its

'Conversion is based on 1 b = 3600 5, 1 mi = 1609344 m.
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speedometer. The speed at any instant is the instantaneous speed. A car traveling at
50 km/h usually goes ar that speed for less than 1 hour. If it did go ar that speed fora
full hour, it would cover 50 km. [f it continued ar that speed for half an hour, it
would cover half that distance: 25 km. If it continued for only 1 minute, it would
cover less than 1 km.

AVERAGE SPEED

In planning a trip by car, the driver often wants to know the time of travel. The
driver is concerned with the average speed for the trip. Average speed is defined as

total distance covered

Average speed

time interval

Average speed can be calculated rather easily. For example, if we drive a distance of

80 kilometers in a time of 1 hour, we say our average speed is 80 kilometers per
hour. Likewise, if we travel 320 kilometers in 4 hours,

total distance covered 320 kin

Average speed = = 80 km/h

time interval 4h
We see that, when a distance in kilometers (km) is divided by a ime in hours (h),
the answer is in kilometers per hour (km/h)

Since average speed is the whole distance covered divided by the rtotal nime of
travel, it doesn’t indicate the different speeds and variations that may have taken
place during shorter nme intervals. On most tips, we experience a variety of speeds,
so the average speed is often quite different from the instantaneous speed.

If we know average speed and time of travel, distance rraveled is easy o find. A
simple rearrangement of the definition above gives

Toul distance covered = average speed X time

If your average speed 1s 80 kilometers per hour on a 4-hour tnip, for example, vou
cover a total distance of 320 kilometers (80 km/h % 4 h),

.CHECKPOINT

L What is the average speed of a cheetah that sprints 100 meters in
4seconds? If Rsprints som in 257

2. If acar moves with an average speed of 60 km/h for an hour, it will travel
adistance of 60 km
a. How far would it travelif it moved at this rate forg h?

b. Forwoh?

3. In addition to the speedometer an the dashboard of every car is an
odometer, which records the distance traveled. If the inmtial reading is set
at zero at the beginning of a trip and the reading is 40 kmn one-half hour
later, what has been your average speed?

4. Would it be possible to attain this average speed and never go faster than
Sokm/h?

Check Your Answers
(Are you reading this before you have reasoned arswers In your ming? As
mentioned in the previous chapter, when you encounter Chack Yourself uestions
throughout this book, check your thinking before you read the answers. You 7l not
only learn more, you'll enjoy learning more.)
1. Inboth cases the answeris 25 m/s

distance covered 100 meters 50 melers

Average speed 5mis

time interval 4 seconds 2 seconds

FIGURE 3.2

A speedometer gives readings in both
miles per hour and kilomerers per
hmr.

If you're cited for speeding
which does the pelice officer
write an your ticket, your
Instantanecus speed of your
@verage speed?
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FIGURE 3.3
The car on the circular rack may

have a constant speed, bur its velocity
is changing every instant. Why?

2. The distance traveled is the average speed x time of travel so
a. Distance = 6o km/h % 4h = 240 km
b. Distance = 6o km/h x 10 h = Gookm
total distance covered 40 km
3. Averagespesd = — 'll’rl_w'e mtelval - as E = Bokmth
4. No,not if the trip starts from rest and ends at rest. There are times in which the
instantancous speeds are less than 8o km/h, sothe driver must drive at speeds
of greater than 8o km/h durting one or more time Intervals in order 10 average
Bo km/h.In practice, average speeds are usually much lower than high instanta-

neous speeds

* Velocity

thn we know bath the speed and the direction of an object, we know its
velocity. For example, if a car travels ar 60 km/h, we know its speed. Bur if
we say it moves ar 60 km/'h wo the north, we specify its wefoctty. Speed is a descrip-
tion of how fast; velocity is how fast and in what direction. A quantity such as veloc-
ity thar specihes direction as well as magnitude is called a vector quantity. Recall
from Chaprer 2 that force is a vector quantity, requiring both magnirude and direc-
tion for its description. Likewise, velocity is a vector quantity. In contrast, a quantity
that requires only magnitude for a descriprion is called a scalar quantiry. Speed is a
scalar quantity.

CONSTANT VELOCITY

Constant speed means steady speed. Something with constant speed doesn't speed
up or slow down. Constant velocity, on the other hand, means both constant speed
and constant direction. Constant direction is a straight line—the object’s pach
doesn't curve. So constant velocity means motion in a seraighe line ar a constant

speed.

CHANGING VELOCITY

If cither the speed or the direction changes (or if both change), then the velodny
changes. A car on a curved track, for example. may have a constant speed. bur,
because its direction is changing, iss velocity is not constant. We'll see in the next
section that it is accelerating

,__.LH.ELI'.D.I..T

"

1. "She moves at a constant speed in a constant direction.” Rephrase the
same sentence in fewer words.

2. The speedometer of a car moving to the east reads 100 km/h. It passes
another car that moves to the west at 100 km/h. Do both cars have the
same speed? Do they have the same velocity?

3. During a certain period of time. the speedometer of a car reads a constant
60 km/h. Does this indicate a constant speed? A constant velocity?

Check Your Answers

1. "She moves at a constant velocity”

2. Both cars have the same speed, but they have opposite wlocities because they are
moving in opposite directions.

3. The constant speedometer reading Indicates a constant speed but not a constant
velocity, because the car may not be meving along a straight-fine path, imwhich
case It isaccelerating
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* Acceleration

Wc can change the velocity of something by changing its speed, by changing e
its direction, or by changing both its speed and its direcrion. How quickly

velocity changes is acceleration:

change of velocity

time interval

Acceleration =

We are familiar with acceleration in an automobile, When the driver depresses the
gas pedal (appropriately called the accelerator), the passengers then experience
acceleration (or “pickup,” as it is sometimes called) as they are pressed againse ther
scats. The key idea that dehines acceleration is change. Suppose we are drnving and,
in 1 second, we steadily increase our velocity from 30 kilometers per hour to
35 kilometers per hour, and then 1o 40 kilometers per hour in the next second,
1o 43 in the next second, and so on. We change our velocity by 5 kilometess per  figure 3.4

hour cach second. This change in velocity is whar we mean by aceeleration, W say thae a body und
<h f veloci acceleration when there is a chonge
r\ccclu:tinn = aﬂg‘?o = t_\’ = 5 klﬂ“l = 5 krm'b's it stare ofmn(ian.
time interval s

In this case, the acceleration 15 5 kilometers per hour second (abbreviated as
5 km/hs). Note that a unit for time enters twice: once for the unit of velocity and
again for the interval of time in which the velocity is changing. Also note that accel-
eration is not juse the toral change in velocity; itis the time rute of change, or change
per second, in velociry.

oy e i
1, A particular car can go from rest to go km/h in 10 s What s its acceleration? Videss N
z.n 2-5:;:" mea’:s R:mm&om‘f;‘lmssMWMIm Definition of Acceleration
goes rest tog km/ undergoes the greater acceleration? el Fasi bt
PR Noh oF eaap Numerical Example of Acceleratio
Check Your Answers

1, Its acceleration is o km/h-s Strictly spealrlng. this would be its AVETage AcceieTs-
tion, for there may have been some varlation in Its rate of picking up speed.
2. The accelerations of both the car and the bicycie are the same: 2 km/h+s

change of velocl
Acceleration,,, = hange of veloclty
time interval
65kmsh — 6o km/h km/sh
3 = = 2km/hes
5% 25s =
change of velocit
Acceleratiany,, = - 209 o 4
time interval
skmih - okm/h  skm/h
- = 2km/h-s

255 255

Although the velocities are quite different, the rates of change of velocity are the
same Hence. the accelerations are equal

The rexm acceleration applies 1o decreases as well as o increases in velocity. We  pigure 3.5
say the brakes of a car, for mmp!e. pmdun.'c ]-.‘ugu man].ing accelerations; thac is, Rapid deceleration is sensed by the
there is a large decrease per second in the velocity of the car. We often call this  driver, who lurches forward (in
develeration. We experience deceleration when the driver of a bus or car applies the  accord with Newton's first law).
brakes and we tend 1o lurch forward.
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the steering wheel?

Can you see that a car has
thiee controls that change
velocity—the gas pedal
(accelerator], the brakes, and

We accelerate whenever we move in a curved path, even if we are moving at
constant speed, because our direction is changing—hence, our velocity is changing,
We experience this acceleration as we tend 1o lurch toward the outer part of the
curve, We distinguish speed and velocity for this reason and define acceleration as
the rate at which velocity changes, thereby encompassing changes both in speed and
in direction.

Anyone who has stood in a crowded bus has experienced the difference between
velocity and acceleration. Except for the effects of a bumpy road, you can stand with
no extra effore inside a bus that moves at constant velocity, no mauer how fast it is
going. You can flip a coin and carch it exactly as if the bus were ac rest. It is only
when the bus accelerates—speeds up, slows down, or turns—that you experience
difficuley standing.

In much of this book, we will be concerned only with motion along a straight
line. When straight-line motion is being considered, it is common to use speed and
velocity interchangeably. When direction doesn't change, acceleration may be
expressed as the rate at which speed changes.

Acceleration (along a straight ling) = —————~—~

_‘mx"UTH‘I

w
1. What is the acceleration of a race car that whizzes past you at a constant
wvelocity of 400 km/h?
2. Which has the greater acceleration, an airplane that goes from 1000 km/h
101005 km/h in 10 seconds or a skateboard that goes from zero tos km/h
in 1second?

Check Your Answers

1. Zero because its velocity doesn't change.

2. Both gain § km/h, but the skateboard does 5o in one-tenth the time. The skateboard
therefare has the greater acceleration—in fact, ten times greater. A little figuring
will show that the acceleration of the airplane is 0.5 km/h+s, whereas acceleration
of the slower-moving skateboard is § km/h-s. Velocity and acceleration are very
different concepts. Distinguishing between them 1s very important

ACCELERATION ON GALILEO'S INCLINED PLANES

Galileo developed the concept of acceleration in his experiments on inclined planes.
His main interest was falling objects, and, because he lacked accurate timing
devices, he used indlined planes effectively 1o slow accelerated motion and 1o inves-
tigate it more carefully.

Galileo found thar a ball rolling down an inclined plane picks up the same
amount of speed in successive seconds: thar is, the ball rolls with unchanging
acceleration. For example, a ball rolling down a plane inclined at a certain angle
might be found to pick up a speed of 2 meters per second for each second it rolls.
This gain per second is its acceleration. lts instantaneous velocity at 1-second
intervals, ar this acceleration, is then 0, 2, 4, 6, 8, 10, and so forth, meters per
second. We can sce that the instantancous speed or velocity of the ball ar any
given time after being released from rest is simply equal 1o its acceleration mulu-
plied by the time:*

Velocity acquired = acceleration X time

"Note thar this relstionship follows from the definition of accderston. From & = i/, simple rearmange-
ment Imultiplying both sides of the cquation by o gres » = a.
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It we substitute the acceleration of the ball in this relationship (2 meters per second
squared), we can see that, ac the end of 1 second, the ball is traveling ac 2 meters per
second; at the end of 2 seconds, it is traveling at 4 meters per second; at the end of
10 seconds, it is traveling at 20 meters per second; and so on, The instantancous
speed or velocity ar any time is simply equal 1o the acceleration muleiplied by the
number of seconds it has been accelerating,

Galileo found grearer accelerations for steeper inclines. The ball attains its maxi-
mum acceleration when the incline is tipped vertically. Then it falls with the accel-
eration of a falling object (Figure 3.6). Regardless of the weight or size of the object,
Galileo discavered that, when air resistance is small enough 1o be neglected, all
objects fall with the same unchanging acceleration.

* Free Fall

HOW FAST

Things fall because of the force of gravity. When a falling object is free of all
restraints—no friction, with the air or otherwise—and falls under the influence of
gravity alone, the object is in a state of free fall. (We'll consider the effects of air
resistance on falling objects in Chapter 4.) Table 3.2 shows the instantancous speed
of a frecly falling object at | -second intervals. The important thing to note in these
numbers is the way in which the speed changes. During each second of fall. the object
gains a speed of 10 meters per second, This gain per second is the acceleration. Free-fall
acceleration is approximately equal 1o 10 meters per second cach second, o1, in
shorthand notation, 10 m/s” (read as 10 meters per second squared). Note that the
unit of time, the second, enters twice—once for the unit of speed and again for the
tme interval during which the speed changes.

In the case of freely falling objects, it is customary o use the leter g to represent
the acceleration (because the acceleration is due to gravisy). The value of g is very
different on the surface of the Moon and on the surfaces of other plancts. Here on
Earth, g varies slightly in different locations, with an average value equal to
9.8 meters per second each second, or, in shorter notation, 9.8 m/s”. We round this
off to 10 m/s* in our present discussion and in Table 3.2 to establish the ideas
involved more clearly; multples of 10 are more obvious than muluples of 9.8,
Where accuracy is important, the value of 9.8 m/s* should be used.

Note in Table 3.2 that the instantancous speed or velocity of an object flling from
rest is consistent with the equation that Galileo deduced with his inclined planes:

Velocity acquired = acceleration X rime

FIGURE 3.6

The greater che slope of the incline,
the greater the acceleration of the
ball. Whas is its accel eration if the
ball falls vercically?

LA
!

Haws nice, the accelevation
due to gravity is 10 mis each
second all the way down. Wiy
ths is 50, for any mass, awaits
you 'n Chapter 4

TABLE 3.2
Free-Fall from Rest
TimeofFall  Velocity Acquired
[+]
=]
20

30
40
50

Al W N o= O
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FIGURE 3.7

Prerend thar a falling rock is
equipped with 4 speedometer. In
each succeeding second of fall, you'd
find the rock’s speed increasing by the
same amount: 10 m/s. Skerch in the
missing s er needle arr =
35 45, and 5 5 (Table 3.2 shows the
speeds we would read at various
seconds of fll.)

\/"—0 il
PhysicsPlace.com
Videos
Free Fall How Fast?

vo=gr
Free Fall How Far?

The instantaneous velocity » of an object falling from rest” after a time ¢ can be
expressed in shorthand notation as

r=gr
To see that this equation makes good sense, take a moment to check it with Table
3.2. Note that the i instantancous velocity or speed in meters per second is simply the
acceleration g = 10 m/s* multiplied by the time ¢ in seconds.

Free-fall acceleration is clearer when we consider a falling object equipped with a
speedometer (Figure 3.7). Suppose a rock is dropped from a high cliff and you wit-
ness it with a telescope. If you focus the telescope on the speedometer, you'd note
increasing spcn.l as time progresses. By how much? The answer is, by 10 m/s each
succoeding second.

_:mr.xm_r“
u
What would the speedometer reading on the falling rock shown in Figure
37bess after n«mﬁmwmmummw
6.5 s after it is dropped?

Check Your Answer

The speedometer readings would be 50 m/s, 60 m/s, and 65 m/s, respectively You
can teasan this from Table 3.2 or use the equation v = g¢, where g iso m/s®

So far, we have been considering objects moving straight dow d in the direc-
tion of the pull of gravity. How about an object thrown straight upward? Once
released, it continues 10 move upward for a time and then comes back down. At its
highest paint, when it is changing its direction of motion from upward to down-
ward, its instantancous speed is zero, Then it starts downward just as if it had been
dropped from rest at that heighe.

During the upward part of this motion, the object slows as it rises, It should come
as no surprise that it slows ar the rate of 10 meters per second cach second—the same
acceleration it experiences on the way down. So, as Figure 3.8 shows, the instanta-
neous speed at points of equal elevation in the path is the same whether the object is
moving upwuﬂ ot downward. The velocities are opposite. of course, because chey are
in opposite directions. Note thar the downward velocities have a negarive sign, indi-
cating the downward direction {itis customary to call up positive, and down negative.)
Whether moving upward or downward, the acceleration is 10 m/s* the whole time.

Moy

" Aball s thrown straight upward and leaves your hand at 20 m/s. What
predictions can you make about the ball? (Please think about this before
reading the suggested predictions!)

Check Your Answer
There are several One prediction & that it will slow to 1o mis 1 second after it
leaves your hand and will come to a momentary stop 2 seconds after leaving your
hand, when it reaches the top of its path This is because it loses 10 m/s each sec-
ond going up Another prediction is that » second later, 3 seconds total, it will be
moving downward at 10 m/s. In another second. it will retum to its starting point
and be moving at 20 m/s. So the time each way & 2 seconds, and its total time in
flight takes 4 seconds. WeTl now treat how far it travels up and down.

1, instead of being dropped from rest. the object is thrown dewnward at speed r, the speed v after any
elapsed time sk o = &, 4+ gr. We will nec be concerned with this added complication here; we will
matead learn as much as we can from the simplor cases. Thae will be a loe!
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HOW FAR 0
How far an object falls is altogether different from how fisric falls. Wich his inclined  PhyslcsPlace.com
planes, Galileo found thar the distance a uniformly accelerating object ravels is pro-  Videos
portional to the square of the time. The distance traveled by a uniformly accelerag- A7 Resistance and Falling Objects
ing object starting from rest is Fafing Jetaon
1
Distance raveled = E (acceleration X time X time) 1s ‘.‘Vciocity =0
This relationship applies to the distance something falls. We can express it, for the 2; ‘4
" i dorr's ; : s 4
case of a [reely falling object, in shorthand :;mauun as v=10m/s w: =-10mjs
d= E o : ;
in which #is the distance something falls when the time of fall in seconds is substi- e g
tuted for ¢ and squared.” If we use 10 m/s for the value of g, the distance fallen for v=20mfs v=-20mfs
various times will be as shown in Table 3.3. '
Note that an object falls a discance of only § meters during the first second of fall, v -
although its speed is then 10 meters per second. This may be confusing, for we may : I'
think that the objecr should fall a distance of 10 meters. Bur for it ro fall 10 meters A
in its first second of fall, it would have 1o fall at an avenige speed of 10 meters per 0s 65
second for the entire second. Tt starts its fall a0 meters per second, and its speed is y=3okr | L==N mfs
10 meters per second only in the last instant of che 1-second interval. lis average !
speed during this interval is the average of its initial and hinal speeds, 0 and :
10 meters per second. To find the average valuc of these or any two numbers, we '
simply add the two numbers and divide by 2. This equals 5 meters per second, '
which, over a time interval of 1 second, gives a distance of 5 meters. As the object \
continues to fall in succeeding seconds, it will fall through ever-increasing discances i
because its speed is continuously increasing. )
'
CHECK I
v * B
A cat steps off aledge and drops to the ground in 1/2 second. ks m/s
a. What is its speed on striking the ground? .
b. What is its average speed during the 1/2 second? FIGURE 5.8
¢ How high s the ledge from the ground?
The rate at which the velocity
Chack Your Answars changes each second is the same.
a Speediv = gt = 10 mM/s* X 125 = 5mis
o itialv + fnalv _ om/s + 5mis TABLE 3.3
b. Average speed. v = 5 25mis Ohtisics in Free Fall
ooyt i b e ot
Or equivalently,
dolasd N % 2
-lgﬁ-zwlomf; x(zs} =125m ' 5
Notice that we can find the distance by either of these equivalent relationships. 2 0
3 45
& 8o
‘Distance hllen fom rot: = average velocity % fime . 128
initial velocity + Bnal veloaty - .
d=- - '—2__"____ X nme
LE S
oy 2 iy t Lol
d= : o

(Sce Appendix B tor further explanssion.)
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FIGURE 3.9
Pretend thar a falling rodk is equipped
with a spead and an od

Speed readings increase by 10 m/s
and distance readings by 1/2 gr*,
Can you complete the speedometer
positions and odometer readings?

FIGURE 3.1
Motion analysis.

It is a common observation that many objects
fall with unequal accelerations. A leal, a feather, or
a sheet of paper may flutter to the ground slowly.
The fact that air resistance is responsible for these
different accelerations can be shown very nicely
with a closed glass tube containing light and heavy
objects—a feather and a coin, for mmp[e. In the
presence of air, the feacher and coin fall with quire
different accelerations. Bue, if the air in the rube is
removed by a vacuum pump and the tube is
quickly inverted, the feather and coin fall with the
same acceleration (Figure 3.10). Although air
resistance appreciably alters the morion of things
like falling feathers, the motion of heavier objects
like stones and bascballs at ordinary low speeds is
not appreciably affected by the air. The relation-
ships » = grand d = 1/2 gr” can be used to a very
good approximation for most objects falling in air
from an initial position of rest.

=

0
&

FIGURE 3.10

A feather and a coin fall ar
equal accelerations in a
vacuum.

rate of

charge » speed

Receleration = [cﬂmm] due lo {mlwdireuiu}

welocity

ety 42 IMY
2

e safe b ”
e u-g ‘{,m / Al N \
L,
Change in speed Change in direction Change in speed
bul nof direction but naf speed and direction
*m[.mm_w
time
G Time =0, velocty = 0 seceertion - 2l
® Time = 15 velocity = 10 m(s
i o= 102
L]
. o= 10 mfss
: @= 10 mi2




o HangTime

ome athletes and dancers have great jJumping ability
Leaping straight up, they seemn to "hangin the air,” defy-

ng gravity Ask your friends o estimate the "hang time” of the
great jumpers—the time a jumper is airbom ewith feet off the
ground They may say 2 or  seconds. But, surprisingly, the hang
time of the greatest jumpers is almost always less than sec-
ond! Alonger time ks one of many flusions we have about
nature

A related lllusion is the vertical height a human can jump
Maost of your classmates probably cannot jump higher than
0.5 meter They can step over 2 05-meter fence but. Indoing so.
their body rses only shghtly The height of the barnier 1s different
than the height a jumper’s “center of gravity” rises Many people
can leap over a1-meter fence, but only rarely does anybody rase
the “center of grawty” of their body 1 meter Even basketballstars
Michael lordam and Kobe Bryant in their prime couldn't raise
their body 1.25 meters high, although they could easily reach
considerably above the more-than-3-meter-high basket

Jumpang ability s best measured by a standing vertical
Jump. Stand facing a wall with feet flat on the floor and arms
extended upward Make a mark on the wall at the top of your
reach. Then make your jump and, at the peak, make another
mark The distance between these two marks measures your
vertical leap IT it’s more than 0.6 meter (2 feet], you're
exceptional

Here's the physics. When you leap upward, jumping force
15 apphed enly while your feet make contact with the ground
The greater the force. the greater your launch speed and the
higher the jump. When your feet leave the ground. your
upward speed iImmediately decreases at the steady rate of
@=10 m/s®. At the top of your jump, your upward speed
decreases to 2ero. Then you begin to fall gaining speed at
exactly the same rate, g. if you land as you took off, upright
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with legs extended, then time rising
equals time falling: hang time is
time up plus time down. While alr
borme, no amount of leg or arm
pumping or other bodily mations
can change your hang time

The relationship between time up
ordown and vertical height is given by

d= 'gr‘

Ifwe know the vertical height . wecan
rearange this expression to read

.:d
e
Ng
The world-record vertacal standing ump is 1.2 meters S Let's use

this jumping height of 1.25 meters for & and use the more precise
value of 9.8 mss* for g. Solving for t, half the hang time, we get
j2d j2(r2g m)
ial, g  Ng8mis
Double this (because this is the time for one way of an up-and-
down round-trip| and we see that the record-breaking hang
time is 1second
We're discussing vertical motion here, How about running
jumps? Well see in Chapter 1o that hang time depends only an
the jumper’s vertical speed at launch While airborne, the
jumper’s horizontal speed remains constant and only the verts-
calspeed undergoes acceleration Interesting physics!

0508

%o arunn ing jump. liftoff speed can be increased and hang tirme
extendad a1 the foct bourds off the flaor Well dscussthis i Chaptar B
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HOW QUICKLY “HOW FAST"” CHANGES

Much of the confusion that arises in analyzing the motion of falling objects
comes about because it is casy to get “how fast” mixed up with “how far." When
we wish to specity how tast something is falling, we are rlking about speed or
velocity, which is expressed as ¢ = gr. When we wish to specify how far some-
thing falls, we are talking about distance, which is expressed as d = 1/2 gr”.
Speed or velocity (how fast) and distance (how far) are entirely different from
cach other.

A most confusing concept. and probably the most difficult encountered in this
book, is "how quickly does how fast change™—acceleration. What makes acceler-
ation so complex is that ic is @ ruve of @ rate. 1o is often confused with velocity,
which is itself a rate (the rate of change of position). Acceleration is not velocity,
nor is it even a change in velocity. Acceleration is the rate at which velocity itself
changes.

Please remember thar it took people nearly 2000 years from the time of Anstotle
to reach a clear undesstanding of motion, so be paricnt with yourself if you find that
you require a few hours to achieve as much!
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SUMMARY OF TERMS

Speed How fast something moves; the distance mraveled per
unit of time.

Instantancous speed The speed at any instant.

Average speed The toral distance maveed divided by the time
of travel.

Velocity The speed of an object and a specification of its
dircction of motion.

Vector quantity Quantiry in physics thar has both magnirude

Scalar Quantity that can be described by magnitude
without direction,
Acceleration The rate at which velocity changes with time;

the change in velocity may be in magnitude, or direction,
orboth.
Free fall Motion under the influence of gravity only.

SUMMARY OF EQUATIONS

Speed = Jisance

T time
~ vocal distance covered
frge qpeel = time interval
change of velocity

Acceleration = ot

. ey o changein specd
Acceleration (along a straight line) = reraTpe—
Velocity acquired in free fall, from rest: v = g
Distance fallen in frec fall, from rest d = | g

REVIEW QUESTIONS

Motion Is Relative
1. As you read this, how fast are you moving relative to the
chair you are siting on? Relacive to the Sun?
Speed
2. What rwo units of measurement are necessary for describ-
ing speed?
Instantaneous Speed
3. Whar kand of speed is regisrered by an auromobile
speedometer—average speed or instantaneous speed’
Average Speed
4. Distinguish berween instntancous speed and average
speed.
5. What is the average spead in kilometers per hour for a
horse that gallops a distance of 15 km in 2 ime of
30 min?
6. How far does a horse travel if it gallops ar an average
speed of 25 kaw/h for 30 min?
Velocity
7. Distinguish berween speed and velocity.

Constant Velocity

8. If a car moves with a constane velocity, does it also move
with a constant speed?

Changing Velocity
9. IF a car 15 moving at %0 km/h and it rounds a comer, also
a1 90 km/h, does it maintain a ¢ specd? A ¢
velocity? Defend your answer.
Acceleration

10. Distinguish berween velocity and accel

11, Whar is the acceleration of a car thar increases its velocity
from 0 w 100 km/h in 10 5!

12, Whar is the accelerarion of a car thar maintains a constant
velocity of 100 km/h for 10 2 (Why do some of your
classmates who correctly answer the previous question get
this question wrong?)

13. When are you most aware of motion in a moving
vehicke—when it 1s moving steadily in a strughe line or
when it is accelerating? If 2 car moved with absolutely
constant velociry (no bumips at all), would you be aware
af motion?

14. Acceleration is generally defined as the rime rare of
change of velocity. When can it be defined as the time
rate of change of speed?

Acceleration on Galileo's Inclined Planes

15. What did Galileo discover about the amount of speed 2
ball gained each second when rolling down an inclined
plane? What did this say abous the ball’s acceleration?

16. Whar relationship did Galileo discover for the velocity
acquired on an incline?




17, Whar relasonship did Galileo discover about a ball's
acceleration and the steepness of an incline? Whar acceler-
arion occurs when the plane s verrical?

Free Fall—How Fast

18. What exactly is meant by a “frecly falling” object?

19. Whar is the gain in speed per second for a freely falling
object?

20. What is the velocity acquired by a freely falling object S 5
after being dropped from a rest position? What is che
velocity 6 s after?

21. The acceleration of free fall is abour 10 m/s’. Why does
the seconds unit appear twice?

z-z‘ “qllﬂ an ﬂbjm il &lm w‘i. huw ml‘h w &'cl
it lose cach second?

CHAPTER 3 LINEAR MOTION 47
How Far
23. What relationship berwoen distance maveled and time did
Galileo discover tor accelerating objects?

24, What is the distance fallen for 2 freely falling object 15
after being dropped from a rest position? Whar is it 4 5
after?

25, What is the effect of air resistance on the aceeleration of
falling objecrs? What is the acceleration with no air resist-
ance?

How Quickly “How Fast” Changes

26. Consider these measurements: 10 m, 10 m/s, and
10 m/s=. Which is a measure of distance, which of speed,
and which of acceleration?

PROJECTS

1. Grandma # interested in your educanonal progress. She perhaps
has liede science background and may be mathematically chal-
lenged. Write a letver to Grandma, withour using equations, and
explain 1o her the difference berween velocity and acceleration.
Tl her why some of your classmares confuse the two, and stave
some examples char dear up the confusion.

2, Stand flatfooted next to a wall. Make a mark at the highest poine
yous can reach. Then jump vertically and mark this highese
point. The distance berween the marks 15 your verical jumping
distance. Use this dats to caleulste your personal hang cime.

PLUG AND CHUG

These are “plug-in-the-ncmber " type activities to familiarize you
with the equations that link the concepes of physics, They are
maindy enc-sicp rubstitwsions and are less challenging than the
Problems.

L. Calculare your walking speed when you step 1 meter in
0.5 sccond.
2, Caleulate the speed of a bowling ball thar rraveds 4 meters

n 2 seconds.
total distance covered
Avecage spesd = = vl

3. Calculate your average speed if you run 50 meters in
10 seconds.

4. Calculare the average speed of a rennis ball thar rravels the
full lengeh of the coure, 24 meters, in 0,5 sccond.

5. Calculate the average speed of a cheetah that runs
140 meters in § seconds.

6. Calculate the average speed (in km/h) of Lasry, who runs
to the store 4 kilometers away in 30 minutes.

Distance = average speed X time
7. Calculate the distance (in km) that Larry runs if he main-
tains an average speed of 8 km/h for 1 hour,

8. Caleulare the distance you will ravel if you maintain an
average speed of 10 m/s for 40 seconds,

9. Caleulate the distance you will travel if you maintain an

average speed of 10 km/h for onc-half hour.
change of velocity
time interval

10. Calculate the acceleration of a car (in km/h+s) that can go
from rest 10 100 km'h in 10 5,

11. Calculate the acceleration of a bus thar goes from
10 kim/h 10 a speed of 50 km/h in 10 seconds.

12, Cakeulate the accederation of a ball that stares from rest, rolls
down 2 ramp, and gains a speed of 25 m/s in 5 seconds,

13. On a distant plancr, a freely falling objecr gains speed ara
stcady rate of 20 m/s during cach second of fall. Calculae
its acceleranon.

L speed = leration X time

14. Calculare the instantaneous speed (in m/s) ax the
10-second mark for a car char accelerares at 2 m/s* from a
position of rest.

15, Calculare the speed (in m/s) of a skateboarder whe accel-
erates ‘fmu\ rest for 3 s down a ramp ar an acceleration of
5 m/s*.

Velocity acquired in free fall, from rest:
v = gt (where g = 10 m/s”)

16, Calculare the instantancous speed of an apple thar falls
ﬁmb’ from a rest position and accelerares at 10 mJs* for
1.5s

Acceleration =
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17. An obyect 15 dropped from rest and falls freely. Afier 7 s,
calculare its insrantaneous §

18. A skydiver steps from a high Hwng helicopter. In the
ahsence of air resistance, how fast would she be falling 2t
the end of a 12-s jump?

19. On a distane ph.ru-( a frecly fa]luts object has an accelera-
tion of 20 m/s%. Calculate the speed that an object

dropped from rest on this planet acquiresin 1.5 x.
Distance fallen in free fall, from rest: d = | gr*

20. An apple drops from a tree and hits the ground in 1.5
Calculare how far it falls,

21. Calculare the verrical distance an object dropped from
rest covers in 12 5 of free &

22. On a distane planet a frecly f.l]lms object has an accelera-
tion of 20 m/s®. Calculate the vertical distance an object
dropped from rest on this planet covers in 155,

RANKING

1. Jogging Jake runs along a train fatcar thar moves at the
velocities shown in positions A-D, From greatest to
least, rank the velociry of Jake relative to a stationary
obscrver on the ground. (Call the direction to the right
pusitive.)

‘s ok
;-%. :&
8 mls 10 mfs

4 ln!s 6 mfs
8 ran

2. A track 15 made of 2 pi:c:n‘ channel iron bent as shown.
A ball relcased ar the lefr end of the track continues past
the various points. Rank the speed of the ball ar points A,
B. C, and D, from fastest to slowest. (Warch for de

scores.)

3. A ball is released ar the lefr end of these different mracks,
The tracks are bent from equal-length pieces of channel

iron.

. From fastest 1w slowest, rank the speed of the ball at
the right end of the wack.

b. From loagest to shortest, rank the tracks in terms of
the simee for the ball to reach the end.

c. From greatest o least, rank the tracks in terms of the
average speest of the ball. Or do all balls have the same
average speed on all three wracks?

4. Three balls of different masses are thrown straight upward
with initial speeds as indicated.

Im/s
1.0kg 1.5kg 0.8 kg
a. From fastest to slowest, rank the speeds of the balls 1

after being thrown.

b. From greatese ro least, rank the accelerations of the
balls 1 5 after being thrown. (Or are the accelerations
the same?)

EXERCISES

1. What is the impact speed when a car moving at 100 km/h
bumps into the rear of another car traveling in the same
direction at 98 km/h?

2. Suzie Surcfoot can paddle a canoe in sull water ar § km/h.
How successful will she be ar canocing upstream in a river
that flows at 8 km/h?




3. Is a fine for speeding based on one’s average speed or one’s
instantancous speed? Explain.

4. One anrplane travels due north ar 300 km/h while another
wravels due south ar 300 km/h. Are their speeds the same?
Are their velocities the same? Explain,

S. Light travels in a straight line at a constant speed of
300,000 km/s. Whar is the acceleration of light?

6. Can an automobile with a velocity toward the north
simultancously have an acceleration toward the south?
Explain.

7. You're in a car traveling at some specified speed limit. You
see a car moving at the same speed coming toward you.
How fast is the car approaching you, compared with the
speed limie?

8. Can an object reverse its direction of travel while main-
taining a constant acceleration? If so, give an example. If
not, provide an explanation.

9. For strarght-line motion, how does a speedometer indi-
care whether or not acoeleration is occurring?

10. Correct your friend who says, “The dragster rounded the
curve at a constant velocity of 100 km/h.”

11. You are driving north on a highway. Then, withour
changing speed, you round a curve and drive east.

(a) Does your velocity change? (b) Do you accelerare?

Explain.

12. Jacob says acceleration is how fast you go. Emly says
acceleration is how fast you get fase. They look 1o you for
confirmation. Who's correct?

13. Starting from rest, one car accelerates 10 a speed of 50 km/h,
and another car accekerates 10 a speed of 60 km/h, Can you
say which car underwent the greater acceleration? Why or
why noe?

14. Cite an le of hing with a ¢ speed that
thﬁaﬂr)un;wlwry (anynumcanmmplcuf

hing with a ¢ welocity and a varying speed?
De&ndmm.

15. Cite an instance in which your speed could be zero while
your acceleration is nonzero.

16. Cite an example of something thar undergoes acceleration
whdemnrga:mmnupud.(anym.ﬁsogmm
example of g that accel while ling at
onmmndnary’ﬁsphm

17. (a) Can an object be moving when its acceleration is zero?
If so, give an example. (b) Can an object be acoderating
when its speed is zero? If so, give an example.

18. Can you cite an example in which the aceeleration of 2
body is epposite in direction 1o its velocing? 1f so, whar is
your example?

19. On which of these hills does the ball roll down with
path? (Use this example if you wish to explain o someone
the difference between speed and acceleration.)

N

20. Supposc that the three balls shown in Exercise 19 stare
simultancously from the tops of the hills. Which one
reaches the bortom first? Explain.
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21, What is the acoderation of a car thar moves ar a seady
velocity of 100 km/h for 100 s? Explain your answer.

22, Which is greater, an acceleration from 25 km/h o
30 km/h or one from 96 km/h to 100 km/h if both
occur during the same time?

23. Galileo experimented with balls rolling on inclined planes
of various angles. What is the range of accelerations from
angles 0° to 90° (from what aceeleration to what)?

24, Be picky and correct your friend who says, “In free fall, air
mumnm::ﬂ':tnwmsluwmsafnthdnnl

Z’Stppondmafcdyﬁliugnh’ntmwmdww
with a sp ter. By how much would irs
reading in speed increase with each second of GIl2
26. Suppose that the fiely falling object in the preceding
exercise were abo with an odometer. Would the
readings of distance fallen cach second muhm cqual or

differenc falling di for
27. For a frecly falling object fmnrcst.whanuhc
acceleration at the end of the second of fall? At the

end of the tenth second of fall? Defend your answers.

28. If air resistance can be neglected, how does the accelera-
tion of 4 ball that has been rossed straight upward com-
pare with its acceleranion if ssmply dropped?

29. When a ballplayer throws a ball seraight up, by how much
does the speed of the ball decrease cach second while
ascending? In the absence of air resistance, by how much
doaummmhmndwhkdu«ndmg?l-low
much time is required for rising compared 10

30. Someone standing ar the edge of a cliff (as in Figure 3.8)
throws a ball nearly straight up at a certain speed and
another ball nearly straight down with the same initial
speed. IF air resistance is negligible, which ball will have
the greater speed when it stnkes the ground below?

jl.Anmdmplwimnqumimfut the case where air resist-
ance is nor ible—where air drag affects motion.

ﬂlfmdmpm its acceleration toward the ground is
10 mis’. If you throw it down instead, would its accdlera-
tion after throwing be greater than 10 m/s®? Why or
why not?

33. In the preceding exercise, can you think of a reason why
the acceleration of the object thrown downward through
the air might be appreciably less than 10 m/s*?

34, While rolling balls down an inclined plane, Galilco
obscrves that the ball rolls 1 cubit (the distance from
elbow 1o fingertip) as he counts to 10. How far will the
ball have rolled from its starting point when he has
counted to 207

35, Consider a vertically launched projectile when air drag is

igible. When s the acceleration due o gravity
greater? When ascending, ar the rop, or when descending?
Defend your answer.

36. Exvend Tables 3.2 and 3.3 to include times of fall of 6 1o
10 5, assuming no air resistance,

37, If it were not for air resistance, why would it be dangerous
to go outdoors on rainy days?

38, As speed increases for an object in free fall, does accelera-
tion increase also?

39. A ball rossed upward will rerurn to the same point with
the same initial speed when air resistance is
Wnumunnmm;hpbk.lmwdunhcmum

speed compare with its initial speed?
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40. Two halls are released smultancously from rest ar the left
end of equal-dength tracks A and B as shown. Which ball
reaches the end of its track firse?

A
8

T

41. Refer to the pair of tracks in Exercise 40, (a) On which
track 1 the average speed greater? (b) Why is the speed of
the ball ar the end of the tracks the same?

42. In this chapeer, we studied idealized cases of balls
rolling down smooth planes and objecrs falling with

no air resistance. Suppose a classmate complains that
all this artention focused on idealized cases is worthless
because idealized cases simply dont occur in the
everyday world. How would you respond to this com-
plaint? How do you suppose the author of this book
would respond?
43. A person’s hang ime would be considerably !
greater on the Moon. Why? 1
44. Why does a stream of water ger narrower as it g
falls from a fauced?
45. Make up two multiple-choice questions
that would check a classmare’s i
of the distinction berween velocity and

acceleration.

PROBLEMS

1. You toss a ball straight up with an initial speed of 30 m/s.
How high does it go. and how long is it in the air
( ing air resistance)?

2. A ball is rossed with enough speed straight up so chat ir is
in the air several seconds. (a) What is the velocity of the
ball when it reaches its highest point? (b) What is its
velocity 1 s before it reaches its highest poine? (¢) What
is the change in it velocity during this 1. interval?

() What is its velocity 1 s after it reaches its highest
poin? () What is the change in velocity during this 15
interval? (F) Whar 1s the change in velocity during the 2-
interval? (Carchul?) (g) What is the acceleration of the ball
during any of these rime intervals and ar the moment the

3. What is the instantancous velocity of a frecly falling
object lﬂlﬁnili.llt]ﬂiﬂlﬁulﬂapuﬁitﬁ:n:‘l‘m!
What is its average velocity during this 10-s interval?
How far will it fall during this nme?

4. Acrkes l0sogofrome = Om/stor = 2Smisar
constant acceleration. 1f vou wish 1o find the distance

led wsing the g d = 12 at’, what value
should you use for a?

5. Surprisingly. very few athletes can jump more than 2 feer
(0.6 m) straight up. Use d = 1/2gr° and solve for the
time one spends moving upward in a 0.6-m vermical jump.
Then double it for the “hang time™—the time one’s feer
are off the ground.

* 6. A dart leaves the barrel of a blowgun at a speed » The
length of the blowgun barrel is L. Assume thar the
acceleration of the dart in the barrel is uniform.

a. Show thar the dart moves inside the barrel for a

rimcnf%,
b. If the dart’s exit speed is 15.0 m/s and the length of

the blowgun is 1.4 m, show that the time the dart is
in the barrel is 0.19 5,
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L Newton's Second Law
jtion

1 Efrain Lopez shaws thar when the forces on the blue block balance 1o zero, no accelera-
von occurs. 3 Wingsuit skydivers do whar Hying squirrels have always done, bur faster
They jump from mountains or airplanes and afier high rerminal speeds use a parachure o
sifely land. 3 When Emily Abrams kicks the ball, it undergoes acoekeration

alileo inwoduced the concepr of acceleraton, 18 months. It appeared in printin

the rate ar which velocity changes with time— 1687, bur it wasn't printed in
a = AviAr. Bur whar produces acceleration? That  English uncil 1729, two years after
question is answered in Newton's second law. It is force.  his death. When asked how he was
(Newron himself dealt first with momentum and impulse,  able to make so many discoveries,
topics we address in Chapter 6, but nowadays we like o Newton replied thar he found
start with acceleration and force.) Newton's second law  his solutions to problems not by
links these fundamental conceprs of acceleration and force sudden insight but by continually
to one more profound concept, mass, as given by the  thinking very long and hard
famows equartion, & = M. Interestingly, although Newton's  about them until he worked them
rsof age,  out. We've treated his first law in

¢ 2, defined acceleration in

inseghts of nature bloomed before he was 24 v

- b ‘ . 8 - ’ g 5 M " ™y
he was 42 when he included his three laws of motion in Chap : e I
what is generally acknowledged as the greatest scientific  Chaprer 3, and in chis chapter we  (1642-1727)
book ever written, the Principia Mathematica Philssopfiac combine what we've leamned—

Natwralis, He wrote the work in Latin and completed itin -~ Newron's second law of motion
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@

FIGURE 4.1
Kick the ball and ir accelerates,

\,""o -
PhysicsPlace.com
Video

Force Causes Acceleration

Force of hand
accelerates
the brick

o

Twice as much force
produces twice as
much acceleration

=]

Twice the force on
twice the mass gives
the same acceleration

M

FIGURE 4.2

Acceleration is direatly proportional
1o lorce.

FIGURE 4.3

Friction results from the mumual con-
tact of irregularities in the surfaces of
sliding objects, Even surfaces that
appear to be smoodh have irregular
surfaces when viewed ar the micro-
scopic level,

* Force Causes Acceleration

onsider 2 hockey puck at rest on ice. Apply a force, and it starts ro move—it

accelerares. When the hockey stick is no longer pushing it. the puck moves ar
constant velocity. Apply another force by striking the puck again, and again the
motion changes. Applied force produces acceleration,

Most often, the applied force is not the only force acting on an object. Other
forces may act as well, Recall, from Chapter 2, that the combination of forces acting
on an object is the ner force. Acceleration depends on the ner force. To increase the
acceleration of an object, you must increase the net force acting on i If vou double
the net force on an object, its acceleration doubles; if you wriple the net foree, its
acceleration triples; and so on. This makes good sense, We say an object’s accelera-
tion is directly proportonal to the net force acring on it. We write

Acceleration ~ net foree

The symbol ~ stands for “is directly pmpuuimul 10." Thar means, for instance,

that il one doubles, the other also doubles.

._.Cllltl,u.l‘_r

1, You push on a crate that sits on a smooth floor, and it accelerates. if you
apply four times the net force, how much greater will be the acceleration?

2. If you push with the same increased force on the same crate, but it slides
on avery rough floor how will the acceleration compare with pushing the
crate on a smooth floor? (Think before you read the answer below!)

Check Your Answers

1. It will have four times as much acceleration
2. It will have less acceleration because friction will reduce the net force

* Friction

Wl‘u‘n surfaces slide or tend 1o slide over one another, a force of friction acts.
When you apply a force to an object, friction usually reduces the net force
and the resulting acceleration, Friction is caused by the irregularities in the surfaces
in mutual contact, and it depends on the kinds of material and how much they are
pressed together. Even surfaces that appear 1o be very smooth have microscopic
irregularities that obstruce motion. Atoms ding together at many points of conuct.
When one object slides against another, it must either rise over the irregular bumps
or else scrape atoms off. Either way requires force.

The direction of the friction force is always in a direction opposing motion. An
object sliding dosn an incline experiences friction directed up the incline an object
that slides to the right experiences friction toward the leff. Thus, if an object is to
move at constant velocity, a force equal to the opposing force of friction must be
applied so thar the two forces exactly cancel cach other. The zero net force then
resules in zero acceleravon and constant veloany.

No friction exists on a crate thar sits at rest on a level floor. Bur, if you push the
crate horizontally, you'll disturb the conract surfaces and friction is produced. How
much? If the crate is sull at rest, then the friction that opposes motion is just enough
1o cancel your push. If you push horizonrally with, say, 70 newrons, friction builds
up 1o become 70 newtons. If you push harder—say, 100 newrons—and the crate is
on the verge of sliding, the friction between the crate and floor opposes your push
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The direction of the force of friction
.'Il"l?" c‘:‘)m '}: dilﬂ“"ﬂl 0‘
mation, (Left) Push the crate 10 the
right, and friction acts roward the
left. (Right) The sack falls downward,
and air friction (air ressstance) acts
upward. (What is the acceleration of
the sack when air reststance equals

-—
Friction

Weight the sack’s weight?)

with 100 newtons, If 100 newtons is the most the surfaces can muster, chen, when
you push a bit harder, the clinging gives way and the crate slides.!

Interestingly, the friction of sliding is somewhat less than the friction thar builds
up before sliding takes place. Physicists and engineers distinguish between staric fric-
tion and sliding friction. For given surfaces, static friction is somewhat greater than
sliding friction. If you push on a crate, it takes more force 1o get it going than it
takes 1o km:p I slid.i.ns. Before the time of antilock brake systems, dam.mi.ng on the
brakes of a car was quite problematic. When tires lock, they slide, providing less
friction than if they are made o roll 1o a stop. A rolling tire does not slide along the
ad surface, and friction is staric friction, with more grab than diding friction. Bux
once the tires start to slide, the frictional force is reduced—not a good thing, An
antilock brake system keeps the tires below the threshold of breaking loose into a
shide.

It’s also interesting that the force of friction does not depend on speed. A car
skidding at low speed has approximately the same friction as the same car skidding
at high speed. If the friction force of a crate that slides against a floor is 90 newsons
at low speed, 1o a close approximation it is 90 newtons at a greater speed. It may be
more when the crate is ac rest and on the verge of sliding, but, once the crate is slid-
ing, the friction force remains approximately the same.

Maore interesting still, friction does not depend on the area of contact. If you slide
the crate on its smallest surface, all you do is concentrate the same weight on a
smaller area with the result that the friction is the same. So those extra wide tires
you see on some cars provide no more friction than narrower tires. The wider tire
simply spreads the weight of the car over more surface area to reduce heating and
wear. Similarly, the friction between a truck and the ground is the same whether the
truck has four tires or eighteen! More tires spread the load over more ground area
and reduce the pressure per tire. Interestingly, stopping distance when brakes are
applied is not affected by the number of tires. But the wear that tires experience very
much depends on the number of tires,

Friction is not restricted 1o solids shiding over one another. Friction occurs also
in liquids and gases, both of which arc called flurds (because they How). Fluid
friction occurs as an object pushes aside the fluid it is moving through, Have you
ever attempted a 100-m dash through waist-deep water? The friction of fluids is
appreciable, even at low speeds. So unlike the friction berween solid surfaces, Huid
friction depends on speed. A very common form of Huid friction for something
moving through air is air reséstance, also called wir drag. You usually arent aware of
air resistance when walking or jogging. but vou notice it ar higher speeds when rid-
ing a bicycle or when skiing downhill. Air resistance increases with increasing speed.

Even though n may not weem so vet, most of the concepes in phywicy are noc really comphicared. Bue
triction is different. Unlike most concepes in plysics, it is a very complicated phenomenon. The hinding:
are cmpiexal (gained from a wide range of expenmxnts) and the predicions approxmate (also based on
experiment).

PhysicsPlace.com
Video
Friction

A,

A

Tires have treads not o ingrease
friction, but to displace and redi-
rect water from between the road
surface and the underside of the
tire. Many racing cars use tires
without treads because they race
ondry days

FIGURE 4.5

Friction between the tire and the
ground is nearly the same whether
the tire is wide or narrow. The pur-
pose of the greater contact area is
reduce l'll.'ltil'ls and wear.
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The falling sack shown in Figure 4.4 will reach a constant velocity when air resist-
ance balances the sack’s weight,

=
What net force does a sliding crate experience when you exert a force of
10N and friction between the crate and the floor is 100 N?

Check Your Answer
12 N in the direction of your push (noN =100 N)

* Mass and Weight

Tl'w acceleration imparted to an object depends not only on applied forces and
friction forces but on the inertia of the object. How much inertia an object
possesses depends on the amount of matter in the object—the more matter, the
more inerta. In speaking of how much marter something has, we use the term mass.
The greater the mass of an object, the greater s inertia. Mass is a measure of the
inertia of a marerial object.

Mass corresponds 1o our intuitive notion of weight. We casually say thar some-
thing has a lot of mareer if it weighs a lot. But there is a difference berween mass and
weight. We can define each as follows:

Mass: The quantity of matter in an object. It is also the measure of the inertia
or sluggishness that an object exbibits in response 1o any effort made to start it,
stop it, or change its state of motion in any way.

Weight: The force upon an object due 10 gravity.

In the absence of acceleration, mass and weight are direcdy proportional to each
other.” If the mass of an object is doubled, its weight is also doubled; if the mass is
halved, the weight is halved. Because of this, mass and weight are often inter-
changed. Also, mass and weight are sometimes confused because it is customary 1o
measure the quantity of mareer in things {mass) by their gravitational attraction to
Earth (weight). But mass is more fundamental than weight; it is a fundamental
quantity that completely escapes the notice of most people.

There are times when weight corresponds to our unconscious noton of incria.
For example, if you are trying to determine which of two small objects is the heavier

& one, you mighe shake them back and forth in your hands or move them in some
7 way instead of lifting them. In doing so. you are judging which of the two is more
difficult 1o get moving, fecling which of the two is more resistant to a change in

motion. You are really comparing the inertias of the objects,

In the United States, the quantity of matter in an object is commonly described
by the gravitational pull between it and Earth, or its weight, usually expressed in

FIGURE 4.6 pounds. In most of the world, however, the measure of marcer is commonly
An anvil in outer space—between expressed in a mass unic, the kilogram. At the surface of Earth, a brick with a mass
E“"d"b:"d the ':im:' f‘f' ST le—  of1 kilogram weighs 2.2 pounds. In metric units, the unit of force is the newton,
i Srisghtine. i el wpt which is equal ro a lirde less than 2 quarter-pound (like the weight of 2 quarter-

d pound hamburger affer it is cooked). A 1-kilogram brick weighs about 10 newtons

o

*Weaghe and mass are directly propormonak weghe = mg, whese g is the constant of propeetionality and
bas the value 10 Nikg (or more precisely. .8 Nikg), Equivabently. g is the acceeration due 1o graviry:

10 m/s” (the units Nikg are cquivalent to m/s?). In Chapice 9 well extend the definition of weight 2 the
force that an obect cxvern on a supporting wrface.
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(more precisely. 9.8 N),* Away from Farth's sutface, where the influence of graviry is
less, a | -kilogram brick weighs less. It would akso weigh less on the surface of planets
with less gravity than Earth. On the Moon’s surface, for example, where the gravita-
tional force on things is only 1/6 as strong as on Earth, a 1-kilogram brick weighs
about 1.6 newtons (or 0.36 pounds). On planets with stronger gravity, it would
weigh more, but the mass of the brick is the same everywhere. The brick offers the
same fesistance to speeding up or slowi g down u‘galdlru of whether it's on Farth,
on the Moon, or on any other body arcracting ic. In a drifting spaceship, where a
scale with a brick on it reads zero, the brick sill has mass. Even though it doesn't
press down on the scale, the brick has the same resistance to a change in motion as it
has on Earth. Just as much force would have 1o be exerted by an astronaut in the
spaceship to shake it back and forth as would be required to shake it back and forth
while on Earth. You'd have to provide the same amoune of push to accelerate a huge
truck to a given speed on a level surface on the Moon as on Earth. The difficulty of
lifring it against gravity (weight), however, is something clse, Mass and weight are
different from each other (Figure 4.7).

A nice demonstration thar distinguishes mass and weighr is the massive ball sus-
pended on che string, shown by David Yee in the Chaprer 2 opener photo, and in
Figure 4.8. The top string breaks when the lower string is pulled with a gradual
increase in force, but the bowom string breaks when the lower suring is jerked,
Which of these cases illustrates the weight of the ball, and which illustrates the mass
of the ball? Note that only the top sering bears the weight of the ball. So, when the
lower string is gradually pulled, the tension supplicd by the pull is transmitted o0
the top string. The total rension in the top string is caused by the pull plus the
weight of the ball. The top string breaks when the breaking point is reached. But,
when the bortom sining is jerked, the mass of the ball—its rendency to remain at
rest—is responsible for the bortom string breaking.

It is also easy 1o confuse mass and volume. When we think of a massive object, we
often think of a big object. An objects size (volume), however, is not necessarily a
good way to judge its mass, Which is easier 1o get moving: a car battery or an empty
cardboard box of the same size? So, we find that mass is neither weight nor volume,

_lhl.(%m'

Bl
1. Does a2-kg fron brick have twice as much jnertia as a 1-kg iron brick?
Twice as much mass? Twice as much volume? Twice as much weight?
2. Would it be easier to lift a cement truck on Earth's surface or to lift it on
the Moon's surface?

Check Your Answers

1. The answers to all parts are yes.

2. Acement truck would be easier to lift on the Moon because the gravitational force
15 less on the Moon, When you lift an object. you are contending with the force of
gravity {its weight) Although 1ts mass Is the same anywhere, its weight isonly 176
as much on the Moon, sa only 1/6 as much effort is required to lift it there. To move
it horizontally, however, you are not pushing against gravity When mass is the
only factor. equal forces will produce equal accelerations, whether the object ison
Earth or the Moon

S0 22 B equal 9.8 N, or | N is approximately equsl w0 0.22 Ib—about the weight of an apple. Tn the
metric system ® i customary o specify quanaties of marter i unit of muss fin grams or kilograns) and
rarely in units of weight {in newtons). Tn the United Staves and countries that use the British sreem of
units, however. quantitics of maer are customanly specified in units of weight (in pounds). (The British
unit of mass, the g, & not well known.) See Appendix A for more sbout systemy of measurement.

D

))

u
N

FIGURE 4.7

The astronaut in space hnds that it is
just as difficuls w shake the “weight-
less™ anvil as it would be on Earch. If
the anvil were more massive than the
astronaut. which would shake
maore—the anvil or the astronaur?

FIGURE 4.8

Why wall a slow, continuous increase
in downward force break the string
above the massive ball, while a sud-
den increase will break the lower
string?
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Here's drectly proportional

(r-.:-:-. mversely proport ‘:r.aq

FIGURE 4.9

I'he greater the mass, the greater the
force must be for a given acceleranon.

Phyﬂ:sﬁace.coﬁ
Tutorial

Newton'’s Second Law
Video

Newton's Second Law

When two things are directly pro-
portianal to each other, as

one increases, the ather
increases alsa However, when
two things are inversely propor
tional to each other, as one
meases, the other decreases

® Mass Resists Acceleration

ush your friend on a skateboard and your friend accelerates. Now push equally

hard on an elephant on a skateboard and the acceleration is much less. You'll
see that the amount of acceleration depends not only on the force but on the mass
being pushed. The same force applied 1o twice the mass produces half the accelera-
tion; for three times the mass, one-third the acceleration. We say that, for a given
force, the acceleration produced is inversely proportional to the mass, Thar is,

1

Imass

Acceleration ~

By inversely we mean thar the two values change in opposite directions. As the
denominator increases, the whole quantity decreases. For example, the quantiry
11100 is less than 1/10.

FIGURE 4,10
An enormous force is n~i|uin:d to accelerate this three-story-high earth mover when it camies a
typical 350-1on load.

* Newton's Second Law of Motion

ewton was the hrst to discover the relationship among three basic physical
conceprs—acceleration, force, and mass. He proposed one of the most
imporrant rules of narure, his second law of motion. Newton's second law states

The acceleration of an object is directly proportional to the net force acting
on the object, is in the direction of the net force, and is inversely proportional
to the mass of the object.

In summarized form, this is

net force

Acceleration ~
(LI ELY

We use the wiggly line ~ as a symbol meaning “is proportional 10.” We say that
acceleration a is directly proportional w the overall net force Fand inversely pro-
portional to the mass m. By this we mean thag, if Fincreases, @ increases by the same
factor (if F doubles, & doubles); bur if m increases, @ decreases by the same factor (if
m doubles, a is cut in half).

By using consistent units, such as newtons (N) for force, kilograms (kg) for mass,
and meters per sccond squared (m/s’) for acceleration, the proportionality may be
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expressed as an exact equation:

net force
mass

Acceleration =

In its brictest form, where  is acceleration, £, is net force, and m is mass, it becomes
Foer

a=—

m

An abjecr is accelerated in the direction of the force acting on it. Applied in the
direction of the object’s motion, a force will increase the object’s speed. Applied in
the opposite direction, it will decrease the speed of the object. Applied ac right
angles, it will deflect the object. Any other direction of application will resulr in a
combination of speed change and deflection. The acceleration of an object is alwsays in
the direction of the net force.

_‘HL‘!FUTH‘I

£l

1. In the previous chapter, acceleration was defined to be the time rate of
change of velocity: that 1s,a = (change in vjtime. Are we in this chapter
saying that acceleration is instead the ratio of force to mass; that is,a =
Ffm? Which is it?

2. Ajumbo jet cruises at constant velocity of 1000 kmi/h when the thrust-
ing force of its engines is a constant 100,000 N. What is the acceleration
of the jet? What Is the force of air resistance on the jet?

Check Your Answers

1. Acceleration Is defined as the time rate of change of velocity and Is produced by a
force. How much force/mass [the cause) determines the rate change in v/time
(the effect). So whereas we defined acceleration in Chapter 3,in this chapter we
define the terms that produce acceleration

2. The acceleration is zero because the velocity is constant. Since the acceleration is
2ero, it follows from Newton's second law that the net force Is 2ero, which means
that the force of air drag must just equal the thrusting force of roo0oo N and act
in the opposite direction. 50 the alr drag on the et i$100.000 N. {Note that we
dom't need to know the velocity of the jet to answer this question. We need anly to
know that it is constant. our clue that acceleration and therefore net force is zeta)

* When Acceleration Is g—Free Fall

A-l‘tlhough Galileo introduced both the conceprs of inertia and acceleration, and
though he was the first 1o measure the acceleration of falling objects, he
could not explain why objects of various masses fall with equal accelerations.
Newton's second law provides the explanation.

We know that a falling object acoelerates toward Earth because of the gravitational
force of atraction between the object and Earth, When the force of gravity
is the only force—that is, when friction (such as air resistance) is negligible—we sy
that the object is in a state of free fall.

The greater the mass of an object, the greater is the gravirational force of attrac-
tion between it and Earth. The double brick in Figure 4.12, for example, has twice
the gravitational ateraction of the single brick. Why, then, as Anstotle supposed,
doesn't the double brick fall rwice as fast? The answer is thar the accelerarion of an
object depends not only on the force—in this case, the weight—but also on the
object’s resistance to motion, it inertia. Whereas a force produces an acceleration,

NEWTON'S SECOND LAW OF MOTION

Farce of hand
accelerates
the brick

I m

The same force
ceelerates 2 bricks
as much

3 bricks, 3 as
much acceleration

FIGURE 4.11
Acceleration is inversely proportional

[0 muass,

\/-O ™
PhysicsPlace.com
Video
Free Fall Acceleration Explained

2F
w=9 Fh=o

FIGURE 4.12

The racio of weight {£) to mass (m)
is the same for all objects in the same
localitys hence, their accelerations
are the mame in the absence of air
resistance.
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- inertia is a resirance to acceleration. So twice the force exerted on twice the inertia
'yI produces the same acceleration as half the force exerted on half the incrtia. Both
= We see in free fall that accelerate equally. The acceleration due to gravity is symbolized by g We use the

weight/mass = @ Sowecan say

thatweight = mg symbol g, rather than @, to denote that acceleration is due to gravity alone,

The ratio of weight to mass for freely falling objects equals a constant—g. This is
similar 10 the constant ratio of circumference to diameter for circles, which equals
the constant 1t (Figure 4.13).

We now understand that the acceleration of frec fall is independent of an object’s
mass. A boulder 100 times more massive than a pebble falls with the same accelera-
tion as the pebble because, although the force on the boulder (ies weight) is
100 times greater than the force on the pebble, its resistance to a change in motion
{its mass) is 100 cimes that of the pebble. The greater force offsets the equally
greater mass.

_ﬂ.l.ﬂ.lmT

Ed
Ina vacuum,a coin and a feather fall at the same rate, side by side.Would
it be correct to say that equal forces of gravity act on both the coin and
the feather when in a vacuum?

Check Your Answer
No.no. no. a thousand times no! These objects accelerate equally not because the
forces of gravity on them are equal. but because the rafios of their weights to their
masses are equal Although alr resistance 15 not present in avacuum, gravity s
y g y . [Wou'd know this if you stuck your hand Into a vacuum chamber and the truck
llhtc by F::":i’f:dii s {}L:’kmaﬁ t[:) o shown in Figure 4.10 rolled over it') If you answered yes to this question, et this be
small feather; similarty, the rario of a waming to be more careful when you think physics!
circumference (C) o diameter (D) is

e e forthebpesnd el w \When Acceleration Is Less Than g—Nonfree Fall

FIGURE 4.13

Obiﬂ:u falling in a vacuum are one thing, but whar of the practical cases of
objects falling in air? Although a feather and a coin will fall equally fast in a
g vacuum, they fall quite differendy in air. How do Newton's laws apply to objects
: falling in air? The answer is that Newron's laws apply for alf objects, whether freely
falling or falling in the presence of resistive forces. The accelerations, however, are
quite different for the two cases. The imporeant ching to keep in mind is the idea of
net force, In a vacuum or in cases in which air resistance can be neglected, the net
force is the weight because it is the only force. In the presence of air resistance, how-
ever, the net force is less than the weight—it is the weight minus air drag, the force

ing from air resistance.”

When Calileo tried to explain

why all objects fall with equal
accelerations, wouldn't he have

loved 1o know the rule a = Fim?

“In mathemancl notanoen,

where myg s the weight and K is the air resistance. Note thar when B = mg, a = 0 then, with no aced-
eration. the abyect talls ar constant vebociy. With elementary algebea we can go anather step asd ger

Fm_m‘-?_ _ﬂ

FE
L L] L)

We see chae the scceleration o will abways be less than g if aie resistance Rimpedes lalling. Only when
R= ODdoesw = g
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The force of air drag experienced by a falling object depends on two things. First,
it depends on the fronal arca of the falling object—that is, on the amount of air the
object must plow through as it falls. Second, it depends on the speed of the falling
object; the greater the speed, the greater the number of air molecules an object
encounters per second and the greater the force of molecular impact. Air drag
depends on the size and the speed of a falling object.

In some cases, air drag greatly afleces falling: in other cases, it doesn’t. Air drag
is imporaant for a falling feather. Because a feather has so much area for an object
so light in weight, it doesn't have to fall very fast before the upward-acting air
resistance cancels the downward-acting weight. The net force on the feather is
then zero and acceleration terminates. When acceleration terminates, we say that
the object has reached its terminal speed. If we are concerned with direction,
down for falling objects, we say the object has reached its terminal velocity. The
same idea applies to all objects falling in air. Consider skydiving, As a falling sky-
diver gains speed, air drag may finally build up unuil it equals the weight of the
skydiver. Ifand when this happens, the aer force becomes zero and the skydiver no
langer accelerates; she has reached her terminal velocity. For a feather, rerminal
velocity is a few centimerers per second, whereas, for a skydiver, it is abourt
200 kilometers per hour. A skydiver may vary this speed by varying position.
Head or feet first is a way of encountering less air and thus less air drag and
atcaining maximum terminal velocity. A smaller terminal velocity is attained by
spreading oneself our like a flying squirrel,

Terminal velocities are very much less if the skydiver wears a wingsui, as shown
in the center opening photo at the beginning of this chapter. The wingsuit not
only increases the frontal arca of the diver, but provides a lift similar to chat
achieved by flying squirrels when they fashion their bodies into “wings.” This new
and exhilarating sport, wingsuit flymg, goes beyond what Hying squirrels can
accomplish, for a wingsuit flyer can achieve horizontal speeds of more than
160 km/h (100 mph). Looking more like flying bullets than flying squireels, high-
performance wingsuits allow these “bird people” 1o glide with remarkable precision,
To land safely, parachures ase deployed. Projects to land withour a parachute, however,
are underway,

The large frontal area provided by a parachute produces low terminal speeds for
safe landings. To understand the physics of a parachute, consider a man and
woman parachuting together from the same alurude (Figure 4.15). Suppose that
the man is rwice as heavy as the woman and thae their same-sized parachutes are
initially opened. Having parachutes of the same size means thar, at equal speeds,
the air resistance is the same on both of them. Who reaches the ground hrst—the
heavy man or the lighter woman? The answer is that the person who falls faster gets
to the ground fiest—that is, the person with the greatest terminal speed. Ac firse we
might think that, because the parachutes are the same, the erminal speeds for cach
would be the same and, therefore, that both would reach the ground ac the same
tume. This doesn't happen, however, because air drag depends on speed. Greater
speed means greater force of air impact. The woman will reach her terminal speed
when the air drag against her parachute equals her weight. When this occurs, the
air drag against the parachute of the man will not yet equal his weight, He must
fall faster than she does for the air drag to march his grearer weight.® Terminal
velocity is greater for the heavier person, with the result thar the heavier person
reaches the gmum.l first.

Terminal spoed ot the twice-as-heavy man will be abour 41% grearer than the woman's terminal
spead. becausse the retarding borce of sir sesi i jonal 1o speed wy
1418 = 2)

d. (vman imoman® =

g |
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Falling and Air Resistance

mg

FIGURE 4.14

When weaght my is greater than air
resistance 8, the falling sack of mail
accelerates, At higher speeds, #
increases, When 8 = my, acceleration
reaches zevo, and the sack reaches its
rerminal velociry.

Air Resistance
Air Resistance t

Weightl

l Weight

FIGURE 4.15

The heavier parachutise must fall
faster than the lighter parachunst for
air resistance to cancel his grearer

weight.
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(HECKPOiNT
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Volume The quantity of space an object occupies.

Newton's second law The acceleration of an object is directly
propartional to the net force acting on the object, i mn
the direction of the net force, and is inversely
to the mass of the object.

Newton The Sl unit of force. One newron (symbol N) is the
E}n:r thar will give an objecr of mass 1 kg an acceleration

L mis'.
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Kilogram The fundamental S1 unit of mass. One kilogram
(symbol kg) is the mass of 1 licer (1 L) of water 21 4 C.
Free fall Motion under the influence of gravitarional pull

only.

Terminal speed The speed at which the acederation ofa
falling object terminates air resistance balances i
weight. When direction is specified, then we speak of
terminal velodity.

SUMMARY OF EQUATIONS

Weight = mg
; Fou
Acceleration: a =
"
Force = mn

REVIEW QUESTIONS

Force Causes Acceleration

1. Is acceleration proportional 1o net force, or does accelera-
tion equal net 2

Friction

2. How does friction affect the net force on an object?

3. How great is the force of Friction compared with your
push on a crate that doesn's move on a level floor?

4. As you increase your push, will fricrion on the crate
increase also?

5. Once the crate is sliding, how hard do you push to keep it
moving ar constant velocity?

6. Which is normally greater, static friction or sliding fric-
tion on the same ob)

7. Hus:' does the force of friction for a shiding object vary
‘.i £l

8. Slide a block on irs widest surface, then tp the block so it
slides on its narrowest surface. In which case is friction

greater?
9. Dnn fuid fricrion vary with speed? With area of contacr?

Mass and Weight

10. Whar relationship does mass have with ineria?

11. Whar relarionship does mass have with weight?

12. Which is more fund |, mnass or wesght? Which varies
with locanon?

13. Fill in the blanks Shake something to and fro and you're
mcasuring its . Lift i against graviry and you're
mﬂlﬂ IH

14. Fill in thc blanks The Tlu- Standard International unit for
massis the . The Sandard International unit for
force is the

15. What is the aypm:m.lw weight of 3 quarter-pound ham-
burger after it is cooked?

16. What s che uﬂ&hluf: l-&i.l:‘nm brck?

17. In the sering-pull illustration in Figure 4.8, a gradual pull
of the lower string results in the rop siming breaking, Does
this illuserate the ball's weight or its mass?

18. In the smu;-pull illustration in Figure 4.8, a sharp jerk
on the b 1suring results in the b suring break-
ing. Does this ill the ball’s weight or its mass?

19. Clearly distinguish among s, weight, and wolurme.

20. s acceleration derectly propormional to mass, or is it
impersely proportional 1o mass? Give an example.,

Newton's Second Law of Motion

21. State Newton's second law of motion.

22, 1f we say that one quantity is direcrly proporsional to
anather quantty, does this mean |}sq' are r".nn!m cach
other? Explain bricHly, using mass and weighr as an

example.

23, If the net force acting on a sliding block is somehow
wipled, by how much does the acceleration increase?

24, If the mass of a sliding block is tripled while a constant
net force is applied, by bow much does the acceleration
decrease?

25, If the mass of a sliding block is somehow tripled art the
same time the net force on it is wripled, how does the
resulting acceleration compare with the original
accelerarion?

26, How does the direction of acceleranion compare with the
direction of the ner force thar produces ie?

When Acceleration Is g—Free Fall

27, What is meant by frve fall?

28, The ratio of circumference to diameter for all circles is 7.
What is the ratio of force to mass for fredy falling bodies?

29, Why docsnta heavy object accelerare more than a light
object when both are frecly falling?

When Acceleration Is Less Than g—Nonfree Fall
30. Whar is the net force that acts on a 10-N frecly falling
1 3

31, What is the net force chat aces on a 10-N falling object
when it encounters 4 N of air resistance? 10 N of air
resistance?
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32. Whart two principal Factors affect the force of air resist-
ance on a falling object?

33. Wha is the acceleration of a falling object thar has
reached its terminal velociny?

34, Why does a heavy parachutist fall faster than a highrer

parachutist who wears a patachurte of the same size?

35. If two objects having the same size fall through air ar dif-

ferent speads, which encounters the greater air resistance?

PROJECT

1. Wrnte a better to Grandma, similar to the one of Propect 1 in
C er 3. Tell her thae Galileo introduced the concepes of
acceleration and inertia and was familiar with forces but didn’t
sex the connection amaong 1 three concepes. Tell her how
Isaac Newron did see the and how it explains why
heavy and light objects in free Fall pain the same speed in the
same time. Tn this letter, it's okay to use an equation or two, as
long as you make it clear wo Grandma that an equanion s a
shoethand notation of ideas you've explained.

2. Drop asheet of and a coin at the sume tme. Which reaches
the ground fiest? Why? Now crumple the paper into a small, tight
wﬂn!ﬂwdlqlumdxmn. Explasn the difference
observed. Will they fall rogether if dropped from a sccond-, thard-,
or fourth-sory wandow? Try it and explan your ohservanions.

l-l")mpnhmkuduh«wfpnpn and note that the book has &
greater acoeleration —g. Place the paper beneath the book w0

that it s forced against the book as both fall. so boch fall at g.
Haow do the accelerations compare if you place the paper on top
of the raised book and then drop both? You may be surprised, so
ery it and see. Then explain your observasion.

4. Drop two balls of different weight from the same height. and. ac
small speeds, they pracuically fall ogerher. Will they roll wopethes
down the same inchined plane® If cach » suspended from an
equal lengsh of string, making a pair of pendul and dis-
placed through the same angle, will they swing back and forth in
unison? Try ic and see; then explain using Newton's laws.

5. The net force acting on an object and
the resulting acceleration ase always in
the same dircction. You can demon-
serate this with a spool. If the spoal is
pently pulled hacizantally co the right,
in which direction will it roll?

PLUG AND CHUG

Mske these simple one-step calenletions and familiars if with
the equations that link the concepis of force, s, amd acvelenation.
Weight = mg
1. Calculate the weight in newtons of 2 person having a
mass of 50 kg.
2. Calculate the weight in newtons of a 2000-kg clephant.
3. Calculare the weight in newtons of a 2.5-kg melon. Whar
is its weight in pounds?
4. An apple weighs sbour 1 N. What s its mass in
kilograms? What is its weight in pounds?
5. Susie Small finds that she weighs 300 N. Calculate her mass.

m
&(..nlmhtcdleucaimlmnfam-kg.smﬁc-cngm
plane just before takeoff when the thruse of its engine is
500 N.

7. Calculate the aceeleration of a 300,000-kg jumbo jet
just before takeoff when the thrust on the aircraft is
120,000 N.

8. (a) Calculare the acceleranion of a 2-kg block on a hori-
zontal friction-free air table when you exert 2 horizontal
net force of 20 N. (b) Whart acceleration occurs if the
friction force is 4 N?

Force = ma

9. Calculate the horizontal force thar must be applied 10 a
1-kg puck to make it accelerate on a horizontal friction-
free air table with the same acceleration it would have if it
were dropped and fell freely.

0. Calculate the horizontal force thar must be applicd w0
produce an acceleration of 1.8 gfora 1.2-kg puck on a
horizontal friction-free air table.

RANKING

1. Boxes of various masses are on a friction-free, level rable,
From greatest to least, rank the

(a) 5N- won mn- 15N
© yon - 15N sn- 15N

a. net forces on the boxes.
b. accelerations of the boxes.

2. In all three cases, A, B, and C, the crate is in equilibrium
{no acceleration), From greatest to least. rank the amount
of friction berween the crate and the floor.

v=1mfs

illl*&l*
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3. Consider a 100-kg box of twols in the locations A, B, and
C. From greatest to least. rank the

@ (
Moon

a. masses of the 100-kg box of rools.
b. weights of the 100-kg box of tools,

4. Three parachusises, A, B, and C, each have reached termi-
nal velocity at the same distance above the ground below.

NEWTON'S SECOND LAW OF MOTION 63

f / ..II;/

{ 7/

50 kg B\ﬁ«]tg c #/?Stg

a From fastest to slowest, rank che amount of their
terminal velocities,

b. From longest to shorrest rimes, rank their order in
reaching the ground,

EXERCISES

1. Can the veloary of an object reverse direction while
maintaining a constant acceleration? If so, give an
example; if not, provide an explanation.

2. On along alley, a bowling ball slows down as it rolls, Is
any honzonmnl force acting on the ball? How do you
know?

3. Is it possible to move in a curved path in the absence of 3
force? Detend your answer.

4. An astronaur tosses a rock on the Moon. What force(s)
act(s) on the rock during its curved path?

5. Since an object weighs less on the surface of the Moon
than on Farth's surface, does it have less inertia on the
Moon’s surface?

6. Which contains more apples, 3 1-pound bag of apples on
Earth or a 1-pound bag of apples on the Moon? Which
conmins more apples, a 1-kilogram bag of apples on
Earth or a 1-kilogram bag of apples on the Moon?

7.Ammuinsatmnnaf=cmyﬂmrwkil¢ynuplull
on it with a horizontal force £ How big is the friction
force exerred on the crate by the Aoor? Explain.

8. A 400-kg bear grasping a vertical tree slides down at con-
stant velocity. What is the friction force that acts on che
bear?

9. In an orbi huttle, you are handed rwo identical
boxes, one hllcd with sand and che other filled with fearh-
en. How can you determine which is which without
opening the boxes?

10. Your empty hand is not hurt when it bangs lightly against
awall. Why does it hurt if you're carrying a heavy load?
Which of Newton's laws is most apphicable here?

11 Why is 2 massive cleaver more effective for chopping veg-
etables than an equally sharp knife?

12. Does the mass of an astronaus change when he or she is
wisiting the Incernanional Space Searon? Defend your
ANFWeL.

13. When a junked car is crushed into a compace cube, does
s mass change? s weight? Explain.

14. Gravity on the surface of the Moon is only 1/6 as stong
as gravity on Earth. Wha is the weight of 2 10-kg object
on the Moon and on Earch? Whar is its mass on each?

15. Does a dicting more ace Iy lose mass or lose
weight!

16. What weight change occurs when your mass increases by
2kg?

17. What is your own mass in kilograms? Your weight in
newtons?

18. A grocery bag can withstand 300 N of force before it rips
apart, How many kilograms of apples can it safely hold?

19. Consider a heavy crate resting on the bed of a Hatbed
wruck, When the truck accelerates, the crate also acceler-
ares and remains in place. Idenufy the force thas acceler-
ates the crare.

20, Explain how Newton's first law of motion can be consid-
ered to be a consequence of Newron's second law.

21, When a car is moving in reverse, backing from a drive-
way, the driver applies the brakes. In whar direction is the
aar's acceleranon?

22, The auto in the sketch moves forward as the brakes are
applicd. A bystander says that during the interval of brak-
in. the auros velocity and acceleration are in opposite
directions, Do you agree or disagree?

23, Aristotle claimed thar the speed of a falling object
depends on its weaght. We now know that objects in free
fall, whatever their weights, undergo the same gain in
speed. Why does weight not affec acceleration?

24, When blocking in foothall, a defending lineman often
amempts to get his body under the body of his opponent
and push upward. Whar cffecr docs this have on the friction
force between the opposing linemans feet and the ground?

25. A race car travels along a raceway ar a consant velocity of
200 km/h. Whar harmontal net force acts on the car?

26. Three identical blocks are pulled, as shown, on a horizon-
tal fricuonless surface. If tension in the rope held by the
hand is 30 N, what is the tension in the other ropes?

.?‘.?-_fm
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27. To pull a wagon across a lawn with constant velociry, you
have 1o exert a steady force. Reconcile chis fact with
Newton's first law, which says thar motion with constant
velocity requires no

28. Free fall is motion in which gravity is the only force
acting. (a) Is 2 skydiver who has reached terminal speed in
free fall? (b) Is a satellite above the atmosphere that circles
Earth in free fall?

29. When a coun is tossed upward, what happens 1w its velociry
while ascending? Its acceleration? (Neglect air resistance.)

30. How much force acts on a tossed coin when it is halfway
to its maximum height’ How much force acts on it when
it reaches its peak? ( air resistance.)

31. Sketch the path of 2 tossed vertically into the air.
(Neglect air resistance.) Draw the ball halfway 1o the wp,
at the top, and halfway down to its starting point. Draw a
force vector on the ball in all three positions. Is the vector
the same or different in the three locations? Is the aceeler-
anion the same or different in the three locations?

32. As you leap upward in a standing jump, how does the force
that you exert on the ground compare with your weight?

33. When you jump verncally off the what is your
acceleration when you reach your highest poine?

34. Whar is the acceleration of a rock ar the top of its trajec-
tory when it has been thrown seraight upward? (Is your
answer consistent with Newton's sccond law?)

35. A common saying goes, “It’s not the fall chat hurs you;
it’s the sudden stop.” Translare this into Newron's laws of
motion.

36. A friend says char, as long as a car is at rest, no forces act
on it. What do you say if you're in the mood 10 correct
the statement of your friend?

37. When your car moves along the highway at constant
velocity, the net force on it is zero. Why, then, do you
have 1o keep running your engine?

38. Whar is the net force on a 1-N apple when you hold it ar
rest above your head? What is the net force on it after you
release it?

39. A “shooting star” is usually a grain of sand from outer
space that burns up and gives off light as it enters the
atmosphere. What exactly causes this burning?

40. Does a stick of dynamite contain force?

41. A parachunst, after opening her parachute, finds herself
gentdy Hoating d I, no longer gaining speed. She
feels the upward pull of the hamess, while gravity pulls
her down. Which of these two forces is greater? Or are
they equal in magnimde

42. Does a falling object increase in speed if its acceleration of
fall decreases?

43. What is the net force acting on a 1-kg ball in free fall2

44, Whar s the net force acting on a falling 1-kg ball if it
encounters 2 N of air resistance?

45. A friend says that, before the falling ball in the previous
exercise reaches terminal velocity, it gains speed while
acceleration decreses. Do you agree or disagree with your
friend? Defend your answer.

46. Why will a sheer of paper fall more slowly than one thar is
wadded into a ball?

47. Upon which will air resistance be grearer—a sheet of
falling paper or the same paper wadded into a ball that
falls at a faster verminal speed? (Carefull)

48. Hold a Ping-Pong ball and a golf ball ar arm’s length and
drop them simuliancously. You'll see them hit the foor ar

abous the same time. But, if you drop them off the top of
a high ladder, you'll see the golf ball hit first. What is your
explanation?

49. How does the force of gravity on a raindrop compare with
the air drag it encounters when it falls ar conszant velociry?

50. 1f you hold your book horizontally with a piece of paper
beneath it, then drop both, they fall together. Repear, bur
this time place the paper on top of the book. Describe the
motion of the paper relative 1o the book. (Try it and see?)

51. When a parachutist opens her parachute after reaching
terminal speed. in what direction does she accelerare?

52. How does the terminal speed of a parachutist before
opening a parachute compare to terminal speed after?
Why is there a difference?

53. How does the gravitational force on a falling body com-
pare with the air resistance it encounters before it reaches
terminal velocity? After reaching rerminal velocity?

54. Why is it that a car thar accidentally flls from the top of a
50-story building hits a safety ner below no faster than if
it fell from the twenrieth story?

55. Under what conditions would a metal sphere dropping
through a viscous liquid be in equilibrium?

56. When and if Galileo dropped two balls from the top of
the Leaning Tower of Pisa, air resistance was not really
negligible. Assuming thar both balls were of the same size,
one made of wood and one of mertal, which ball actually
struck the ground first? Why?

57. If you drop a pair of tennis balls simultancously from the
top of a building, they will strike the ground at the same
ume. If you hll one of the balls with lead pellets and then
drop them together, which one will hir the ground hesi
Which one will experience greater air resistance? Defend
your answers.

$8. In the absence of air resistance, if a ball is thrown verti-
cally upward with a certain initial speed, on returning o
its original level it will have the same speed. When air
resistance is 2 factor, will the ball be moving faster, the
same, or more slowly than its throwing speed when it gers
back 1o the same level? Why? (Physicists often wse a “prin-
ciple of exaggeration” ro help them analyze a problem.
Consider the exaggerated case of a feather, not a ball,
because the effect of air resistance on the feather is more
' J and thercfore caster to visualize.)

$9. If a ball is thrown vertically into the air in the presence of
air resistance, would you expect the time duning which it
rises 1o be longer or shorver than the time during which it
falls? (Again use the “principle of exaggeration.”)

60. Make up two multiplechoice questions that would check
a classmare’s understanding of the distinction berween
mass and weight.
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PROBLEMS

1. One pound is the same as 4.45 newtons. What is the
weight in pounds of 1 newron?

2. If your friend Karelyn weighs 500 N what is her weight
in pounds?

3. Conuider l-iovksuod( of cement thar is puIH Sidmzyl
with a:m.-t force of 200 N. Show thar its acceleration is
S m/s®,

4. Consider a mass of 1 kg accelerated 1 mis” by a force of
1 N. Show that the acceleranon would be the same fora
force of 2 N acting on 2 kg,

5. Consider a business jer of mass 30,000 kg in takeoff when
the thrust for cach of iwo engines is 30,000 N. Show tha
its acceleration 1 2 m/s”,

6. Leroy, who has 2 mass of 100 kg, is skareboarding at
9.0 m/s when he smacks into a brick wall and comes 10 a
dead stopin 0.2 s, :

a. Show thar his deceleration is 45 m/s*.
b. Show thar the force of impact is 4500 N. (ouch!)

* 7. A rock band's tour bus, mass A, s amdtmins away
from a STOP sign at rate « when a piece of heavy metal,
mass M!6, falls onto the wp of the bus and remains
there.

a Show that the bus’s acceleration is now fa.

b. If the inirtial acceleration of the bus is
1.2 m/s*, show that when the bus carries the heavy
metal with it, the acceleration will be 1.0 mis®,

it Remember, review questions provide
you with a self-check of whether or not
you grasp the central ideas of the chapter.
The exeroses, rankings, and problems
are extra “pushups” for you to try after
you have at least a fair understanding of
the chapter and can handle the

. review questions. _
“ LAY
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) Newtons Third Law
0N

1 Darlene Librero pulls with one hager; Paul Doherty pulls with both hands. Who exers

more force on the scale

Docs the racquet hit the ball or does the ball hir the racquet?

Answer: The racuet cannnt hit the ball wrfess the hall ﬁll“llh-l!“-rll'-lﬁi_\' hits the racyuct

that's the law! 3 Wife Lil and | demonstrate Newron's third law

without being touched.

hen Isaac Newton was 26 years old he was
r of Mathe-
matics at Txluil_\' (‘_n“q:r in (‘.mllvlid!:r, He had

appointed the Lucasian Profess

l.t'lM)J]JI con IllL(\ \'\I(!l lllt.' |L'II!"I\'ll\ I‘ll\l(]l!”\ IJl. ||IL'
College, namely questioning the idea of the Triniry as a
foundational tenet of Christianity ar thar time. At the
age ol 40, his
science when he was clected to a 1-year term as a mem-

energies turned somewhat from
ber ot Parliament. (At 57, he was elected to a second
term.) In his two years in Parliament, he never gave a
speech. One day he rose and the House fell silent to hear

the grear man. Newton's “speech” was very brief; he sim-

I,II\ r;'c_luntud that a window be dosed because of a deaft.
A further turn from his work in science was his

,II‘}N)iI]li!ll‘lll s \\'Jldt'll. JII\.{ |}II.'I'I a8 masier, lll.lilt.' mint.

Newton resigned his professorship and directed
efforts toward greatly improving the workings of the

5

mint, to the dismay of counterfeiters who were then

that vou cannor touch

flourishing. He maintained his membership in the
Roval Society and an age 60 was elected pn'!\adrnl. then
was reelected each year for the rest of his life.

Although Newron’s hair wmed gray ar age 30, it
remained full, long, and wavy all his life, and, unlike
others in his time, he did not wear a wig. He was a
modest man, overly sensitive to criticism, and he never
married. He remained healthy in body and mind into
old age. At 80, he stll had all his ceeth, his eyesight and
hearing were sharp, and his mind was alert. [n his life-
time he was regarded by his countrymen as the grearest
scientist who ever lived. In 1705, he was knighted by
(\,LIL'L'“ .'\lll]l.. Newrton t{ll.'ll at llh.' age of 84 .III(I Wis
buried in Westminster Abbey along w ith l'nr‘hud'\
||ll|l]dr‘,|‘.\ Jl]\’ I‘L‘I‘N.‘\. }ll.\ I.l\\\ ol mMonon were Jll [IIJ'

was needed 242 years lacer 1o put humans on the Moon
I'his chapter presents the third of his three laws of
maotion
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* Forces and Interactions

Su far we've treated force in its simplest sense—as a
push or pull. Yer no push or pull ever occurs alone.
Every force is part of an interaction between one thing
and another. When you push on a wall with your fingers.,
more is happening than your push on the wall. You're
interacting with the wall, which also pushes back on you.
This is evident in your benc fingers, as illustrated in
Figure 5.1. There is a pair of forces involved: your push
on the wall and the wall pushes back on you. These forces
are equal in magnitude (have the same strengeh) and
opposite in direction, and they constitute a single interac-
tion. In fact, you can’t push on the wall wwless the wall
pushes back.!

Consider a boxer's fist hitring 2 massive punching bag. The fist hits the bag
(and deats it) while the bag hits back on the fist (and stops its motion). A pair of
forces is involved in hiting the bag, The force pair can be quite large. Bur whar of
hitting a piece of tissue paper, as discussed earlier? The boxer's fist can only exert
as much force on the tissue paper as the tissue paper can exert on the fist.
Furthermore, the fist can't exert any force at all unless whar is being hir exeres the
same amount of force back. An interaction requires a pair of forces acting on 1o
separate objects.

FIGURE 5.3 PIFE

He can hir the massive bag
with considerable force. Bus
with the ame punch he can
exert only a tiny force on
the tissue paper in midair.

Other examples: You pull on a rope attached 1o a care, acceleration occurs. When
doing so, the carr pulls back on you, as evidenced perhaps by the tightening of the
rope wrapped around your hand. A hammer hits a stake and drives it into the
ground. In doing so, the stake exerts an equal amount of force on the hammer,
which brings the hammer to an abrupt halt, One thing interacts with another—you
with the cart, or the hammer with the stake,

Which exerts the force and which receives the force? Isaac Newton's response was
that nerther force has to be idennbed as “exenter” or “receiver”; he concluded that both
objects must be i equally. For ple. when you pull the cart, the cart pulls on
you. This pair of forces, your pull on the cart and the cart’s pull on you, makes up the
single interaction berween you and the cart. In the interaction berween the hammer
and the stake, the hammer exerts a force against the stake but is iself brought w a hale
in the process. Such ohservations led Newton to his third law of motion.

“We tend 1o think that only living things are capable of pushing and pulling. But inanmate things can
do the same. So plesse dant be moubled abour the ides of the inanimate wall puding an you. It dees,
just as another person leaning against you would,

NEWTON'S THIRD LAW OF MOTION
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FIGURE 5.1

You can feel your fingers being,
pushed by your friend’s fingers. You
also feel the same amount of force
when you push on a wall and it
pushes back on you. As 1 point of

facr, you can’t push on the wall walfess
it pushes back on you!

FIGURE 5.2

When you lean against a wall, you
excrt a force on the wall. The wall
simultancously exerts an equal and
oppasite force on you, Hence you

don't wopple over.

PhysicsPlace.com
Video

Forces and Interaction

FIGURE 5.4

In the interaction berween the ham-
mier and the stake, each exerrs the
same amount of force on the other.
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FIGURE 5.5

The impacr forces berween the blue
ba“ lﬂd Il* _"t"w hin move 'hﬂ
yellow ball and stop the blue ball.

PART ONE MECHANICS

In the interaction berween the car
and the truck, is the force of impact
the same on cach? Is the damage the
same?

PhysicsPlace.com
Tutoral
Newton's Third Law

When pushing my
fingers together | see
the same discoloration
on sach of them. Aha
— evidence that each
axpariences the same
amaunt of force!

FIGURE 5.7

Action and reaction forces, Note char
when action is “A exerts force on 8"
the reaction is then amply "B exents
force on A"

* Newton's Third Law of Motion

Nﬂnon'l third law states:

Whenever one object exerts a force on a second object, the second object

exerts an equal and opposite force on the first.

We can call one force the action forve and the other the rezction forve. Then we can

express Newton's third law in the form:

To every action there is always an opposed equal reaction.

other.
When you

Likewise, the

ously push against cach other. In

other.

It doesa’t marter which force we call aceson and which we call
reaction. The important thing is that they are co-parts of a
single interaction and that neither force cexists without the

walk, you interact with the floor. You push
against the floor, and the floor pushes against you. The
pair of forces occurs at the same time (they arc simultancons).
tires of a car push against the road while the
road pushes back on the tires—the tires and road simultane-
swimming, vou interact with the water, push-
ing the water backward, while the water simultancously pushes you forward—
you and the warer push against each other. The reaction forces are whar account
for our motion in these examples. These forces depend on friction; a person o1
car on ice, for example, may be unable to exert the action force o produce the
needed reaction force. Forces occur in farce pairs. Neither force exists without the

. I

-—

Action: tire pushes on road

Action: rocket pushes on gas

Action: man pulls on spring

Reaction: road pushes on tire

-——

;Action: earth pulls on ball

Reaction: ball pulls on earth

Reaction: gas pushes on rocket

Reaction: spring pulls on man
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= CHECK’ OINT

Does aspeeding missile possess force?

Check Your Answer

No, a foree is not something an object has, ke mass, but is part of an interaction
between one object and another A speeding missile may possess the capability of
exerting a force on another object when interaction occurs, but it does not pos-
sess force as a thing In itself As we will see In the following chapters, a speeding
missile possesses momentum and kinetic energy

DEFINING YOUR SYSTEM

An interesting question often arises: Since action and reacrion forces are equal and
opposite, why don’t they cancel 1o zero? To answer this question, we must consider
the system involved. Consider, for example, a system consisting of a single orange,
Figure 5.8. The dashed line surrounding the orange encloses and defines the system.
The vector thar pokes outside the dashed line represents an external force on the
svstem. The system accelerates in accord with Newton's second law. In Figure 5.9,
we see thar this force is provided by an apple, which doesn’t change our analysis,
The apple is outside the system. The fact that the orange simultancously exerts a
force on the apple, which is external to the system, may affect the apple (another
system), but not the orange. You can't cancel a force on the orange with a force on
the apple. So, in rhis case. the action and reaction forces don't cancel.

o ————

FIGURE 5.9

 rERACTVE Ficont )

The force on the orange,
provided by the apple, is not
cancelled by the reaction force

on the apple. The orange sull

xdl‘kl’llﬂ.

- —————

Now let’s consider a larger system, enclosing bork the orange and the apple, We
sce the system bounded by the dashed line in Figure 5.10. Norice that the force pair
is internal 1o the orange-apple system. Then these forces do cancel each other. They
play no role in accelerating the system. A force external o the system is needed for
acceleration. That's where friction with the floor plays a role (Figure 5.11). When

i ——

4

FIGURE 5.10

[ NTERACTIVE FiGome._~)

o ————————

- —
FIGURE 5.8
INTRRAGTIE FGURE  *
A force acts on the orange, and the
orange sccelerates o the righe,

A system may be as tiny as an
atom or as large as the universe

In the kirger system of orange + apple, action and reaction forces are
internal and cancel. If these are the only horizontal forces, with no

- = =7 external force, no acceleration of the system occurs

- e

’
1
I
1
|

|

'
1
) FIGURE 5.11
I
|
1

s

N = = accclerares.

An external horizontal force ocours when the floor pushes on the apple
(reaction to the apple’s push on the Hoor). The orange-apple system
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FIGURE 5.12
A acts on B, and B accelerates.

FIGURE 5.13

Both A and C act on B. They can
cancel cach other, o B does not
accelerare,

FIGURE 5.14

Earth is pulled up by the boulder
with just as much force as the boulder
is pulled downward by Earth,

the apple pushes against the Hoor, the Aoor simultaneously pushes on the apple—an
external force on the system, The system accelerates 1o the nght.

Inside a football are rillions and trillions of interatomic forces at play. They hold
the ball together, but they play no role in accelerating the ball. Although every one
of the interatomic forces is part of an action—reaction pair within the ball, they
combine to zero, no matter how many of them there are. A force external to the
foorball, like a kick. is needed 1o accelerae iv. In Figure 5.12, we note a single inter-
action between the foor and the foothall,

The football in Figure 5.13, however, does not accelerate. In this case, there are
two interactions occurring—iwo forces acting on the football. If they are simulta-
neous, equal, and opposite, then the net force is zero. Do the two opposing kicks
make up an action—reaction pair? No, for they act on the same object, not on dif-
ferent abjects. They may be equal and opposite, bur, unless they act on different
objects, they are not an action-reaction pair. Get i?

1f this is confusing, it may be well 1o note that Newton had difhcultics with the
third law himself. (See insightful examples of Newton's third law on pages 21 and
22 in the Concept Development Practice Book.)

—CHECK 5N

E]

1. On a cold, rainy day, you find yourself in a car with a dead battery You must
jpush the car to move it and get it started. Why can’t you move the car by
remaining comfortably inside and pushing against the dashboard?

2. Why does a book sitting on a table never accelerate “spontaneously”in
response to the trillions of interatomic forces acting within it? 1

3. We know that Earth pulls on the Moon. Does it follow that the Moon also

- pulls on Earth?

4. Can you identify the action and reaction forees in the case of an object
falling in a vacuum?

Check Your Answers

1. In this case, the system to be accelerated is the car. ff you remaln Inside and push
on the dashboard, the force pair you produce acts and reacts within the system
These forces cancel out as far as any motion of the car s concerned. To accelerate
the car, there must be an interaction between the car and something external—
for example, youon the outside pushing against the road and on the car

2. Every one of these interatomic forces is part of an action—reaction pair within the
book These forces add up to zero, no matter how many of them there are This is
what makes Newton's first law apply to the baok. The book has zero acceleration
unless an external force actson it

3. Yes both pulls make up an action-reaction pairof forces assoclated with the
gravitational interaction between Earth and Moon. We can say that (1] Earth pulison
Moon and [2) Moon likewise pulls on Earth; but it s mere insightful to think of this
as a single interaction—both Earth and Meon ssimultanecusly pulling on each other,
eachwith the same armount of force. You can't push or pull on something unless that
something simultaneously pushes or pulls on you That's the law!

4. Toidentify a pair of action-reaction forces in any situation, first identify the pair
of interacting objects involved —Body A and Body B Body A, the falling object.
is interacting {gravitationally) with Body B the whole Earth. So Earth pulls dowrward
onthe object {call itaction], while the object pulls upward on Earth (reaction).

ACTION AND REACTION ON DIFFERENT MASSES

As strange as it may first seem, a falling object pulls upward on Earth with as
much force as Earth pulls downward on it. The resulting acceleration of the
falling object is evident, while the upward acceleration of Earth is too small to
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detect. So strictly speaking, when you step off a curb, the street rises ever so
slightly to meet you.

W can see that Earth accelerates dightly in response to a falling object by consid-
ering the exaggerated examples of two planctary bodies, parts (a) through (¢} in
Figure 5.15. The forces between bodies A and B are equal in magnitude and oppo-
sitely directed in each case. If acceleration of planet A is unnoticeable in (a), then it is
maore noticeable in (b), where the difference berween the masses is less extreme. In (),
where both bodies have equal mass, acceleration of object A is as evident as it is for B.
Continuing, we see that the acceleration of A becomes even more evident in (d) and
cven more so in ().

The role of different masses is evident in a fired cannon. When a cannon is fired,
there is an interaction between the cannon and the cannonball (Figure 5.16). A pair of
forces acrs on both cannon and cannonball. The force exerted on the cannonball is as
great as the reaction force exerted on the cannon; hence, the cannon recoils. Since the
forces arc equal in magnitude, why docsn't the cannon recoil with the sam speed as
the cannonball? In analyzing changes in motion, Newron's sccond law reminds us that
we must also consider the masses involved. Suppose we let Frepresent bath the action
and reaction force, s the mass of the cannonball, and 72 the mass of the much more
massive cannon. The aceelerations of the cannonball and the cannon are then found
by comparing the ratio of force 1o mass. The accelerations are:

F
Cannonball: i a

Cannon: f - g
m

This shows why the change in velocity of the cannonball is so large compared with
the change in velocity of the cannon. A given force exerted on a small mass pro-
duces a large acceleration, while the same force exerted on a large mass produces a
small acceleration.

Going back 1o the example of the falling object, if we used similarly exaggerated
symbols 1o represent the acceleration of Earth reacting 1o a falling object, the symbol
m for the Earth's mass would be astronomical in size. The force £ the weight of the
falling object, divided by this large mass would result in a microscopic # 1 represent
the acceleration of Earth toward the falling object.

FIGURE 5.16

The force exerted against the
recoiling cannon i just as
great as the force that drives
the cannonball inside the bas-
rel. Why, then, does the can-
nonball accderate more than

the cannon?

We can extend the idea of a cannon recoiling from the ball it fires to understanding
rocket propulsion. Consider an inflated balloon recoiling when air is expelled (Figure
5.17). If the air is expelled dow 1. the balloon accel upward. The same prin-
dple applies to a rocket, which continually “recoils” from the ejecred exhaust gas. Each
molecule of exhaust gas is like a tiny cannonball shot from the rocket (Figure 5.18).

A common misconception is that a rocket is propelled by the impact of exhaust
gases against the atmosphere. In fact, before the advent of rockets, it was generally
thought thar sending a rocket 1o the Moon was impossible. Why? Because there is
no air above Earth’s atmosphere for the rocket to push against. Bur chis is like saying

PhysicsPlace.com
Videos

Action and Reaction on Different Masses
Action and Reaction on Rifle and Bullet

FIGURE 5.15%
Which falls roward the othes, A or B2
Although the forces between each

pair are the same, do aceeleranons
differ?

FIGURE 5.17

The balloon recoils from the escaping
air, and it moves upward.
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FIGURE 5.18

The rocket recotls from the “molecu-
lar cannanballs” it Ares, and it moves
upward

FIGURE 5.19

Gieese fly in a V formarion because
air pushed downward ar the tips of
their wings swirls upward, creating
an upduh that is strongest off to the
side of the bird. A rrailing bird gets
added lift by positioning itself in thus
updraft, pushes air downward, and
creates another updraft for the nest
bird, and so on. The resulvis a flock
flving in a V formation

a cannon wouldn't recoil unless the cannonball had air to push against. Not true!
Both the rocket and recoiling cannon accelerate because of the reaction forces
exerted by the material they fire—not because of any pushes on the air In fact, a
rocket operates better above the atmosphere where there is no air resistance,

Using Newron's third law, we can understand how a helicoprer gets its lifting
force. The whirling blades are shaped to force air particles down (action), and the
air forces dhe blades up (reaction). This upward reaction force is called lifi. When
lift equals the weight of the aircralt, the helicoprer hovers in midaie. When lift is
greater, the helicoprer dlimbs upward.

This is true for birds and airplanes. Birds fly by pushing air downward. The air in
turn pushes the bird upward. When the bird is soaring, the wings must be shaped so
that moving air particles are deflected downward, Slightly tilted wings that deflect
oncoming air downward produce lift on an airplane, Air that is pushed downward
continuously maintains lift. This supply of air is obtained by the forward motion of
the aircraft, which results from propelless or jets that push air backward. The ar, in
wirn, pushes the propellers or jets forward. We will learn in Chaprer 14 that the
curved surtace of a wing is an airtoil, which enhances the liftng force.

We sce Newron's third law ar work everywhere. A fish pushes dhe water backward
with its fins, and the water pushes the fish forward. When the wind pushes against
the branches of a tree and the branches push back on the wind, we have whisding
sounds. Forces are interactions between different chings. Every contact requires at
least a ewoness; there is no way that an object can exert a force on nothing, Forces,
whether large shoves or slight nudges, always occur in pairs, cach of which is oppo-
site to the other. Thus, we cannot touch without being touched.

You cannot touch without being touched —Newton's third law.,

- Practicing Physics

Tug of War

Perform a tug-of-war between guys and gals. Do iton
a polshed floor that's somewhat slippery with guys
wearing socks and gals wearing rubber-soled shoes
Whao will surely wm, and why? {Hint. Who wins a tug-of-
war, those who pull harder on the rape or those who

push harder against the floor)
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1. Acar accelerates along a road. identify the force that moves
thecar.

2. Ahigh-speed bus and an innocent bug have a head-on collision. The
force of impact splatters the poor bug over the windshield is the
corresponding force that the bug exerts against the windshield greater,
less, or the same? Is the resulting deceleration of the bus greater than,
less than, or the same as that of the bug?

Check Your Answers

1. tisthe road that pushes the car along Reallyl Only the road provides the horzontal
force to mowe the car forward. How does it do this? The rotating tires of the car
push back on the road (action). The road simultaneously pushes forward on the
tires (reaction). How about that!

2. The magnitudes of both forces are the same, for they constitute an action—
reaction force pair that makes up the interaction between the bus and the bug
The accelerations, however, are very different because the masses are different.
The bug undergoes an enormous and lethal deceleration, while the bus
undergoes a very tiny deceleration—so tiny that the very slight slowing of the
bus is unnoticed by its passengers. But If the bug were more massive—as
massive as another bus for example—the slowing down would unfortunately
be very apparent. (Can you see the wonder of physics here? Although so much is
different for the bug and the bus, the amount of farce each encounters is the
same. Amazing'|

* Summary of Newton’s Three Laws

Ncwwn's first law, the law of inertia: An object ar rest tends to remain ar rest;
an object in motion tends to remain in motion ar constant speed along a
straight-line path. This property of objects 1o resist change in motion is called
inertra. Mass is a measure of inertia. Objects will undergo changes in motion only in
the presence of a net force,

Newton's sccond law, the law of acceleration: When a net force acts on an object,
the object will aceclerate. The acceleration is directly proportional o the net force
and inversely proportional 1o the mass. Symbolically, @ = Fm. Acceleration is
always in the direcrion of the net force. When objeces fall in a vacuum, the net force
is simply the weighl—thc pull of gravicy—and the acceleration is g (the symbol £
denotes that acceleration is due to gravity alone). When objects fall in air, the net
force is equal to the weight minus the force of air resistance, and the acceleration is
less than g If and when the force of air resistance equals the weight of a falling
object, acceleration terminates, and the object falls at constant speed (called
terminal speed ).

Newton's third law, the law of action—reaction: Whenever one object exerts a
force on a second object. the second object exerts an equal and opposite force on
the fisst. Forces occur in pairs, one action and the other reaction, which together
constitute the interaction berween one object and the othes. Action and reaction

lways occur simul ly and ace on different objeces. Neither force exists without
the other.

Isaac Newton's three laws of motion are rules of nature that enable us to see how
beautifully so many things connect with one another, We see these rules in opera-
tion in our everyday environment.

leTyfish have been using rocket
or jet propulsion for eons.

I

3
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B —————
FIGURE 5.21

This vecror, scaled so thar 1 cm
equals 20 N, represents a force of
60 N to the right.

PhysicsPlace.com
Tutorial
Vectors

The valentine vector says,

¥ was only a scalar until you
came along and gave me direc
tion,*

® Vectors

Wr.- have leamed that any quantity thar requires both magnitude and direcrion
for a complete description is a vector quantity. Examples of vecror quanri-
ties include force, velocity, and acceleration. By contrase, a quantity thar can be
described by magnitude only, not involviag direction, is called 2 scalar quantiry.
Mass, volume, and speed are scalar quantities.

A vector quantity is nicely represented by an arrow. When the length of the
arrow is scaled to represent the quantity’s magnirude, and the direction of the arrow
shows the direction of the quantity, we refer to the arrow as a vector.

Adding vectors that act along parallel directions is simple enough: If they act in
the same direction, they add; if they act in opposite directions, they subtract, The
sum of two or mare vectors is called their resultant. To find the resultant of rwo
vectors that don't act in exactly the same or opposite direction, we use the
parallelogram rule.” Construct a parallelogram wherein the two vecrors are adjacent
sides—rthe diagonal of the parallelogram shows the resultant. In Figure 5.22, the

parallelograms are recrangles.

SO TNy

FIGURE 5.23

When a pair of equal-length vecrors
at right angles o cach other are
added. they form a square. The diag-
onal of the square is the resultant,
W2 times the |lnp|| of cither side.

FIGURE 5.24

The resultant of the 30-N and 40-N
forces is 50 N,

FIGURE 5.22

The pair of vectors ar right angles 1o cach other make two sides of 4 rectangle, the diagonal
of which is their resultant.

In the special case of two vectors that are equal in magnitude and perpendicular
10 cach ather, the paralldlogram is a square (Figure 5.23). Since for any square the
length of a diagonal is V2, or 1.41, times one of the sides, the resultant is V2 times
one of the vectors. For example, the resultant of two equal vectors of magnitude 100
acting at a right angle to cach other is 141.

FORCE VECTORS

Figure 5.24 shows a pair of forces acting on a box. One is 30 newtons and the
other is 40 newrons, Simple measurement shows the resultant of this pair of forces
is 50 newtons.

Figure 5.25 shows Nellic Newton hanging at rest from a clothesline. Note that
the dlothesline acts like a pair of ropes that make different angles with the vertical.
Which side has the greater tension? Investigation will show there are three forces
acting on Nellie: her weight. a tension in the lefi-hand side of the ope, and a ten-
sion in the right-hand side of the rope. Because of the different angles, different
rope tensions will occur in each side. Figure 5.25 shows a step-by-step solution.
Because Nellie hangs in equilibrium, her weight muse be supported by two rope

A paralblogram is & four-sided figure with opposite sedes paralld to cach ather. Usually,

you dewermine the lengeh of the diagonal by measurements but, in the special cise in D
which the reo vectos X and ¥ are perpendiculas (o square o a rectangle). you can agply

the Prthagorean Theorem, R? = X* + Y2, 1o find the roulan: R = VX? 4 Y2
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tensions, which must add vecronally o be equal and opposite 1o her weight, The
parallelogram rule shows that the tension in the right-hand rope is greater than
the tension in the lefi-hand rope, If you measure the vectors, you'll see that tension
in the right rope is about twice the tension in the left rope. Both rope tensions
combine to support her weight

/

fa) le)

More about force vectors can be found in Appendix D ar the end of this book
and in the Practicing Physics book.

VELOCITY VECTORS

Recall, from Chaprer 3, the difference berween speed and velocity—speed is a meas-
ure of “how fast”; velocity is 2 measure of bath how fase and “in which direction.” If
'hl' \Ff(‘(l{‘n]i't(r i" acar Tl.'.l\l‘ ":){] l&'ll‘ln‘t."ﬂ'r\ Pl‘T I'!l‘ur IL"ITI:'I] s _\'llll kni‘“' _\'(“l‘
speed. [f there is also a compass on the dashboard, indicating that the car is moving
due north, for e

ample, you know your velocity—100 km/h north. To know your
velocity is to know your speed and your direction.

Consider an arrplane fying due north ar 80 km/h relative to the surrounding
air. Suppose thar the plane is caught in a 60-km/h crosswind (wind blowing at
right angles 1o the direction of the airplane) thar blows it off its intended course.
This .:1.uu|‘|u is represe nted with vectors in Figure 5.27 with velocity vecrors
scaled so that 1 centimeter (em) represents 20 ki/h. Thus, the 80-km/h velociry
of the airplanc is shown by the 4-cm vecror, and the 60-km/h crosswind is
shown by the 3-cm vector. The diagonal of the constructed parallelogram (a rec-
tangle, in this casc) measures 5 cm, which represents 100 km/h, So the airplane
moves at 100 km/h relative to the ground, in a direction between north and
northeast
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FIGURE 5.25

{a) Nellie's weight is shown by the
downward vertical vector. An equal
and opposite vector is needed for
eqquilibrium, shown by the dashed
vector, (h) This dashed vector is the
diagonal of a parallelogram defined
by the

green lines. (¢) Both rope ten-
swons are shown by the constructed
vectors. Tension is grearer in the right
rops. the one more likely to break.

—9
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Diana Lininger Markham illustrates
the vecror arrangement of Figure 5.25.
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WSS
80 km/h

Resultant
FIGURE 5.27

The 60-km/h crosswind blows  (Scale: 1 em = 20 km/h] '

the 80-km/h aircraft off course é km/h

at 100 ka/h,

s POINT
Consider a motorboat that normally travels 1o kmv/h in still water. If the
boat heads directly across the river, which also flows at a rate of 10 km/h,
what will be its velocity relative to the shore?
Check Your Answer

When the boat heads cross-stream (at right angles to the river flow), Its velocity s
14.1km/h, 45 degrees downstream {in accord with the dagram in Figure 5.23)

COMPONENTS OF VECTORS

Just as ewo vectors ar right angles can be combined into one resultant vector, any vec-
tor can be resolved into two component vecrors perpendicular 1o each other. These two
vecrars are known as the components of the given vector they replace (Figure 5.28).
The process of determining che components of a vector is called resolwtion. Any vecror
drawn on a piece of paper can be resolved into a vertical and a horzontal component.

‘\klodtv of stone

; P T o 3
Vertical » "
component of ~
stone’s veloci

Y A
A Horizontal companent
of stone’s velocity

The borizoncal and vertical
components of a stone's wﬁﬂcily.

-

Vector resolution is llustrated in Figure 5.29. A vector V is drawn in the proper
direction to represent a vector quantity. Then vertical and horizoneal lines faves) are

Construction of the vertcal and
horizontal components of a vector.
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drawn at the il of the vector. Next, a recrangle is drawn that has V as its diagonal.
The sides of this rectangle are the desired components, vectors X and Y. In reverse,

note that the vector sum of vectors Xand Yis V.

We'll return to vector components when we treat projectile motion in Chaprer 10,

_LI!.E.C.I'_UT"T

vectors shown Measure

Answers

26cm.

With aruler, draw the horizontal and vertical components of the two

ts and compare your findings
with the answers given at the bottom of the page.

Left vector: The horizantal component is 2 cm; the vertical component is 26 cm
Right vector The horizontal companent is 38 cm; the vertical companent is

SUMMARY OF TERMS

Newton's third law Whenever one object exerts a force on a
second object, the second object exerts an equal and
opposite force on the hrse.

Vector quantity A quantity that has both magnitude and
direcrion, Examples are force, velocity, and acceleration.

Scalar quantity A quantiry thar has magnitude bur not
direction. Examples are mass, volume, and speed.

Vector An arrow drawn 1o scale used 1o represent a vector
quantity.
Resultant The net result of a combination of two or more

vectors,
Components Mutually perpendicular vectors, usually
horizontal and vernical, whose vector sum is a given

yecton

REVIEW QUESTIONS

Forces and Interactions

1. When you push against a wall with your fingers, they
bend because they experience a force. Identify this force.

2. A boxer can hit a heavy bag with great force. Why can't
he hit a piece of tissue paper in midair with the same
amount of force?

3. How many forces ate required for an i tion?

|

Newton's Third Law of Motion

4. Stare Newton's third law of motion.

5. Consider hiting 2 baseball with a bat. If we call the force
on the bat against the ball the acnion force, identify the
reaction force.

6. Consider the apple and the o (Figure 5,9). If the
system is considered 10 be only the orange, is there 2 net
force on the system when the apple pulls?

7. I the system is considered to be the apple and the
orange together (Figure 5.10), is there a net force on the
system when the apple pulls (ignoring friction with the
floot)?

8. To produce a net force on a system, must there be an
externally applied net force?

9. Consider the system of a single football. If you kick it, is
there a nec force to accelerate the system? 1f a friend kicks
it ar the same time with an equal and opposite force, is
there a net force 1o acelerate the system?

Action and Reaction on Different Masses

10. Earth pulls down on you with a gravitanonal force
that you call your weight. Do you pull up on Earth with
the same amoun of force?

11. If the forces that act on a cannonball and the recoiling
cannon from which it is fired are equal in magnitude,
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why do the cannonball and cannon have very different
accelerations?
12. Idenrify the force char propels a rocket.
13. How does a helicopter get its lifting force?
14. Can you physically touch a person withour thac person
ins you with the same amount af torce?

Summary of Newton's Three Laws

15. Fill in the blanks: Newton's first law is often called the law
of : Newtan's second law is the hw of
; and Newton's third law is the law of

and .
16. Which of the three laws deals with inceractions?

Vectors

17. Cite three cxamples of a vecror quantisy and three
examples of a scalar quantity.

18. Why is speed considered a scalar and velocity a
vector?

19. According to the parallelogram rule, whar quanrity
is represented by the diagonal of 3 constructed
parallclogram?

20. Consider Nellie hanpn; at rest in Figure 5.25. 1F the
ropes were vertical, with no angle involved, whar would
be the tension in each rope?

21. When Nellic's ropes make an angle, whar quantity muss
be equal and oppuosice to her wesght?

22. When a pair of vectors are at right angles, is the resultant
always greater in magnitucle than eicher of the vectors

separarely?

PROJECT

Heold your hand like a flat wing ousside the window of 2
moving autemobile. Then slighely tile che frons edge upward

and nocice the lfung effect. Can you see Newton's Liws at work
here?

PLUG AND CHUG

1. Caleulate the resultant of the pair of velocities 100 km/h
north and 7% ke/h south. Caleulate cthe resultant if both
of the velocirics are directed nomh,

Resuleant of two vectors at right angles to cach other:
R= VX +¥

2. Calculate the magnitude of the resulane of a pair of
100-km/h velocity vectors chat are at right angles w each
other.

3. Calculate the resultant of a horizontl vector wich a
magnitude of 4 units and a verucal vector with a
magnitude of 3 units.

4. Calculate the resultant veloaity of an airplane thar
normally flies ar 200 km/h if it encounters a 50-km'h
wind from the side (at a ight angle w the
airplane).

RANKING

1. As seen from above, a stubborn stump s pulled by a pair
of ropes, cach with a force of 200 N, bur as different
an‘,lcl as shown. From preatest to least, rank the net force
on the stump.

e b

2. Nellie Newton hangs motionless by one hand from a
clothesline. Which side of the line, a or b, has the

!IEIIEI'

PP




a. horizontal component of wension?
b. verrical component of rension?
¢, tension?

3. Here we see a top view of an airplane being blown off
course by wind in three different directions. Use a pencil
and the parallelogram rule and skesch the vectors thac
show the resulting velocities for each case, Rank the

prnh of the airplane across the ground from fastest

e

4. Here we sec top views of three motorboats crossing a
river. All have the same speed relative to the water, and all
experience the same river flow, Construct resultane
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vectors showing the speed and direction of the boats.
Rank them from most 1o least for

a. the nme for the boars to reach the opposite shore.
b. the fastest nde.

EXERCISES

1. A rocker | progressively casier to I as i
wravels through space. Why is chis so? (#ini: Abour 90%
of the mass of a newly launched rocket is fuel )

2. The photo shows Steve Hewirtand daughter Greechen, 1s
Giretchen ouching her dad, or & dad touching her? Explain.

3. When you rub your hands togedher, can you push harder
on onc hand than the other?

4. For cach of the following interactions, identify action and
reaction forces, (a) A hammer hits a nail. (b) Earth gravity
pulls down an a book. () A helicoprer blade pushes air
downward

5. wa‘lﬂ“m:ﬂﬂgmmlﬂi (:] Hﬂﬁifyaﬂlhﬁfnr:u
acring on the apple and their reacrion forces. (b} When you
drop the apple, identify all the forces acting on it as it falls
and the corresponding reaction forces. Neglecrair drag,

6. ldentify the action-reaction pain of forces for the follow-
ing situations: (a) You step off a curb. (b) You par your
sutor on the back. (c) A wave hits a rocky shore.

7. Consider a bascball player barring a ball. (a) Identify the
action-reaction pairs when the ball is bang hir and
(b) while the ball is in Hight

8. What phyliﬂ is involved for a passenger ﬁ'elins pul]‘wd
backward into the seat of an airplane when it acoelerares

along the runway dunng takeoff?
9. If you drop a rubber ball on the foor, it bounces back up
What force acts on the ball w0 pm\ri.dl: the bounce?

10. When yvou kick a football, whar action and reaction forces
arc involved? Which force, if any, is greater?

11. Is it rrue thae when you drop from a branch o the ground
below, you pull upward on Earth? [Fso, then why s the
acceleration of Earth not noticed?

12, Within a book on a table, there are billions of foroes
pushing and pulling on all the molecules. Why is it thar
these forces never by chance add up w a net force in one
direction, causing the book to accel
across the table?

13. Two 100-N weights are attached to 2 spring scale as
shown. Does the scale read 0, 100, or 200 N, or does it
give some other lndl 3 (Hine- Would i read any differ-
ently if one of the mpcs were tied to the wall instead of 10
the hanging 100-N weight?)

T J’

14, If you exert a horizontal force of 200 N 1o slide a crare
across a factory floor ar constant velocity, how much fric-
tion is exerted by the Aoor on the crate? Is the force of
friction equal and oppositely direcred to your 200-N
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push? If the force of frcoon isnt the
reaction force to your push, whaz is?

15. When the athlere holds the barbell
overhead, the reaction force is the
weight of the barbell on his hand, How
&mlﬁilﬁllclv:ryrclld'lcmin
which the barbell is accelerated upward?
Downward?

16. Consider the two forces acting on the
person who stands still—namely, the
downward pull of gravity and the
upward support of the floor. Are these
forces equal and opposite? Do they

form an action-reaction pair? Why or

why not?
17. %vmymmtgrum force i the pedals of a bicycle
if you pull up on the
18. Docs a baschall bar slow down whm it hits a ball: Defend
YOUS answer.
9. Why docs a rope climber pull downward on the rope to
maove upwarnd?

20. A farmer urges his horse to pull a wagon, The horse
refuses, saying thar to try would be furile, for it would
Aout Newton's third law. The horse concludes that she
can't exert a greater force on the wagon than the
excrrs on her and. thercfore, thar she won't be able ro
accelerate the wagon. What is your explanation to con-
vince the horse to pull?

21. You push a heavy car by hand. The cas, in tum, pushes
back with an opposite bur equal force on you. Docsn't
this mean thar the forces cancel one anather. making
acceleration impossible? Why or why nor?

22. The strong man will push the two mmal.lv stationary
freight cars of equal mass apart before he hmwdfdmpa

straight 1o the ground. Is it possible for him o give either
of the cars a grearer speed than the other? Why or why
not?

23. Supposc that two carts, one twice as massive as the other,
Hy apart when the compressed spring that joins them is
released. What is the accderation of the heavier care rela-
tive to chat of the lighrer cart as they start 1o move apan?

24. If a Mack truck and Honda Civic have a head-on colli-
sion, upon which vehicle is the impact force grearter?
Which vehicle expenences the greater deceleration?
Explain your answers.

25. Ken and ) are i g some di
apart in space, They are joined by a ufcq. cord whose ends

are tied around their waists. If Ken starts pulling on the
cord. will he pull Joanne toward him, or will he pull him-
sclf roward Joanne, or will both astronaurs move? Explain.

26. Which team wins in a tug-of-war—the team that pulls
harder on the rope, or the team thar pushes harder against
the ground? Explain.

27. In a rug-of-war berween Sam and Maddy, cach pulls on
the mope with a force of 250 N, What is the tension in the
rope? If both remain motionless, whar horizontal force
does each exert against the ground?

28. Your instructor challenges you and your friend ro cach
pull mapunfx:ahnudwd to the ends of a horzontal
rope, in tug-of-war fashion, so that the readings on the
scales will differ. Can this be done? F.':Phln

29. Two people of equal mass artempt a ug-of war with a
12-m rope while standing on frictionless ice, When they
pull on the rope, each of them slides toward the ather.
How do their accelerations compare, and how far does
each person shide before they meer?

30. Whar aspect of physics was not known by the wrirer of
this newspaper editonal that ndiculed eady experiments
by Robere H. Goddard on rocket propulsion above
Earchs aunosphere? “Professor Goddard . . . does not
know the relation of action to reaction, and of the need o
have something better than a vacuum against which wo
react . . . he scems 1o lick the knowledge ladied our daily
n high schools.”

31. Which of the ﬁ:llnwin.g are scalar quanciries, which are
vector quantities, and which are netther? (a) veloaty;

(b) age: (c) speed: (d) scceleration: () te
32, What can you correctly say about two vectors that add
together to equal zero?

33. Can a pair of vecrors with unequal magnitudes ever add
w0 zevo? Can three unequal vectors add w zero? Defend
POUE Answers.

M. When can a nonzer vectar have a zero honzoatal com-
ponent?

35. When, if ever. can a vector quanuty be added to a scalar

uantity?

36. Which is more likely ro break—a hammock strerched
tightly berween a pair of rees or one thar sags more when
you sit on in?

37. A heavy bird sits on a clothesline, Will the wension in the
dothesline be greater if the line sags a lot or if it sags a lide?

38. The rope suppores 3 lantern that weighs 50 N. Is the ten-
sion in the rope less chan, equal 1o, or more than 50 N?
Use the parallcddogram rule to defend your answer.




39. The rope is repositioned as shown and still supports the
50-N lantern. ks the tension in the rope less than, equal
o, or more than S0 N? Use the parallelogram rule 1o
defend your answer.

40. Why does vertically falling rain make slanred streaks on
the side windows of a moving auromobule? If the streaks
make an lnslc of 45°, what does this tell you about the
relative speed of the car and the falling rain?

A balloon Hoats mationless in the air. A balloonsst begins

climbing the supporting cable. In which direction docs

the balloon move as the balloonist climbs? Defend your
answer.

42. Consider a stone at rest on the ground. There are two
interactions that involve the stone, One is between the
srone “’ E‘ﬂh asa "hﬂlﬂ h't'l P“u‘ &‘“ on 'h' stone
{its weight) and the stone pulls up on Earch. What is the
other interaction?

43. A stone is shown at rest on the
ground. (a) The vector shows
the weight of the stone. Com-
plete the vector diagram show-
ing another vocror thar resulis
1 2ero net force on the stone,

{b) What is the conventional name of the vector you have
drawn?

44. Here a stone is suspended ar rest

by a string. (1) Draw force vectors

for all the forces that act on the

stone, (b) Should your vectors

have a zero resulane? () Why or

why noe

Here the same stone s luing

accelerated verrically upward.

() Draw force vectors to some

41

45.

suirable scale showing relative

forces acting on the stone.

(b) Which is the longer vector,

and why? oS
46, Supposc the string in the preced- b H

ng excrcise breaks and the stone
slows in its upward mortion. Draw a force vector diagram
of the stane when it reaches the top of its pach,
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47. What is the accderation of the stone of Exercise 46 at the

top of its path?

Here the stone is llicl.ins 14

down a faction-free incline. 4,

{a) Identity the forces thas

act on it, and draw appro-

ptille force vectors. (b) By

the parallclogram rule, con-

struct the resultant force on the stone (crefully showing

that it has a direction parallel ro the incline—the same

direction as the stone’s acceleration).

Hete the stone is at rest,

interacting with both the

surface of the incline and

the block. (a) Identafy all

the forces thatact on

the stone, and draw

appropriate force vectors.

(b) Show that the net force on the stone is zero, (Flme I:

There are rwo normal forces on the stone. Hing 2: Be sure

the vectors you draw are for forces that act en the stone,

not by the stone on the surfaces)

. The strong man can withstand the tension force exerted
h}' "K wo hnl’“_‘ P“uins in q‘pi" d-imniﬂm. Hw
would the tension compare if anly one horse pulled and
the left rope were tied 1o a tree? How would |E: tension
compare if the two horses pulled in the same direcrion,
with the left rope tied to the tree?

PROBLEMS

1. A boxer punches a sheet of paper in midair and brings ic
from rest up to a speed of 25 m/s in 0.05 x. (a) Whar
acceleration is imparted to the paper? (b} 1f the mass of
the paper is 0,003 l:g, what force does the boxer exere on
i? (<) How much force does the paper exerton the boxer?

2, 1f you stand next 1o a wall on a fricuonless skateboard and
push the wall wirth a force of 40 N, how hard does the
mlipulh on you? I.F!Tlll.l mass is 80 ﬁs. show that your
acceleration is 0.5 m/s®,

3. If raindrops fall verucally ar a speed of 3 m/s and you are
running at 4 m's, how fast do they hir your face?

4. Forces of 3.0 N and 4.0 N act at right angles on a block of
mass 2.“ k& SI‘ID'W .ha‘ ‘ll" xc!lﬂ"inn I]{ l}l‘ I‘lﬂﬁk i‘
25 mis*

. Consider an airplane that normally has an airspeed of
100 km/h in a 100-km/h crosswind blowing from west ro
east. Calculare its ground velocity when irs nose is
pointed nordh in the crosswind.
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6. You are paddling a canoe at a speed of 4 km/h directly
across a river that flows ar 3 km/h, a< shown in the figure.
(a) Whar is your resultant speed relative to the shore? (b) In
approximately what direction should you paddle the canoe
so thar it reaches a destination direcedy across the river?

} \ \'P*M
S | |
';uu;-..fhi [

* 7. When two identical air pucks with repelling magnets are

held togecher on an air rable and released. they end up

moving in opposite directions ar the same speed., »

Assume the mass of one of the pucks is doubled and the

procedure s repeated.

a. From Newton's third law, derive an equation thar
shows how the final speed of the double-mass puck
compares with the speed of the single puck.

b. Caloulate the speed of the double-mass puck if the
single puck moves away at 0.4 m/s.
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1 Howie Brand demonstrates the different resubts when a dare bounces from a wooden
h'uuk. Lllhl:t tlun ttukmg w ir. A |)nuln.‘m{'_ ILLIII phn*u‘.c\ maore :mpul\r. wh:‘ch l]|u

the block. 2 Likewise for the Pelron wheel, where water lmun-.in;.; from the curved

pacdles produces more impulse, which imparts more momentum to the wheel.

3 Momentum is mass times speed, as Alex Hewiet shows with his skareboard

he l:llld rush that started in 1849 in Califorma

brought wealth 1o many who arrived with picks,
shovels, and equipment for gold mining. But mining
wasn't the only way 1o make money in the gold rush
Lester A. Pelton showed up withour pick, shovel, or min-
ing equipment and made his fortune by applying some
physics (common sense) to the waterwheels used in min-
ing operations at the time, He saw that the low ethciency
of waterwheels was due 1o their Har paddles. Pelion
designed a curved paddle with a ndge in the middle that
caused the water to make a pair of U-rurns upon impact.
T}]l’ l‘l Il(.IuLfd more j:l'l.'(' on ‘I‘L‘ l'JdJlE). ]tl.\-l 48 more
force is required to carch a ball and ross it back than 1o

merely stop the ball. Warer made
to bounce exerts a greater impulse
on the wheel. Pelton patented his
idea and ushered in the impulse
water turbine, more simply called
the Pelton wheel (above). Pelton’s
story fact thaz
;‘h\'\'lu can indeed ennch vour life
in more ways than one.

We begin this chapter by exam-
llll.]ll_" ||IL' i,lllll.t';‘( I‘i mamcnium

illustrates  the

and the i|:||u|Iu‘ that causes it 1o

change.

Lester A. Pelton
(1829-1908)
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FIGURE 6.7

I'he boulder, unfortunately, has more
momentum than the runner.

/‘-0 =
PhysicsPlace.com

Tutorial
Newton's Third Law and Momentum
Video

Definition of Mormentunr

FIGURE 6.2

Why are the engines of a supermanker
nnmull_\- cut off 25 km from pl)ﬂ,"
Timing is rt|\c;u||\' important when
changing momentum.

" Momentum

c all know that a heavy truck is harder o stop than a small car moving ar the

same speed. We state this fact by saying thar the rruck has more momentum
than the car. By momentum we mean inertia in motion. More specifically, momen-
tum is defined as the product of the mass of an object and its velocity: thauis,

Momentum = mass X velocity

Or, in shorthand notation,

Momentum = myp

When direction is not an important factor, we can say:

Momentum = mass X speed

WI!Idl we \I::U alsluc\ i.llv L

We can see from the definition thar a moving object can have a |Jrgc MOmen ium
if either its mass or its \'1.'|(luil‘\' is |a|!;c or il both its mass and irs vdm.ll)' are I.ugc.
The truck has more momentum than the car moving ac the same speed because it
has a greater mass, We can see that a huge ship moving at a small speed can have a
large momentum, as can a small buller moving at a high speed. And, of course, a
huge object moving ar a high speed, such as a massive truck rolling down a steep hill
with no brakes, has a huge momentum, whercas the same truck at rest has no
momentum at all—because the v term in me is zero.

* Impulse

f the momentum of an object changes, then cither the mass or the velocity or
both change. If the mass remains unchanged, as is most often the case, then dhe
velocity changes and acceleration occurs. What produces acceleration? We know the
answer is force. The greater the force acting on an object, the greater its change in
velocity and, hence, the greater its change in momentum
But something clse is important in changing momentum: time—how long a
time the force acts, If you apply a brief force to a stalled automobile, you produce a
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change in its momentum. Apply the same force over an extended period of time,
and you produce a greater change in the automobile’s momenum, A force sus-
tained for a long time produces more change in momentum than does the same

force applied bricfly. So, both force and time interval are important in changing NEVEE 8
momentum. ;

The quantity force X time interpal is called impulse. In shorthand nowrion When you push wish the sase force

for twice the time, you impart twice

Impulse = A the impulse and produce rwice the
cl'un;c in momentum.
" T |
1. Which has more momentum, a 1-ton car maving at 100 km/h or a 2-ton j
truck moving at 50 km/h?
2. Does a moving object have impulse? Timing is important es pecially
3. Does a moving object have momentum? when you're changimg your
4. For the same force, which cannon imparts a greater impulse toa momentum
cannonball—a long cannon or a short one? A
ll
Check Your Answers

1. Both have the same momentum (1ton x 100km/h = 2ton X sakm/h)

2. No,impulse i& not samething an object hag Itke momentum Impulse & what an
object can provide or what It can experience when It Interacts with some other
object An object cannot possess impulse just as it cannot possess force

3. es but, like velocity, In a relative sense—that is, with respect 1o a frame of refer-
ence, usually Earth's surface. The momentum possessed by a moving object with
respect toa stationary point on Earth may be quite different from the momentum
it possesses with respect to another moving object.

4. Thelong cannon will Impart a greater impulee because the force acts overa
langer time. A greater impulse produces a greater change in momentum, so a
long cannon will impart more speed to a cannonball than a short cannon |

* Impulse Changes Momentum

he greater the impulse exerted on something, the greater will be the change in v

momentum, The exact relationship is ‘::f

1 1 = sh H
p = change 1n m im

The symbal p s often used to rep-
We can express all terms in this relationship in shorthand noration and introduce | esent momentum,

the delea symbol A {a lerer in the Greek alphaber used 10 denate “change in” or
“difference in"):' t

Fr= Alwme)

The impulse-momentum relationship helps us to analyze many examples in
which forces act and motion changes. Sometimes the impulse can be considered o
be the cause of a change of momentum, Sometimes a change of momentum can be
considered to be the cause of an impulse. It doesn’t macter which way you think
about it. The important thing is that impulse and change of momentum are always
linked. Here we will consider some ordinary examples in which impulse is related 1o

"Thas selacionship is derrved by rearranging Newson's second kiw to make the time factar more evident.
H we equate the formula for acceleration, 2 = Fiw, with what acockration actually is, « = AnfAs, we
et Fw = Awde From this we desive FAr = Ame) Calling A simply ¢ the tme interval,

Fr = Alws),
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I'be torce of impact on a golt ball

varies throughout the duration of

l-'lli'\l L.

FIGURE 6.5

it I]\{ i .’KJ“F‘_(' 0N MOomoniam ocours
over a long time, the hitting force is

small.

FIGURE 6.6

If the change in momentum occurs

over a short time, the hitring force is

large

—

PhysicsPlace.com
Video

(1) increasing momentum, (2) decreasing momentum over a long time, and
(3) decreasing momentum over a short time

CASE 1: INCREASING MOMENTUM

To increase the momentum of an object, it makes sense to apply the greatest force
possible for as long as possible. A golfer recing oft and a baseball player trying for a
home run do both of these rhings when they swing as hard as possible and follow
1l:|uu'!:i: \.nlll Ill(i: SWings. l'(l”(i\'\-lll!: !l\luu}:l: t'A!L'II\{\ 1|u‘ me of contact

lhl. lorces lll\-lll\t'ti in ill\inll\r\ Ll\(l.l“l\ vary from instant 1o instant. For exam-
ple, a golf club thar scrikes a ball exerts zero force on the ball uncil it comes in
contact; then the force increases rapidly as the ball is distorted (Figure 6.4). The
force then diminishes as the ball comes up ro speed and returns to its original
shape. So, when we speak of such forces in this chaprer, we mean the average

force

CASE 2: DECREASING MOMENTUM

If you were in a car thar was out of control and you had to choose between hitting
4 concrele w .1” or a IIJ\ slac l\.‘ vou \\ullllll:'( |u\\' o LJ“ 01 Your l\.lnn\lu’ni[;\' ol
I\I\\'\ll..\ o ll!Jl&l.' up Your Illllt:tl. Common sense tells you to choose liln.‘ 1I4_‘.'\[‘1Ll\.
Bur, L:umili_“_ the i'h_\'.\lL.\ ]h.-lin you 1o understand why IIiHII!!'_ a soft object is
entirely different chan hiwing a hard one. In the case of hiwing cither the wall or
the haystack and coming 10 a stop, it takes the seme impulse 1o decrease your
momentum to zero, The same impulse does not mean the same amount of force
or the same amount of time; rather it means the same preduct of force and time

H\' Ill'?ll'l!.‘, ll)l_' il.l\"«t.l\l\' IIl\lt'.Id of Thl‘ “'.I”. yvou ("tk"llli Ii\\' teme r{-’n‘"f”" .'n"!l'l’lfl' yonr
< : o>

mamentum is brought to zero. A longer time interval reduces the force and decreases
the resulting deceleration. For example, if the time interval is extended 100 times,
the force is reduced to a hundredth. Whenever we wish the force to be small, we
l'k‘.L'lIli ||IL' iime ll! contact. Ill.'ll\\'. !Ill I‘.ll'l.il.'\i l!-l.\il}’('-l:(l\ Jl]ti Jlll‘—l!"\ n motor

vehicles.

\.\'-'lh'n juim pang from an elevated rnﬁlll'un Llu\.\u o the 3;:111:1!\'. what lu|l|u.'|1\ it

vou keep your legs straight and siff? Ouch! Instead, you bend your knees when

L
wh

landing. The resulting force on your bones is reduced by 10 to 20 times. A wrestler

feer make contact with the ground. By doing so you extend the time during
L'i‘ _\'l‘lll’ momentum ll\';"l.'-l‘\'\ l‘\' I'I to :I} times li].lt ot a ‘tlff.-I\'F‘_::l'(jl- dllrllp[
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thrown to the floor tries to excend his nme of impact with the mat by relaxing
his musdles and spreading the impact into a series of smaller ones as his foor,
I\'n\‘c, }\Ip. ribs, .1!1\1 &hou!dcr \u\'“-\u\.\"_\' h|| tl!;‘ mat. (H. course, t‘.l"Ing ona
mat is preferable to falling on a solid floor because the mar also increases the
ume during which the force acts.

The safety net used by circus acrobais is a good example of how 1o

,I\..IIIL'\‘\' |}IL' Illll‘lil\t I'IIIQ.'JI.'L{ tor a sale ].Ii'ldllll:. .I.Ill' ?\Jt.\'t\ net !i'dlit&') ||Ik'

i\l"l.t' t'\i‘L'f :lt,i.\l l‘l a4 !I.J”UI. JL[()II.“ l!\ \llh‘lldllll.\]l\ jl\\. It,".lhlll!_" l!)l.' nme
interval during which the force acts. If you're about to catch a fast baseball
hand. you extend vour hand forward so you'll have plenty of

room o IL‘I: your h.IIHI move i‘L{LL\\‘Ifli atter vou II'I.II\!.' Concact \\il!} IIIL' lLI"

with your bar

You extend the ume of impact and thercby reduce the force of impact. Sim-
ilarly, a boxer rides or rolls with the punch to reduce the force of impact
(Figure 6.8)

CASE 3: DECREASING MOMENTUM OVER A SHORT TIME

When boxing, if you move into 2 punch instead of away, you're in trouble.
Likewise, if you carch a high-speed baseball while your hand moves oward
the ball instead of away upon contace, Or, when your car is out of control, if

you drive it into a concrete wall instead of a haystack, you're really in trouble

In these cases of short impact times, the impact forces are large. Remember that, for
an object brought to rest, the impulse is the same, no marter how it is stopped. Bur,
if the time is short, the force will be large.

(a)

; = change n momentum t = change in momentum

FIGURE 6.8
l!l i‘ll‘h Llscs [}K ll'.lplll\l' I’lli\hll’ll 1?\' [Il(' i‘l‘{'l S jJaw fl'lllll s !-'1\' momenTum ‘\* |1|"
h. (3) When the boxer moves away [rides with the punch), he extends the 1ime and

ishes the force. (b) If the boxer moves into the glove, the ume is reduced and he must
withstand a greater force

The idea of short time of contact explains how a karate expert can splic a siack of
bricks wich the blow of her bare hand {Fl};u:c 6.9). She Ilnrllz.\ her arm and hand
swiftly against the bricks with considerable momentum. This momentum is quickly
I\'(l\ll}.\'li W IIL'“ fl}\t' d(li\\'l.\ an ulll‘lll\l' n II\l' t‘l I.'\L.\. lh\' ||l||‘u|.\l' n lh( “}IL[’(l’ hl"
hand against the bricks multiplied by the time during which her hand makes con-
tact with the bricks. By swift execution, she makes the time of contact very brief and
cnrrmpundmgh' makes the force of impact hllg:- If her hand is made to bounce
upon impact, the force is even greater.

FICURE 6.7

A ].u'r‘c -.:'!JH['_\' 1N MOMENTUm over a
ang time requires a safely small
average force

—

PhysicsPlace.com
Video
Decreating Momentum Over a

Short Time

FIGURE 6.9
Cassy imparrs a large impulse o the
bricks in a short time and rlnhllhr\ a

conside !Ihl\' ‘:-t\ <
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Different forces exerted over dif
ferent time mtervals can produce
the same Iimpulse

F.'m-t

A flowerpat dropped onto your
head bounces quickly. Ouch! if
bouncing took a longer time, as
with a safety net, then the force
of the bource would be much
srraller

FIGURE 6.10

Another view of a Pelton wheel. The
curved blades cause warer to bounce
and make a U-wurn, which pmdurn
a greater impalse to wurn the wheel

_“"“‘r'om'r

1. If the boxer in Figure 6.8 is able to increase the duration of impact 3 times
as long by riding with the punch, by how much will the force of impact be
reduced?

2. If the boxer instead moves into the punch so as to decrease the duration
of impact by half by how much will the force of impact be increased?

3. A boxer being hit with a punch contrives to extend time for best results,
whereas a karate expert delivers a force in a short time for best results.
Isn't there a contradiction here?

4. When does impulse equal momentum?

Check Your Answers

1. The force of impact will be only a third of what 1t would have been If he hadn’t
pulled back

2, The force of impact will be 2 times greater than it would have been If he had held

his head still. Impacts of this kind account for many knockouts

There is no contradiction because the best results for each are quite different. The

best result for the baxer is reduced force accomplished by maximizing time, and

3.

the best result for the karate expert is increased force delwered in minimum time

4. Genenally, impulse equals a change in momentum. If the initial momentum of an
object is zero when the impulse is applied, then impulse = final momentum
And, If an object Is brought to rest, impulse = Initial momentum

¥ Bouncing

f a flowerport falls from a shelf onto your head, you may be in wouble. If it
bounces from your head, you may be in more serious trouble. Why? Because
impulscs are greater when an object bounces, The impulse required to bring an object
10 a stop and then to “throw it back again” is greater than the impulse required merely
to bring the object to a stop. Suppose, for example, that you catch the falling pot with
your hands, You provide an impulse to reduce its momentum w zero. If you throw
the pot upward again, you have to provide additional impulse. This increased amount
of impulse is the same that your head supplies if the Howerpor bounces from it
The left opening photo ar the beginning of chis chaprer shows physics instructor
Howie Brand swinging a dart against a wooden block. When the dart has a nail ar
its nose, the dart comes w a haleas it sticks to the block. The block remains upright.

Impulse
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When the nail is removed and the nose of the dart is half of a solid rubber ball, the
dart bounces upon conract with the block. The block topples over. The force against
the block is greater when bouncing ocaurs,

The fact that impulses are greater when bouncing occurs was used with great suc-
cess during the California Gold Rush, as discussed ar the beginning of the chaprer.
Pelton designed a curved paddle that caused the incoming water 1o bounce upon
impact, increasing the impulse on the wheel.

_mux'mr

B
1. In reference to Figure 6.9, how does the force that Cassy exerts on the
bricks compare with the force exerted on her hand?
2. How will the impulse resulting from the impact differ if her hand
bounces back upon striking the bricks?

Check Your Answers
1. Inaccord with Newton's third law, the forces will be equal. Only the resilience of
the human hand and the training she has undergone to toughen her hand allow
this feat to be performed without broken bones.
2, The impulse will be greater If her hand bounces from the bricks upon impact. If
the time of impact is not correspondingly increased, a greater force is then
exerted on the bricks [and her hand!)

* Conservation of Momentum

rmm Newton's second law, you know thae to accelerate an object, a net force
must be applied o ir. This chapeer states much the same thing, but in different
language. If you wish to change the momentum of an object, exert an impulse on it.

Only an impulse external to a system can change the momentum of the system,
Internal forces and impulses won't work. For example, the molecular forces withina
baseball have no effect on the momentum of the baseball, just as a push against the
dashboard of a car you're sitting in does not affect the momentum of the car. Mole-
cular forces within the baseball and a push on the dashboard are internal forces.
They come in balanced pairs that cancel o zero within the object. To change the
momentum of the ball or the car, an extemal push or pull is required. If no external
force is present, then no external impulse is present, and no change in momentum
is possible.

As another example, consider the cannon being fired in Figure 6.11. The force
on the cannonball inside the cannon barrel is equal and opposite to the force caus-
ing the cannon to recoil. Since these forces act for the same time, the impulses are
also equal and opposite. Recall Newton's third law about action and reaction forces.
lrapplies 1o impulses, wo. These impulses are internal to the system comprising the
cannon and the cannonball, so they don't change the momentum of the

FIGURE 6.1

INTERACTIVE FiGURE

AMommentum is conserved for all
collisions, elastic and melastic
iwhenever external farces don't
mierfere)

fvi

» In Figure 6.n, mest of the cannon-
ball's momentum is in speed, most
of the recoiling cannon’s momen-
tum Is In mass. So
mV = My

The momentum before firing is zero. After firing, the net momentum is
still zero, because the momentum of the cannon is equal and opposite
to the momentum of the cannonball.
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FIGURE 6.12

A cue ball hits an 8 ball head-on.
Consider this event in three systems:
(a) An exvernal force acts on the
8-ball system, and its momentum
increases, (b) An external foree acts
on the cue-ball system, and its
momentum decreases. (c) No external
force acts on the cue-ball + §-ball
system, and momentum is conserved
(simply transferred from one part of
the system to the other),

Can you see how Newton's laws
relate to momentum Conserva-
tion?

cannon-cannonball system. Before the firing, the system is at rest and the momen-
tum is zero, After the fining, the net momentum, or towal momentum, is st zero.
Net momentum is neither gained nor lost.

Momentum, like the quantities velocity and force, has both direction and mag-
nitude. It is a vecror guantesy. Like velocity and force, momentum can be cancelled.
So, although the cannonball in the preceding example gains momenum when hred
and the recoiling cannon gains n wm in the opposite directon, there is no
gain in the cannon—cannonball system. The momenta (plural form of momentum)
of the cannonball and the cannon are equal in magnitude and opposite in direc-
tion.” Thercfore, these momenta cancel to zero for the system as a whole, Since no
net external force acts on the system, there is no net impulse on the system and no
net change in momentum. You can see that, if no net force or net impulie acts on a
system, the momentum of that sysiern cannos change.

—

8-ball system cuc-ball + 8-ball system

cue-ball system

When momentum, or any quantity in physics, does not change, we say it is
conserved. The idea that momentum is conserved when no external force aces is ele-
vated to a central law of mechanics, called the law of conservation of momentum,
which states:

In the absence of an external force, the momentum of a system remains

unchanged.

In any system wherein all forces are internal—as, for example, cars colliding,
atomic nucle undergoing radioactive decay, or stars exploding—the net momen-
tum of the system before and after the event is the same.

_r.nj.u'm"T

W
1. Newton's second law states that, if na net force is exerted on a system, no
acceleration ocours Does it follow that no change in momentum occurs?
2. Newton's third law states that the force a cannon exerts on a cannonball
is equal and opposite to the force the cannonball exerts on the cannon.
Does it follow that the impulse the cannon exerts on the cannonball is
equal and opposite to the impulse the cannonball exerts on the cannon?

Check Your Answers

1. Yes because no acceleration means that no change occurs in velodtyor in
momentum (mass ¥ velocity). Another line of reasoning is simply that no net
force means there is no net impulse and thus no change in momentum

2. Yes because the interaction between beth occurs during the same time interval,
Since time is equal and the forces are equal and opposite, the impulses, Ft, are also
equal and apposite Impulse Is a vector quantity and can be cancelled.

“Here we neglect the momentum of cjecred gases from the exploding gunpowder, which can be considerable.
Finng a gun woh blanks ar cose range o a definse no-no becase of the comsiderable momentum of
epcting gases. Mote than one person has been killed by close-range hring of blanks. 1n 1998, 2 minsaer in
Jacksonville, Flonda, dramatzing his sermon before several hundred parishsoness, inclading his fumdy,
shot himsdf in the head with a Blank round from a 357-cliber Magnum. Altbough nn shig emerged from
thee gun, exhaas gases did—eaough 1 be letchal. So, sricty speaking, the momentem of the bulles = the
momentum of the exhawss gases = oqual m the opy of the ling gun




Conservation Laws

conservation law specifies that certain quantities ina

system remnain precisely constant. regardless of what
changes may occur within the systern. it is alaw of constancy
during change. In this chapter, we see that momentum is
unchanged during coll sions. We say that momentum is con-
served in the next chapter, weTiiearn that energy is conserved
as it transferms—the amount of energy in light, fat example,
transforms completely to thermal energy when the light is
absorbed We'llsee, in Chapter 8, that angular momentum fs
conserved—whatever the rotational motion of a planetary

* Collisions
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system, its angular mementum remains unchanged so long
asit is free of outside influences. In Chagter 22, we'll learn that
electric charge is conserved, which means that it can nelther
be created nor destroyed When we study nudear physics, we'll
see that these and other conservation laws rule In the sub-
microscopic world. Conservation laws are a source of decp
Insights into the stmple regularity of nature and are often
considered the most fundamental of physical laws Can you
think of things In your own life that remain constant as other
things change?

Mnmcnmm is conserved in collisions—that is, the net momentum of a
system of colliding objects is unchanged before, during, and after the
collision. This is because the forces that act during the collision are internal
forces—forces acting and reacting within the system itself. There is only a
redistibution or sharing of whatever momentum exists before the collision. ln any

collision, we can say

Net momentum before collision = net momentum after collision.

This is true no matter how the objects might be moving before they

collide.

When a moving billiard ball makes a head-on collision with fa)

® O

another billiard ball at rest, the moving ball comes to rest and the
other ball moves with the speed of the colliding ball. We call this an
elastic collision; idcally, the colliding objects rebound wichour last-
ing deformation or the generation of heat (Figure 6.13). Bur
momentum is conserved even when the colliding objects became
entangled during the collision. This is an inelastic collision, char-
actetized by deformation, or the generation of hear, or both. In a
perfectly inelastic collision, both objects stick together. Consider,

for example, the case of a freight car moving along a track and colliding with
another freighe car at rest (Figure 6.14). If the freight cars are of equal mass and arc
coupled by the collision, can we predice the velocity of the coupled cars after

impact?

V=10 —= v=0

|y

FIGURE 6.14

Inclastic collision. The momentum of the l"m'%ht car on the left s
d with the same-mass freight car on the nighr after collision,

':i:) ® i‘; a
Q &)

[c)

0 | @&

®___

- . _
® O

Elastic collisions of equally massive
balls. (a) A green ball srrikes a yellow
ball at rest, (b) A head-on collision.
(c) A collision of balls moving in the
same direction. [n each case, momen-
um is transferred from one ball 10
the other.
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FIGURE 6.15

L ITERACTIVE Niaine*)

Il'k‘laﬂn_ u‘"mlln\. j}lc net mamen-
tum of the trucks before and afrer
collision is the same

Gallkeo worked hard 1o produce
smaoth surfaces to minimize fric
ton, How he would hawe loved to
experiment with today's air
Tracks

FIGURE .16

Will Maynez demonstrates his air
wrack. Blasts of air from tiny holes
provide a friction-free surface for the
carts 1o glide upon

Suppose the single car is moving ar 10 meters per second (m/s), and we consider
the mass of cach car 1o be m. Then, from the conservation of momentum,

(net M) fore = (et my)

alver

(m X 10)pesare ™ (2m X V)yfooe

By simple algebra, V = 5 m/s. This makes sense because, since twice as much mass
is moving after the collision, the velocity must be half as much as the velocity before
collision. Both sides of the equation are then equal.

Note the inelastic collisions shown in Figure 6.15. IF A and B are moving with
equal momenta in opposite directions (A and B colliding head-on), then one of
these is considered to be negatve, and the momenta add algebraically to zero.
After collision, the coupled wreck remains at the point of impact, with zero
momentum.

b allE™ ~n
T o
Le A R
=
2 e
Y11 : Ad
a_se s N

If, on the other hand, A and B are moving in the same direction (A carching up
with B), the net momentum is simply the addition of their individual momenta

If A, however, moves east with, say, 10 more units of momentum than B moving
west (not shown in the figure), after collision, the coupled wreck moves east with
10 units of momentum. The wreck will finally come to a rest, of course, because of
the external force of friction by the ground. The time of impact is short, however,
and the impacrt force of the collision is so much greater than the external friction
torce that momentum immediately before and after the collision is, for pracrical
purposes, conserved. The net momentum just before the trucks collide (10 units) is
cqual 1w the combined momentum of the crumpled rucks juse afrer impact
(10 units). The same principle applies to gently docking spacecraft, where friction is
entirely absent. Their net momentum just before docking is preserved as their net
momentum just after docking,
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Consider the air track in Figure 516 Suppose a gliding cart with amass of
05 kg bumps into, and sticks to, astationary cart that has amassof 15kg.
If the speed of the gliding cart before impact is Vi, how fast will the
coupled carts glide after collision?

Check Your Answer

According to momentum conservation, the momentumof the as-kg cart before
the collsion = momentum of both carts stuck together afterwards

0.5Mwbere = (0.5 + 15) Vyne

0.5 Visfure 0.5 Yistore Ve rore

fos +15) : 4
This makes sense, because four times as much mass will be moving after the
coltision, so the coupled carts will glide more slowly The same momentum means
four times the mass glides 1/4 as fast

For a numerical example of momentum conservation, consider a fish that swims
toward and swallows a smaller fish at rest (Figure 6.17). If the larger fish has a mass
of 5 kg and swims 1 m/s toward a 1-kg fish, what is the velocity of the larger fish
immediately after lunch? Neglect the effects of water resistance.

MOMENTUM

FIGURE 6.17
Two fish make up a system, which
has che same momentum just before

lunch and just after lunch.

Net momentum before lunch = net momentum after lunch
(5 kg)(1 mis) + (1 kg0 mfs) = (Skg + L kg) v
5kg mis = (6kg »
v = 5/6 m/s

Here we see that the small fish has no momentum before lunch because its velociry
is zero, After lunch, the combined mass of both fishes moves ar velocity v, which,
by simple algebra, is seen to be 5/6 mfs. This velocity is in the same direction as that
of the larger fish,

Suppose the small fish in this example is not at rest, bur swims roward the lefe ar
avelocity of 4 m/s, It swims in a direction opposite that of the larger fish—a nega-
tive direction, if the direction of the larger fish is considered positive, In this case,

Net momentum before lunch = net momentum after lunch

(5 kg)(1 mis) + (1 kg)(—4 m/s) = (Skg + 1 kg) »
(5 kgem/s) — (4 kgm/s) = (6 kg) v
Tkg'm/s = kg v

v = 1/6 mls
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Unlike billlard balls after a colli-
shan, mulear particles experience
ne alr drag or other friction and
fiy o in straight Tines without
losing speed until hitting another
particle or undergoing radioac

tive decay.

AA

is @ vector

Note that the negatve momentum of the smaller fish before lunch effectively stows
the larger fish after lunch. If the smaller fish were swimming twice as fast, then

Net momentum before lunch = net momentum after lunch
(S kg1 mfs) + (1kg)(—8 m/s) = (Skg + 1 kg) v
(5 kg-mis) — (8kg-m/s) = (G kg) v
—3kg'mls = 6kge
r= —1/2 mis

Here we see the final velocity is —1/2 mfs. What is the significance of the minus
sign? [t means that the final velocity is apparsite to the initial velocity of the larger
fish. After lunch, the two-fish system moves toward the left. We leave as a chapter-
end problem finding the initial velocity of che smaller fish to halt the lasger fish in
its tracks.

* More Complicated Collisions

Tl'lc net momentum remains unchanged in any collision, regardless of the angle
between the paths of the colliding objects. Expressing the net momenum
when different directions are involved can be achieved with che parallelogram rule
of vecror addition. We will not treae such complicated cases in great detail here, but
will show some simple examples 1o convey the concepr.

In Figure 6.18, we see a collision berween two cars traveling ar right angles 1o
cach other. Car A has a momentum directed due east, and car B's momentum is
directed due north. If their individual momenta are equal in magnitude, then their
combined momentum is in a norcheasterly direction, This is the direction the cou-
pled cars will travel afrer collision. We see that, just as the diagonal of a squarc is not
oqual to the sum of two of the sides, the magnitude of the resulting momentum will
not simply equal the arithmetic sum of the two momenta before collision. Recall
the relationship between the diagonal of a square and the length of one of its sides,
Figure 5.23 in Chapter S—the diagonal is V2 times the length of the side of a
square. So, in this example, the magnitude of the resultant momentum will be equal
10 V2 times the momentum of cither vehicle.

r- -

Momentum Combined momentum
Momentum of car A + of ) fA+B
foui a ) a +

Figure 6.20 shows a falling Fourth-of-July firecracker exploding intw mwo picces.
The momenta of the fragments combine by vector addition 1o equal the original
momentum of the falling firecracker. Figure 6.19b extends this idea to the micro-
scopic realm, where the tracks of subatomic particles are revealed in a liquid hydro-
gen bubble chamber,
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Whatever the nawure of a collision or however complicated it is, the total

momenmur hl":\1r" during, and S CXIRCImMC |'| .l-l"..l

remains unchan

law enables us to learn much from collisions without knowing any details abour

the forces that act in the collision. We will see, in the next cf

aprer, that enc

perhaps in muluple forms, is also conserved. By applying momentum and energ)

CONSCrvanon o

e collisions of subatomic particles as observed in various detec-

Licy .Jl.”!ll'\[\. WC AN compuic 'Jh masses ol lll&\\' tiny !‘-N:I\[L\ \\ C \-‘]'I.III'. |]IJ'

ig momenta and energy before and afier collisions.

information by measun

Remarkably, chis achievement is possible without any exact knowledge of the
forces thar ace.

Conservation of momentum and conservaton ol ene (which we will cover in

napter) are the two most powe .l‘lll rools of rnn}'.ll' Cs \F‘;‘l'.'l‘-_: ‘}'u".'l

iled information that ranges from Faces abour IIl. interactions of sub

e structure and motion of entire ¢
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FIGURE 6.20

1 Alter the hrecrac

onscrved tor colliding bil
bble chamber. In (a), billiard ball A
at rest. [n (b), proton A collides successively with protons B, C, and D. The b

momenta of s |
(LA .Ililjl

% momentum

hich

ents add up

protons leave tracks of any bu

SUMMARY OF TERMS

Momentum T he product of the mass of an object and its ung '|:||l_,'_r|| Hence, the momentum before an event

velocity s equal ro the momentum

Impulse The produce of the force acting on an objecr and rthe
time during which it act

nship of impulse equal o o s
in the me the Elastic collision A collision in which colliding «
In anon, rebound withour Last ng formation or |Ii..
I I" i
i Inelastic collision A collision in which che collidi X
Law of conservation of momentum In the absence of an become distorted, generate heat, and possibly

xternal force, the momentum of ©m remains et et
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REVIEW QUESTIONS

Momentum

1. Which has a grearer momentum, a heavy truck ar rest or 4
maving skateboand?

Impulse

2. How does impulse differ from force?

3. Whar are the two ways to increase impulse?

4. For the same force, why does a long cannon impart more
speed 1o a cannonball than a small cannon?

Impulse Changes Momentu

5. Is the impul um relationship related 10
Newton's sccond law?

6. To impart the greatest momentum to an object, should
you exert the largest force possible, extend that force for
as long a time as possible, or both? Explain.

7. When you are in the way of 2 moving object and an
impact force 15 your fare, are you better off decreasing its
momentum over 3 shore rime or over a loag time?
Explain,

8. Why is it a good idea to have your hand extended forward
when you are getting ready to carch a fast-moving base-
ball with your bare hand?

9. Why would it be a poor idea 1o have the back of your
hand up againse the outficld wall when you carch a long
fly ball?

10. In karate, why is a force that is applied for a short nme
maore advantageous?
11. In boxing, why is it advantageous ta roll with the punch?

Bouncing

12. Which undergoes the greatest change in momen wm:
(1)a hal'\:nrluthcwd'll.{l] a baseball that is thrown,
or (3) a baseball thar is caughr and then thrown back, if
all of the baseballs have the ame speed just before being
caught and just afrer being thrown?

13. In the preceding question, in which case i the greatest
impulse required?

Conservation of Momentum

14. Can you produce a net impulse on an automobile by
sitting inside and pushing on the dashboard? Can the
internal forces wichin a soccer ball produce an impulse on
the soccer ball thas will change its momentum?

15. Is it correct to say char, if no net impulse is exerred on a
system, then no change in the of the sy
will occur?

16. Whar does it mean 1o say that momentum (or any
quantity) is conseroval?

17. When ac ball is fired, is conserved for
the sysrem of cannon plus ¢ ball. Would
be conserved for the system if momentum were not a
vector quantity? Explain,

Collisions

18. Distinguish berween an ebeizic collision and an inelassic
collion. For which type of collision is momentum con-
served?

19. Railroad car A rolls at a certain speed and makes a
perfectly elastic collision with car B of the same mass.
After the collision, car A is observed to be ar rot. How
does the speed of car B compare with the initial speed
of car A?

20. 1F the equally massive cars of the previous question stick
together after colliding inclastically, how does their
speed after the collision compare with the initial speed

of car A?

More Complicated Collisions

21. Suppose a ball of purty moving hormantally with
1 kg*m/s of momentum collides and sticks to an identical
ball of putty moving vertically with 1 kg*m/s of momen-
wim. Why s their combined momentum oot simply the
arithmetic sum, 2 kg-m/s?

22. In the preceding question, what is the total momenmum of
the balls of putty before and after the collision?

PLUG AND CHUG

Momentum = mp

1. Whar is the momentum of an 8-kg bowling ball rolling ar
2 mis?

2. What is the momentum of a 50-kg carton char slides at
4 m/s across an icy surface?

Impulse = Fi
3.%ti:npnlumnwlm1mlmng¢ﬁ)m¢oflﬂNn
exerred on a cart for 2.5 ¢
4. What impulse ocours when the same force of 10 N acts
on the cart for twice the time?

Impulse = change in momentum: Fr = Amw

5. What is the impulse on an 8-kg ball rolling at 2 m/s when
it bumps into a pillow and stops?

6. How much impulse stops a 50-kg carton sliding ar 4 m/s
when it meets a rough surface?

C ion of Mo = P slice
7.AZ—E;thnfputr_rmavin;:rjmhlhmimnal-k;
blob of purty at sest. Calculare the speed of the two stuck-
together blobs of purty immediately after colliding.
8. Calculase the speed of the two blobs if the one ar rstis 4 g
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RANKING

1. The balls have different masses and speeds. Rank che
following from greatest to least

20mls

a. Momentum
b. The impulses needed 1o stop the balls

2. ]omns_[ike runs alnn! a train flatcar that moves at the
velocitics shown. In cach case, Jake's velocity is given rela-
tive to the car. Call direction w the right pasiove. Rank
the following from greatest ro least.

A ; B g
Bmfs 10 mfs
4_r:{s E."_,Jrz
.c.é gs
— e ——
6mfs 18mfs

a. The magnitude of Jake's momentum relative 1o the
farcar

b. Jake's momentum relative to an observer ar rest on the

ground
3. Marshall pushes crares starting from rest across the floor
of his classroom for 3 5 with a net force as shown, For
cach crare, rank the following from grearest o least.

PROJECT

When you get 2 bit ahead in your
studics, cut classes some aftemaoon
and visit your kocal poal ot balliasds
parder and bone up on momenium
conservation. Note that no marrer
how complicated the collision of
balls. the momentum along the line
of sction of the cue ball betore
impact 15 the same as the combined momentum of all the balls
alang this direction after impact and that the components of
momenta perpendicular to this line of acton cancel 10 zero

a. Impulse delivered
b. (:lungr N momentum
< Final speed
d. Momentum in 35

4. A hungry fish is about 1w have lunch at the speeds shown,
Assume the hungr_r fish has a mass § times that of the small
fish. Immediately after lunch, for cach case, rank from
greatest to least the speed of the formerdy hungry hsh.

after impact, the same value as before impact in this
dircction, You'll see both the vector nature of momentum and
its conservation more dearly when roational skidding—
“English™—is not im parted w the cue ball. When Englich is
imparted by ssriking the cue ball off center, rotational
mamentum, which is alse conserved, somewhar complicares
analysis. But, regardless of bow the cue ball is struck, in the
abmence of exrermal forces, both lincar and rotational
momenta are always conserved. Both pool and billiards
ofter a hese-race exhibition of momentum conervation in
au‘mn
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EXERCISES

1. When a supertanker is brought to a stop, its engines are
typically cut off abour 25 km from port, Why is it so dif-
ﬁ(.1|h m !‘GP or tuma l“pﬂnﬂnk"!

2. In terms of impulse and momenmum, why do padded
d=ehlks 4 m a | ) |4&T-=

3. In wrms of impulse and momentum, why do air bags in
cans reduce the chances of injury in acadents?

4. Why do gymnasts use floor mars thar are very thick?

5. In terms of impulse and momenmum, why are nylon
ropes. which strerch considerably under rension, favored
by mountain climbers?

6. Why is it a serious folly for 2 bungee jumper to use a steel
cable rather than an elastic cord?

7. When jumping from a signihcant height, why is it advan-
tageous to land with your knees bent?

a. A Fm“ «an mr\'i\ﬂ.‘ a Fﬂl'ﬁn' imp‘[ ara lp(".d d Jhl“'
12 mis (27 mi/h) on concrere; 15 m/s (34 mi/h) on soil;
and 3 m/s (76 mi'h) on water. Why the different values
for different surfaces?

’- W1'|=n l.')|chlns a rml hﬂ." ata l‘ﬂkhﬂ" Em‘ why JLpe
important 1o extend your bare hands upward so they can
mave downward as the ball is being caught?

10. Automaobiles in past times were manufacrured o be as
ngid as possible, whercas modern autos are designed ro
crumple upon impact. Why?

1L In terms of impulse and momentum, why is it impornant
thar helicoprer blades defiec air downward?

12. It 15 generally much more difficult to stop a heavy
truck than a skateboard when they move ar the same
speed. State a case in which the moving skateboard
could require more stopping force. (Consider relative
tmes.)

13. A lunar vehicle is rested on Earh ar a speed of 10 km/h.
When it travels as faston the Moon, 15 its momentum
more, less, or the same?

14. If you throw a raw egg against a wall, you'll break it Bue
“*,Eﬂ Pm' mr’k.ill“m lhm! an E“ at (]“ same ![mi!
into a sagging sheet, it doesn’t break, Explain, using
concepts from this chaprer.

.

15. Why is it dafficult for a firehighter wo hold 2 hose thac
cjects large amounts of water at a high speed?

16. Would you care 1o fire a gun thar has a buller 10 rimes as
massive as the gun? Explain,

17. Why are the impulses thar colliding objects exerr on cach
other equal and oppasite?

18. If a ball is projected upward from the ground with
10 kg*m/s of momentum, whar is Earth’s momentum
of recoil! Why do we not feel thas?

19. When an apple falls from a tree and strikes the ground
without bouncing, what becomes of its momentum?

20. Why does a bascball carcher's mirt have more padding
than a conventional glove?

21. Why do 8-ounce boxiag gloves hic harder than 16-ounce
gloves?

22. A boxer can punch a heavy bag for more than an hour
without tiring but will tire quickly when boxing with an
opponent for a few minures. Why? ( Hinr: When the
boxer's fst 1s aimed at the hag, whar supplies the impulse
to stop the punches? When the boxer's fist is aimed at the
apponent, what or who supplies the impulse to stop the
Puﬂ(h“ lhll l:I.nn‘! l:nrlnen?}

23, Railroad cars ase loosely coupled so thar there is a nortice-
able time delay from the time the first car s moved uneil
the Last cars are moved from rest by the locomotive, Discuss
the advisability of this loose coupling and slack berween
cars from the point of view of impubse and momentum,

24. Ifonly an external force can clun.sr the veloaity of a bady,
how can the internal force of the brakes bring a moving
car to rest?

25, You arc ar the front of a foating canoe near a dock. You
Jump. Expﬂ‘f.lﬂs (24 hﬂd on 'h ‘k‘k le}'. lnmd
you land in the warter, Explain.

26. Explain how a swarm of Hyving insccts can have a net
momentum of zero,

27. A fully dressed person is at rest in the middle of a pond on
perfectly fricrionless ice and must get to shore. How can
this be accomplished?

28. If you throw a ball horizontally while standing on roller
skates, vou roll backward with a momentum that marches
'hﬂl’ l)l"h hlll‘ Wi“ 'VBI] m" '“Ekwﬂl’d ;f you ED |l‘“ﬂ|.|.‘h
the motions of throwing the ball, bur instead hold on w0
it? Explain.

29. The examples of the two previous exercises can be
mp':lirud -I|'| terms ‘;ﬂmﬂ(“m mnkn‘ll‘mn J.lld iﬂ
terms of Newron's third law. Assuming you've answered
them in terms of momentum conservanon, answer them
also in terms of Newron's third law (or vice versa, if you
answered already in terms of Newton's third law).

30. In Chaprer 5, rocker propulsion was explained in terms of
Newton's third law. That is, the force that propels a rocket
is from the exhaust gases pushing against the rocker, the
mllﬁﬂﬂ [{4] Ih( fﬂm l}r N)ﬁkﬂ CXCTIS DN II'K ﬂllll.l.“
gascs. Explain rocker propulsion in reems of momentum
CONSCTVAtion.

31. Explain how the conservation of momentum is a conse-
quence of Newton's chird law.

32. Go back to Exercise 23 in Chaprer 5 and answer it in
terms of momentum conservation.




33. If you place a box on an inclined plane, it gains momen-
tum as it dides down. What is responsible for this change
In momentum?®

34. Your friend says that the law of momentum conservation

1s violared when a ball rolls down a hill and gains momen-

tum. Whar do you say?

35. Whar is meant by a system, and how is it relared 10 the
conservation of momentum?

36. 1f you toss a ball upward, is the momenum of the
moving ball conserved? Is the momentum of the system
consisting of ball + Earth conserved? Explain your
ANSWOTS.

37. The momentum of an apple falling to the ground is not
conserved because the external force of pravity acts on
it. But momentum is conserved in a larger system.
Explain.

38. Drop a stone from che top of a high cliff. Idenrify the sys-
tem wheran the ner momentum is zero as the stone falls,

39. A car hurtles off a cliff and crashes on the canyon Hoor
below. Identify the syscem wherein the net momentum is
zero during the crach.

40. Bronco dives from a hovering helicopter and finds his
momentum increasing. Does this violate the conservation
of momentum? Explain,

41. Which exerts the greaver impulse on a steed plare—
machine gun bullets thar bounce from the plate, or the
same bulk i "‘,:lnd icki .,wd'lrp!n:?

42, An ice sailcraft is sulled on a
frozen lake on a windless day.
The skipper sets up a fan as
lhm. 'rl’l dl!m h.lﬂm
backward from the sail, will the
craft be set in mation? Ifso, in
whar direction?

43. Will your answer to the pre-
ceding exercise be different if
the air is brought to a halt by
the sail withour bouncing?

44, Discuss the advisability of simply removing che sail in the
preceding exercises.

45. As you toss a ball upward. is there a change in the normal
force on vour feee? Is there 2 when you catch the
ﬁﬂhﬁk of doing this while standing on a bathroom

)

46, When you are raveling in your car ar highway spead, the
momentum of 2 bug is suddenly changed as it splatters
onto your windshidd. Compared with the change in
momentum of the bug. I!_vlmw much does the momen-
tum of your car change?

47. Ifa tennis ball and a bowling ball collide in midair, does
cach undergo the same amount of momentum change?
Defend your answer.

48. If a Mack ruck and a MiniCooper have a head-on colli-
sion, which vehicle will experience the greater force of
impact? The greater impulse? The greater change in

3 ‘rh' & . — H »

49, Would a head-on collision berween two cass be more
damaging ro the occupants if the cars stuck rogether or if
the cars rebounded upon impacr?

50. Freddy Frog drops vertically from a tree onto a hotizon-
tally moving skareboard. The skateboard slows. Give two
reasons for this, one in terms of 2 honzontal ficoon force
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berween Freddy's feet and the skateboard, and one in

rerms of momenum conservation.

W W

51. A 0.5-kg cart on an air track moves 1.0 m/s to the right,

heading roward a 0.8-kg care moving to the lefr ar
1.2 m/s. What is the direction of the two-care system's
momencum?

52. In a movie, the hero jumps straight down from a brdge
onto a small boar that continues 1o move with no change
in velocity. What physics is being violated here?

53. To throw a ball, do you exertan impulse on it? Do you
exert an impulse o carch it at the same speed? About how
much impulse do you exert, in comparison, if you carch it
and immediarely throw it back again? (Imagine yourself
on a skarchoard.)

54. Suppose that there are thiee astronauts outside a space
ship and thar they decide o play cacch. All the astronauts
weigh the same on Earth and are equally strong, The firse
astronaut throws the second one toward the third one and
the game begins. Describe the motion of the astronaurs as
the game proceeds. How long will the game last?

+ y L - &
*® /)
" ) (

55. In reference 1o Figure 6.9, how will the impulse at impact
differ if Cassy's hand bounces back upon striking the
bricks? In any case, how does the force exerted on the
bricks compaze to the force exerted on her hand?

56. Light posscsses momensum. This can be demonstrared
with a radiometer, shown in the skeech. Metal vanes
painted black on one side and white on
the other are free to romate around the
point of a needle mounted in a vacuum,

When lighe is incident on the black

surface, it is absorbed; when light is

incident upon the white surface, it is

reflecead, Upon which surface is the

impulse of incident light greater, and

which way will the vanes rotate? (They

rotate in the opposite direction in the

moe commeon radiomerers in which air

1 present in the glass chamber; your instructor may tell
you why.)

57. A deuteron is a nuclear particle of unique mass made up
of one proton and one neurron. Suppose that a deuteron
is accelerated up to a cerrain very high speed in 2
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cyclotron and directed into an observation chamber,
where it collides with and sticks to 2 target particle that is
initially ar rest and then is observed ro move ar exactly
half the speed of the incident deuteron. Why do the
observers stare thart the targer particle is itself a deuteron?
$8. A billiard ball will stop shorr when it collides head-on
with a ball ar rest, The ball cannor stop shorr, however, if
the collision is not exactly head -on—that is, if the second
ball moves at an angle to the path of the fisst. Do you
know why? (Hire: Consider momentum before and after
the collision along the initial direction of the first ball and
also in a direction perpendicular to this initial direction.)

59. When a stationary uranium nucleus undergoes fission, it
breaks into two unequal chunks that fly apart. What can
you conclude abourt the momenta of the chunks? Whar
can you conclude abour the relative speeds of the chunks?

60. You have a friend who says thar after a golf hall collides
with a bowling ball at rest. although the speed gained by
the bowling ball is very small, its momentum exceeds the
mﬂmmmafdnpﬂ'w\'wﬁwmlﬁmhn
asserts this is relared to the "negative” momentum of the
golf ball afier collision. Another friend says this is hog-
wash—thar momentum conservation would be violared.
Which friend do you agree with?

PROBLEMS

1. When bowling, your physics buddy asks how much
impubse is needed to stop a 10-kg bowling ball moving at
6 m/s. Whar is your answer?

2. Joanne drives her car with a mass of 1000 kg at a speed of
20 m/s. Show thar to bring her car to a haltin 10 s road
friction must exert a force of 2000 N on the car.

3. A car carrying a 75-kg rest dummy crashes into a wall ar
25 m/s and is brought to rest m 0.1 5. Show that the average
force exerred by the scar belr on the dummy is 18,750 N,

4. Judy (mass 40 kg), standing on slippery ice, catches her
leaping dog (mass 15 kg) moving horizontally ar 3.0 m/s.
Shaw that the speed of Judy and her dog after the carch is
0.8 m/fs.

5. A 2.kg ball of putty moving to the nght has a head-on
inelastic collision with a 1-kg purty ball moviag 1o the
left. If the combined blob doesn’t move just after the calli-
sion, what can you conclude about the relative speeds of
the balls before they collided?

6. A railroad diesel engine weighs four times as much as a
freaght car, If the diesel engine coasts at S km/h into a
freight car that is initially at rest, show that che speed of
the coupled cars is 4 km/h.

7. A 5-kg fish swimming | m/s swallows an absentminded
1-kg fish swimming toward it at a speed thar brings both
fish to a halt immediately after lunch. Show chat
speed of the approaching smaller fish before lunch must
have been S m/s.

8. Comic-strip hero Superman meets an asteroid in outes
space and hurls it at BOO m/s, as fast as a bullet, The
asteroid is a thousand rimes more massive than
Superman. In the strip, Superman is seen at rest after
the throw. Taking physics into account, whar would be
his recoil velocity?

9. Two automobiles, cach of mass 1000 kg, are moving ar
the same speed, 20 m/s, when they collide and stick
together. In what direction and at what speed does the
wreckage move (a) if one car was driving north and one
south; (b) if one car was driving north and one east
(as shown in Figure 6,18)?

-lo.Anmmch of mass m is tossed at a speed #into a
e%mmdisbnmghtmmtinaum:.
a Q'auwtlut the force acting on the egg when it hits
the sheet is ma,
b. If the mass of the egg is 1 kg, its inivial speed is
2 mi/s, and the time to stop is 0.2 s, show that the
average force on the cgg s 10 N,
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1 Elecrrical energy s created by wind turbines; we call them windmills when they are used
o mill grain or pump water. 2 Roy Unruh convers light energy to electrical encrgy with
small |l}|ul.v\'nflan cells mounted on model solar ?u\u'h.'d vehicles. 3 On a !:rJnllrr scale,
this photovolaic farm ar Nellis Air Force Base in Nevada leads America’s way in ||.||\r\lm:_',

clean solar energy.

ne of France’s greatest scieniists was Emilie du
Chatelet, who lived Llulilli,; the 1700s when all
of Europe was celebrating the achievements of lsaac
Newton, She was accomplished not only in science bun
also in philosophy and even Biblical studies. She was the
first to eranslate Newton's Principia into French, and she
annotated her translation with new results in mechanics
OF du Chartclet’s several lovers, Voltaire was the most
intense. For 15 years they lived together, collecting a
library of more than 20,000 volumes, each encouraging
and erinquing the work of the other. Theirs was one of
the most exciting and passionare European love stories.
At the time there was a grear debate in physics about
the nature of the “oomph” possessed by moving objects.
Scientsts in England claimed oomph (whar we would
now call kinetic energy) was mass X velociry, whereas
scientists such as Lebniz in Germany daimed it was
mass X velocity squared. The debate was finally sercled
by observations and a paper published by du Chareler
thar aited another scientist's simple experiment to distin-
guish between the two hypotheses. When a small solid
1. It the
ball hies with twice the speed. and if its oomph is

lll.ln n.illln.‘r\' 19 dllll,llPL'Li mto tlA\', i ﬂlJLL‘\ ad

mass X velocity, the dent in the cdlay should be twice as
deep. But experiment showed it was 4 times as deep (2
squared). Dropping the ball higher so it hit with 3 rimes

the .\puul }mniuu'd a dent thar was not 3 times as iiuqr.
but 9 times as du'p (3 squared). Since Emilie du Charelet
was s0 highly respecred by the scientific communiry, she
ended the conuoversy by support-
ing the argument that the oomph
of moving things is proportional
o mass X velocity squared
Emilic became pregnant ar the
age of 42, which was dangerous at
the time. Doctors then had no
awareness thar they should wash

their hands or instruments. There

were no .lll(il'lilltll.\ mw blilltllll
infections, which were common.
She died a week after the birth,
Voluire was beside himself: “1 have
lost che half of mysclf-

Although Voltaire's collected publicarions had exceeded

a soul for which mine was made.”

10,000 printed pages, after her death he published no
other sciennhic commentanes, even into a nipe old age.

As we learned in the previous chaprer, mass X veloc-
Iy s w l'IJl woe L.l” maomentang. lll lll]h Lll.lllll'l. W¢ sCc
that mass X velocity M|ua|\'d Iunl,:tlilul with a factor of
1/
about forms of encrgy, including kineric energy.

We begin by considering a related concepr: work

is whar we call kinets energy. We will now learn
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The word work. in common usage,
means physical or mental exer.
tion. Don't confuse the physics
definition of work with the every-
day notson of work Work s a
trarsfer of enengy

PhysicsPlace.com
Tutorial
Energy

* Work

ln the previous chapter, we saw that changes in an object’s motion depend both
on force and on how long the force acts. "How long™ meant nme. We called
the quantity "force X rime” impudie. But "how long” does not always mean time.
It can mean distance also. When we consider the concept of force X dissance, we
are talking about an entirely different concepr—work. Work is the effort exerted on
something that will change its energy.

When we lift a load of gravel against Earth's gravity, work is done. The heavier
the load or the higher we lift the load, the more work is done. Two things enter the
picture whenever work is done: (1) application of a force and (2) the movement of
something by that force. For the simplest case, where the force is constant and
the motion is in a straight line in the direction of the force,’ we define the work
done on an object by an applied force as the product of the force and the distance

through which the object is moved. In shorter form:
Work = force X distance
W= Fd

Ifwe lift two loads of gravel one story up, we do twice as much work as in lifting
one load the same distance, because the force needed ro life twice the weight is rwice
as much. Similarly, if we lift a load two stories instead of one story, we do twice as
much work because the distance is twice as grear.

FIGURE 7.0 FIGURE 7.2

Compared with the work done in lifing a When twice the load of gravel is lifred to
koad of gravel one story high, rwice as the same height, twice as much work is
much work ts done in lifting the same loaad done because the force needed 1o lift it s
wo stories high. Twice the work is done twice as much.

because the distance is twice as much.

We sce thar the dehnition of work involves both a force and a distance. A
weightifter who holds a barbell weighing 1000 newrons overhead does no work on
the barbell. He may get really tired holding the barbell, but, if it is not moved by

"More generally. work is the product of oaly the component of foree that acts in the direcrion of motion
and the distance moved, For example, it a force acts at an angle 1o the motion, the camponent of force
parallel 10 moson s multiplied by the dwtance moved. When a force acts 2t ngha angles 10 the direcon
of motion, with no force component in the direction of moton, no wark is done. A common example »
a satellive in 4 circular oabin; the force of gravity is st nghe angles to i circubir path and no work & done
on the satellire. Hence, it orbits with no change in spead.




the force he exerts, he does no work on the barbell. Work may be done on the mus-
cles by stretching and contracting, which is force times distance on a biological
scale, but this work is not done on the barbell, Lifting the barbell, however, is a dif-
ferent story. When the weighdifter raises the barbell from the Hoor, he does work
on it

Waork generally falls into rwo categories. One of these is the work done against
another force. When an archer suretches her bowstring, she is doing work against
the elastic forces of the bow. Similady, when the ram of a pile driver is raised. work
is required to raise the ram againse the force of gravity. When you do push-ups, you
do work against your own weight. You do work on something when you force it to
move against the influence of an opposing force—often friction.

The other category of work is work done to change the speed of an object. This
kind of work is done in bringing an automobile up to speed or in slowing it down.
Another example of this kind of work occurs when a club hits a stationary golf ball
and gets it moving, In both catcgorics (working against a force or changing speed),
work involves a transfer of energy.

The unit of measurement for work combines a unit of force (N with a unir of
distance (m); the unit of work is the newton-meter (N m), also called the fonle (]),
which thymes with cool. One joule of work is done when a force of 1 newton is
exerted over a distance of 1 meter, as in lifting an apple over vour head. For larges
values, we speak of kilojoules (k). thousands of joules), or megajoules (M], millions
of joules). The weightlifter in Figure 7.3 does work in kilojoules. To stop a loaded
truck going at 100 km/h rakes megajoules of work.

__LH.ELKFUT“T

1. How much work 1s needed tolift a bag of groceries that weighs 200 N to
a height of 3m?
2. How much work is needed to lift it twice as high?

Check Your Answers
LW=Fxd 200N % 3m 6oo )

| 2. Lifting the bag twice as high requires twice the work (200N x 6m = 1200J)

* Power

he definition of work says nothing about how lang it takes to do the work.
I'he same amount of work is done when carrying a load of groceries up a
flight of stairs, whether we walk up or run up. So why are we more tired after run-
ning upstairs in a few seconds than after walking upstairs in a few minutes? To
understand this difference, we need to talk about a measure of how fast the work
is done—pouwer. Power is equal to the amount of work done per time it takes to
do it:
work done
Power = ———
time interval
A high-pawer engine does work rapidly. An automaobile engine that delivers twice
the power of another automobile engine does not necessarily produce twice as much
work or make a car go twice as fast as the less powerful engine. Twice the power
means the engine can do twice the work in the same time or do the same amount of
work in half the time. A more powerful engine can get an automobile up to a given
speed in Jess ime than a less powerful engine can.
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FIGURE 7.3
Work is done in lifting the barbell

FIGURE 7.4

He may expend energy when he
pushes on the wall, but, if the wall
docsnt move, no work is done on
the wall

t .
» Your heart uses slightly more than

1W of power m pumping blood
through your body.
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FIGURE 7.5

The three main engines of a space
shuttle can develop 33,000 MW of
W“ whm ;utl i‘ l‘lllml at ‘hﬂ
enormous rate of 3400 kg/s. Thas is
like emptying an average-size swim-
ming pool in 205,

fyi

» The concept of energy was
unknown to lsaac Newton, and 11s
existence was still being debated in
the 1850s_Although familiar, energy
is difficult to define because it is
both a "thing” and a process—sim-
lar to both a noun and a verh We
chserve the energy in things only
when it is being transferred or
being transformed

Here's another way to look at power: A liter (L) of fuel can do a certain amount
of work, but the power produced when we burn it can be any amount, depending
on how fast it is burned, It can operate a lawnmower for a half hour or a jet engine
for a half second.

The unit of power is the joule per second (]/s), also known as the watt (in honor
of James Wart, the 18th-century developer of the steam engine). One watt (W) of
power is expended when 1 joule of work is done in 1 second. One kilowate (kW)
equals 1000 wars. One megaware (MW) equals 1 million waws. In the United
States, we customarily rate engines in units of horsepower and elecuricity in
kilowauts, but cither may be used. In the metric system of units, automobiles are
rated in kilowatts. (One horsepower is the same as three-fourths of a kilowart, so an
engine rated at 134 horsepower is a 100-kW engine.)

POINT
=
If a forklift 1s replaced with a new forklift that has twice the power, how

much more dirt can it lift in the same amount of time? If it lifts the same
dirt, how much faster can it operate?

Check Your Answer

The forklift that delivers twice the power will lift twice the load of ditt in the same time
or the same load in half the time. Exher way, the owner of the new forkift s happy

* Mechanical Energy

thﬂ work is done by an archer in drawing a bowstring, the beat bow acquires
the ability to do work on dhe arrow. When work is done to raise the heavy
ram of a pile driver, the ram acquires the ability w do work on the object it hits when
it falls, When work is done 1o wind a spring mechanism, the spring acquires the abil-
ity to do work on various gears to run a clock, ring a bell, or sound an alarm.

In cach case, something has been acquired that enables the object o do work. It
may be in the form of a compression of atoms in the material of an object. a physi-
cal separation of attracting bodics, or a rearrangement of clectric charges in the mol-
ccules of a substance. This “something” that enables an object to do work is
energy.” Like work, energy is measured in joules. It appears in many forms thar will
be discussed in the following chaprers. For now. we will focus on the two most com-
mon forms of mechanical energy—the energy due 1o the position of something or
the movement of something. Mechanical energy can be in the form of potential
energy, kinetic energy, or the sum of the two.

POTENTIAL ENERGY
An object may store encrgy by virtue of its position. The energy that is stored and
held in readiness is called potential energy (PE) because in the stored state it has
the potential for doing work. A stretched or compressed spring, tor example, has the
potential for doing work. When a bow is drawn, energy is stored in the bow. The
bow can do work on rthe arrow. A streeched rubber band has porennal energy
because of the relarive pasition of its pares. If the rubber band is part of a slingshot,
it is capable of doing work.

The chemical energy in fuels is also porential energy. It is actually energy of
position at the submicroscopic level. This encrgy is available when the positions of

Srctly speaking, thar which enables an object w0 do work & in anlalde energx for not all the encrgy in
an object can be tanshormed to wark




electric charges within and berween molecules are altered—that is, when a chemical
change occurs, Any substance that can do work through chemical action possesses
potential energy. Potential energy is found in fossil fuels, clectric batteries, and the
foods we consume,

Work is required 1o clevate objects against Earth’s gravity. The potential energy
due 1o elevared positions is called grrvitanional porential energy. Warer in an elevated
teservoir and the raised ram of a pile driver both have gravitational potential encrgy.
Whenever work is done, energy is exchanged.

| JE e ———

==

(a)

The amount of gravitational potential encrgy possessed by an clevated object is
equal to the work done against gravity in lifting it. The work done equals the force
required to move it upward times the verrical distance it is moved (remember
W = Fd). The upward force required while moving ar constant velociry is equal to
the weight, my, of the object, so the work done in lifting it through a heighe b is the
product mgh.

Gravitational porential energy = weight X height
PE = mgh
Note that the height is the distance above some chosen reference level, such as the
ground or the foor of 2 building. The gravitarional potential energy, mgh, is relative 1o
that level and depends only on mg and b, We can see, in Figure 7.6, that the potennal
encrgy of the devated ball does not depend on the path taken to get it there.

Potential energy. gravitational or otherwise, has significance only when it
changer—when it does work or transforms o energy of some other form. For exam-
ple. if the ball in Figure 7.6 falls from its elevated position and does 20 joules of
worl when it lands, then it has lost 20 joules of potential energy. The potential
energy of the ball or any object is relative to some reference level. Only changes in
potential energy are meaningful. One of the kinds of encrgy into which potential
energy can change is encrgy of motion, or kinetic energy

ey

s
1. How much work is done inlifting the 100-N block of ice a vertical distance
of 2m, as shown in Figure 7.87
2. How much work is done in pushing the same block of ice up the 4-m-long
1amp! {The force needed is only 50 N, which is the reason ramps are used).
3. What is the increase in the block’s gravitational potential energy in each case?

Check your Answers

LW=Ffd=100Nx2m=200l

2 W=Fd=350Nxaqm= 200!

3. Either way Increases the block's potential energy by 200 ). The ramp simply makes
this work easier to perform
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FIGURE 7.6

The potennal encrgy of the 10-N hall
is the same (30 ]) in all three cases
because the work done in elevaring it
3 m is the same whether it is (a) lifted
with 10 N of force, (b) pushed with
6 N of force up the $-m indine, or
(c) lifeed with 10 N up esch 1-m
stair. No work is done in moving it
horizontally (neglecting fricrion).

FIGURE 7.7

The potential encrgy of the elevared
ram of the pile driver is converted o
kineric encrgy when it is refeased.

FIGURE 7.8

Bath do the same work in elevating
the block,
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FIGURE 7.9

I'be potential encrgy of Tenny's

drawn bow equals the work (average
force X distance) chat she did in

drawing the arrow into position.

When the arrow is released, most of
the porenual energy of the drawn

bow will become the kinetic Cnergy

of the armow

FIGURE T7.10

Energy mransinons in a pendulum
PPE s relatve 1o the lowest point of
the pendulum, when it is vertical,

,—-""0

PhysicsPlace.com
Video

Bowling Ball and Conservation

FIGURE T.11

I'he pendulum bob will swing ¢

n:‘:r_‘uu. he gnt whether or not the

PR I8 present

KINETIC ENERGY

[:“\Ilu I‘ll\l‘ on an III’I\I.\[. You can sl i! in |!i<i|il‘|l. II..lh l]i‘!\'k‘ IS moving, IIIL n I.l
is capable of doing work. It has energy of motion. We say it has kinetic energy
(KE). The kinetic energy of an object depends on the mass of the object as well
as its speed. 1t is equal 10 the mass multiplied by the square of the speed, mulri

plied by the constant 5

Linetic energy = Ass A spoed”
Kinetic energy | veed

= 1 .
KE S mu”

\\.hl'n you :hr“\\' 4 h.l”. You ti" \"{\'L' an It o FJ\\' 14 ﬁP‘.'l'\I as it lL'.I\v'l" your h.{nli
The moving ball can then hit something and push it, doing work on what it hirs.
I'he kinetic energy ol a moving object is equal to the work required 1o bnng it
from rest to that \ilL'\'t]. or the work the lr‘!\ju.! can do while llLil\!; illnul!'_i\l o
rest:

Net torce X distance = kinetic cnergy

or, IN equation notation,
Fd me-

N

te that the \I'h.'l.'ti 11 \lILI.lIL'Li. S0 i the u}rﬂ_'ti ol an llll!t'l.l &1 dunillul, its kinetic
cnergy is \!U.Id!llplui (2-

4). Consequently, it rakes 4 times the work to double

the speed. Whenever work is done, energy changes.

to Potential + kinetic to

Potentia energy

Kineticenergy to  Potential energy

Andsoon -~
-—

FIGURE 7.12

the roller coaster resules
and this kinetic

I'he downhall *fall” ¢
in its roaring speed in the dip

ENCIRY sc nds it up the stee P track 1o the next

SuImimie




WORK-ENERGY THEOREM

When a car speeds up, its gain in kinetic energy comes from the work done on
ir. Or, 11|||r'hm a moving car slows, work is done 1o reduce its kinetic energy. We
can say’

Work = AKE

Waork equals chunge in kinetic energy. This is the work-energy theorem. The
work in this equation is the mer work—thar is, the work based on the net force. If,
for instance, you push on an object and friction also acts on the object, the change
of kinetic energy is equal to the work done by the net force, which is vour push
minus friction. In this case, only part of the total work that you do changes the
object’s kinetic energy. The rest is soaked up by friction, which goes into heat. If the
force of friction is equal and opposite to your push, the ner force on the objecr is
zero and no net work is done. Then there is zero change in the object’s kinetic
energy. The work-energy theorem applies to decreasing speed as well. When you
slam on the brakes of an old car, causing it 10 skid, the road does work on the car.
This work is the friction force multiplied by the distance over which the friction
force acts.

Interestingly, the maximum friction that the road can supply to a skidding tire is
nearly the same whether the car moves slowly or quickly. A car moving at twice the
speed of another takes 4 times (2° = 4) as much work to stop. Since the frictional
force is nearly the same for both cars, the faster one skids 4 times as far before it
stops. So, as accident investigators are well aware, an automobile going 100 km/h,
with 4 times the kinetic encrgy that it would have at 50 km/h, skids 4 times as far
with its wheels locked as it would from a speed of 50 km/h. Kinetic energy depends
on speed squared. The same reasoning applies for antilock brakes (which keep
wheels from skidding). For the not-quite-skidding tire, the maximum road friction
is also nearly independent of speed, so even with antilock brakes, it rakes 4 rimes as
far 1o stop at twice the speed,

When an automobile is braked, the drums and tires convert kinetic energy 1o
hear. Some drivers are familiar with another way to slow a vehicle—shift to low gear
and allow the engine to do the braking. Today's hybrid cars do something similar;
they use an electric generator to convert the kinetic energy of the slowing car to
electric encrgy that can be stored in batteries, where it 1s used to complement the
energy produced by gasoline combustion. (Chapeer 25 treats how they do this.)
Hooray for hybrid cars!

The work-energy theorem applies to more than changes in kinetic energy. Work
can change the potential energy of a mechanical device, the hear energy in a ther-
mal system, or the electrical energy in an electrical device, Work is not a form of
cacr%y. burt a way of transferring encrgy from one place to another or one form to
another.

Kinetic energy and potential energy are two among many forms of encrgy, and
they underlic other forms of energy, such as chemical encrgy. nuclear encrgy, and
the energy carried by sound and light, Kinetic energy of random molecular motion
is related to temperamure; potential energies of clectric charges account for voliage;
and kinetic and potential energies of vibrating air define sound intensity. Even light
energy originates from the motion of elecerons within atoms. Every form of encigy
can be transformed inco every other form.

Thas can be derived as follows: 1IF we mulaply both sades of F = ma (Newson's second law) by @, we
get Bl = muad. Recall from Chapeer 3 that for constant acoekeration from rest. f = Lat’, 10 we an
ay Fd = n.df.n’? = l'.;)m: - ;nhr)’: and substicucing ¢ = at, we gec B = ;vm-’. Thas is,
Work = KF gained.
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Energy = nature's way of keeping
score. Scams that sell energy-
making machines rely on funding
from deep pockets and shallow
brains!

5
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FIGURE T.13

Due o friction, energy is transterred both into the floor and into the tire when the bicyde
skids 10 a stop. An infrared camera reveals the heated tire ack (the red streak on the oo
betr) .lnl' :in‘ warmth ->:'. l}w tire I:il:]l: ) l‘_(‘nurt\'\\ ol Xh. '.‘ur] \'n”nu':.ll

..CH£CKP°"",

1. When you are driving at go km/h, how much more distance do you need
to stop compared with driving at 30 km/h?

2. Can an object have energy?

3. Can an object have work?

Check Your Answers

es farther. The car has g times as much kinete energy when it travels

mgy- gl. mv’} The tnctior

gither case; therefore. g ti

2. Yes but m arelative se For exam

ple, an elevated

to the ground Deldw, b

ione relative to a paimnt
t

IWe will see that material objects have energy of oelng, [ mc*, the congeaked

the KE that an object has is relat

oa frame of reference, usually Earth’s surface

energy that makes up theirma
3. No

Read on|

unlike momentum or energy, work is not something that an object has Work

obdect An oo

that an object does to § T does work when

it exchanges energy
* Conservation of Energy

ore¢ important than knowing wher energy &5 is understanding how it
\1
. changes thar occur in nawre if we analyze them in terms of encrgy changes—
transtormations from one form into another, or of ransfers from one location to

behaves—bou it transforms. We can better understand the processes

another. Energy 1s nature’s way of keeping score.

take heed When Intn
ducing a new idea, t be sure it

Consider the changes in energy in the operation of the pile driver back in Figure

7. Work done 1w raise tf

ram, I:\\lll!: i F‘l!lL’ll(l.ll. CNCIRY. lll'\(lll'lt'\ kllh’(l\ l'll('l!:_\

B in context with w i - s
when the ram is released. This energy transfers o the piling below. The distance the

presently known. For example, it

exstent with the

piling penetrates into the ground multiplied by the average |

orce ol impact s almost
cansérvation of energy “]u_][ to the initial pnlcnn.ll energy of the ram, We sy almost because some CNETgy

goes into heating the ground and ram during penctration. Taking heat energy into

acount, we ‘i'[l\ll l.'l'll."'b’\ transtorms \'a’!(hl’lll' nee l‘l\ﬁ OF NeT gaun ‘\hlltt‘ Tl'"l.lfk.lh]{"
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The study of various forms of energy and their transformations from one form
into another has led 10 onc of the greatest generalizations in physics—the law of

conservation of energy:

Energy cannot be created or destroyed: it may be ransformed from one form
into another, but the toral amount of energy never changes.

When we consider any system in its entirety, whether it be as simple as a swing-
ing pendulum or as complex as an exploding supernova, there is one quantiry thar
isn't created or destroyed: energy. It may change form or it may simply be trans-
ferred from one place o another, bur, as scientists have leamed, the wral energy
score stays the same. This energy score takes into account the face that the atoms

that make up matter are themselves concentrated bun-
dles of encrgy. When the nudlei (cores) of atoms
rearrange themsclves, enormous amounts of encrgy can
be released. The Sun shines because some of this nuclear
energy is transtormed into radiane encrgy.

Enormous compression due ro graviry and extremely
high temperatures in the deep interior of che Sun fuse
the nuclei of hydrogen atoms together to form helium
nuclei. This is thermonuclear fision, a process that
releases radiant energy, a small pare of which reaches
Earth. Part of the energy reaching Earch falls on plants
{and on other photosynthetic organisms), and part of
this, in turn, is later stored in the form of coal, Another
part supports life in the food chain that begins wich
plants (and other photosynthesizers), and part of this
energy later is stored in oil. Pare of the energy from the
Sun goes into the evaporation of water from the ocean,
and part of this rerurns 1o Earth in rin thar may be
tapped behind a dam. By virtue of its elevated posi-
tion, the water behind a dam has energy thar may be
used 1o power a generating plant below, where it will be
transformed to electric energy. The energy travels
through wires to homes, where it is used for lighting,
heating, cooking, and operating clectrical gadgets. How
wonderful that encrgy transforms from one form to
another!

Energy and Technology

1y to imagime life before energy was something that

humans controlled. Imagine home life without electric
lights, refrgerators, heating and cooling systems, the tele-
phone, and radio and Tv—not to mention the family automo-
bile. We may romanticize a better life without these, but only if
we overbook the hours of daily toll devoted to doing laundry,
cookimg, and heating our homes. We'd also have ta overlook
how difficult it was getting adoctor in times of emergency
before the advent of the telephone—when a doctor had little
more in his bag than laxatives, aspirins. and sugar pills—and
when Infarit death rates were staggering.

We have become so accustomed to the benefits of technol-

ogy that we are only faintly aware of our dependence on dams,

PE = 10,000
KE=0

PE = 5000
KE = 5000

PE = 2500
KE = 7500 FIGURE 7.14

A circus diver at the wp of a pole has
a PE of 10,000 J. As he dives, his PE
converts to KE. Note that, at succes:
PE=0 sive positions onc-fourth, onc-half,
KE = 10,000 three-fourths, and all the way down,

=5 the rotal enesgy is constant.

pawer plants, mass transportation, electrification, modern
medicine, and modern agricultural science for our very exis-
tence. When we dig into a good meal, we give little thought to
the technology that went Into growing, harvesting. and dellv-
ering the food on our table When we turn on a ight, we give
little thought to the centrally controlled power grid that inks
the widely separated power stations by long-distance trans-
mission lines. These lines serve as the productive arteries of
industry, transportation, and the electrification of our society.
Aryone who thinks of science and technology as “inhuman”
fails to grasp the ways in which they make our lives mare
human
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FIGURE 7.15
The lever.

Q=1

50 x 25 = 5000 x 0.25
FIGURE T.16

Applied force X applied distance =
output force X ourpur distance.

PhysicsPlace.com
Video

Machines Pulleys

_‘m‘FUTHT

£

1. Does an automobile consume more fuel when its air conditioner is
turned on? When its lights are on? When its radio is on while it is sitting
in the parking lot?

2. Rows of wind-powered generators are used in various windy locations to
generate electric power. Does the power that is generated affect the
speed of the wind? That is, would locations behind the wind generators
be windier if the generators weren't there?

Check Your Answers

1. The answer to all three questions i yes for energy
consumed ultimately comes from the fuel Even the
energy taken from the battery must be given back to
the battery by the alternator, which is turned by the
engine, which runs from the energy of the fuel There's
na free lunch!

2, Wind-powered generators take KE from the wind, so
the wind is slowed by interaction with the blades 5o,
yes, it would be windier behind the wind generators if

they weren't there

* Machines

machine is a device for multiplying force or simply changing the direction of

force. The principle underlying every machine is the conservation of energy
concept. Consider one of the simplest machines, the lever (Figure 7.15). At the
same time that we do work on one end of the lever, the other end doe work on the
load. We see that the direction of force is changed: If we push down, the load is
lifted up. [f the work done by friction forces is small enough to neglect, the work
input will be equal to the work ourpur.

Work inpur = work output
Since work equals force times distance, input force X inpur distance = ourput
force X outpur distance:
(Force X distance) = (force X distance) g

The point of support on which a lever rotates is called a fidersm. When che ful-
crum of a lever is relatively close 1o the load, then a small input force will produce a
large output force. This is because the input force is exerted through a large distance

6 T

nput FIGURE 7.18
FIGURE 7.17 [ st s )
m In this arrangement, a load can be
This pulley aces like a lever with lifted with half the input force. Note
equal lever arms, [t changes only the the "fulcrum” s at che left end rather

direction of the inpur force, than ar the center,




and the load is moved through a correspondingly short distance. So alever can be a
force muluplier. But no machine can multiply work or mulviply energy. That's a
conservation-of-encrgy no-no!

The principle of the lever was understood by Archimedes, a famous Greek scien-
tist in the third century 8. He said, “Give me a place to stand, and [ will move the
world.”

Today, a child can use the principle of the lever wo jack up the front end of an
automobile. By exerting a small force through a large distance, she can provide a
large force thar acts through a small distance. Consider the ideal example illusteated
in Figure 7.16. Every time she pushes the jack handle down 25 centimeters, the car
rises only 2 hundredth as far bur with 100 times the force.

Another simple machine is a pulley. Can you see that it is a lever “in disguise™?
When used as in Figure 7.17, it changes only the direction of the force; but, when
used as in Figure 7.18, the outpur force is doubled. Force is increased and distance
moved is decreased, As with any machine, forces can change while work input and
work ourput are unchanged.

A black and rackle is a system of pulleys thar muluplies force more than a single
pulley can do. With the ideal pulley system shown in Figure 7.19, the man pulls
7 m of rope with a force of 50 N and lifis a load of 500 N through a vertical distance
of 0.7 m. The energy the man expends in pulling the rope is numerically equal o
the increased potential energy of the 500-N block. Encrgy is transferred from the
man to the load.

Any machine that multiplies force does so at the expense of distance. Likewise,
any machine thac multiplies distance, such as your forearm and clbow, docs so at
the expense of force, No machine or device can put out more energy than is put into
it. No machine can create encrgy;: it can only transfer cnergy or transform it from
one form 1o another.

* Efficiency

The three previous examples were of ideal machine; 100% of the work input
appeared as work outpur. An ideal machine would operate ac 100% cfhiciency.
In practice, this doesn't happen, and we can never expect it to happen. In any trans-
formarion, some energy is dissipated to molecular kinetic energy—thermal energy.
This makes the machine and its surroundings warmer,

Even a lever rocks about its fulcrum and converes a small fraction of the input
energy into thermal energy. We may do 100 ] of work and get out 98 | of wark. The
lever is then 98% efficient, and we degrade only 2 ] of work input into thermal
energy. If che girl back in Figuse 7.16 puts in 100 | of work and increases the poten-
tial energy of the car by 60 J, the jack is 60% cfficient; 40 J of her inpuc work has
been applied against fricrion, making its appearance as thermal energy.

In a pulley system, a considerable fraction of input encrgy typically goes into
thermal energy. If we do 100 ] of work, the forces of friction acting through the dis-
tances through which the pulleys turn and rub about their axles may dissipate 60 )
of energy as thermal energy. In that case, the work output is only 40 | and the pulley
system has an cfficiency of 40%. The lower the cfficiency of a machine, the greater
the percentage of energy that is degraded ro thermal energy.

Inefficiency exists whenever energy in the world around us is transformed from
one form to another. Efficiency can be expressed by the ratio

usehul energy ourput
total energy inpur

An automobile engine is a machine that transforms chemical energy stored in fucl
into mechanical energy. The bonds berween the molecules in the peroleum fuel break

Efficiency =

CHAPTERT ENERGY MM

FIGURE 7.19

Applicd foree X applied distance =

ourpur force % ourpur distance.

Amachine can multiply force, but
never energy-—no way!

L
L]

fvi

= A perpetual-motion machine
{adevice that can do werk without
energy input] is a no-no. But
perpetual metion ttself 1 a yes-yes.
Atoms and their electrons, and
stars and their planets, for example,
arein astate of perpetual motion

I motion is the natural

order of things
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fyi

» Comparing transportation
efficencies, the most efficlent s
the human on a bagycle—Ffar more
efficent than tram and car travel
and even that of fish and animals
Hooray for bicycles and those who
use them!

FIGURE T.20

Encrgy transivons, The gravevard of
mechanical energy is thermal energy.
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Watch for the production of o
fuels made from edible com, soy-
beans, and sugar cane to take a
back seat to cellulose biofuels—
haquid fuels made from medible
fast-growing grasses and
agricultural leftovers such as
cornstalks and wood waste
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when the fuel burns, Carbon atoms in the fuel combine with oxygen in the air to form
carbon dioxide, hydrogen atoms in the fuel combine with oxygen to form water, and
energy is released. How nice if all this encrgy could be converted into uscful mechan-
ical energy—that is to say, how nice it would be if we could have an engine that is
100% efficient. This is impossible, however, because much of the encrgy is trans-
formed into thermal energy, a little of which may be used 1o warm passengers in the
winter but most of which s wasted. Some goes out in the hot :xhzuus;sc: and:omc
is dissipated 1o the air through the cooling system ot direcely from hot engine pars.®
Look ar the inefficiency thar ace ranske ions of energy in this way:

In any transformation, there is a dilution of available weful energy. The amount of
usable energy decreases with each transformation until there is nothing left but ther-
mal energy at ordinary temperature. When we study thermodynamics, we'll see that
thermal energy is useless for doing wark unless it can be transformed to alower tem-
perature. Once it reaches the lowest practical temperature, that of our environment,

it cannot be used. The environment around us is the graveyard of uscful energy.

Potential it I
sy lmwr:enefirf
(of weight
+ Heat of + mare heat Still more
molecular . M of molecular heat (faster
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-
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Leutlnrbtcnergy e
P Q + more potential energy -

“to Kinetic + potential ene -~
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Chemical ene of mole
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* Recycled Energy

ecyded energy is the reemployment of energy that otherwise would be wasted.
typical fossil-fuel-fired power plant discards about two-thirds of the energy

present in fuel as wasted thermal energy. Only about one-third of the energy input is
converted o useful elecrricity. What other business throws away two-thirds of its
input? This was not always so. Thomas Edison's carly power plants in the late 18805,
for example, converted much more input energy to useful purposes than today’s elec-
tric-only power plants. Edison used the castoff heat from his generators 1o warm
nearby homes and factories. The company he founded sull delivers heat to thousands
of Manhattan buildings via the largest commercial steam system in the world. New
York is not alone: Most homes in the region around Copenhagen, Denmark, are
warmed by hear from power plants. More than 50% of encrgy used in Denmark is
recycled energy. In contrast, recycled energy in the United States amounts 1o less
than 10% of all energy used. A principal reason is that power plants are now typi-
cally builr far from buildings that would benefit from recycled energy. Nevertheless,
we can't continue 1o throw heat energy 1o the sky in one place and then bum more

fossil fuel to supply hear somewhere else, Watch for more energy recycling.

When you study thermodynamics in Chaprer 18, youll learn that an internal combustion engine e
cansform some of it fuel cocrgy inso cheomal energy. A huel cell thar powees vehicles, an the other hand,
docant have thas limitation.
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Consider an imaginary miracle car that has a 100% efficient engine and
burns fuel that has an energy content of 40 MI per liter. if the air dragand
overall frictional forces on the car traveling at highway speed is 500N,
how far could the car travel per liter of fuel at thisspeed?

Check Your Answer
From the definition work = force x distance, simple rearangement gives
distance = work/force. if all 40 million | of energy in1 Lwere used to do the work
of overcoming the air drag and frichional forces, the distance would be

work 40,000,000 /1
— - — ——— = 80,000 miL = 8okmiL
force o0 N

(This is about 190 mpg.) The important point here is that, even with a hypotheti-
cally perfect engine, there is an upper limit of fuel economy dictated by the con-
servation of energy

Distance =

* Energy for Life

Your body is a machine—an extraordinarily wonderful machine. It is made up
of smaller machines—living cells. Like any machine, a living cell needs a source
of encry. In animals—including you—cdls feed on vanous hydrocarbon compounds
that release energy when they react wich oxygen. Like gasoline burned in an automo-
bile engine, there is more potential energy in the food molecules than there is in the
reaction products after food metabolism. The energy difference is whar sustains life.
We see inefficiency ar work in the food chain. Larger creatures feed on smaller
creatures, which, in wurn, ear smaller creatures, and so on down the line to land
plants and occan plankton thar are nourished by the Sun. Advancing cach step up
the food chain involves inefficiency. In the African bush, 10 kg of grass may produce
1 kg of gazelle. However, it will require 10 kg of gazelle to sustain 1 kg of lion. We sec
that each energy transformation along the food chain contributes to overall inefhi-
aency. Interestingly enough, some of the largest crearures on the planer, the clephant
and the blue whale, consume lower down on the food chain. Humans also arc con-
sidering such tiny organisms as krill and yeast as efficient sources of nourishment.

* Sources of Energy

unlight evaporates water, which later falls as rain; rainwater flows into rivers

and into reservoirs behind dams where it is directed to generator turbines,
Then it returns 1o the sea, where the cycle continues. The Sun is the source of prac-
tically all our energy {except that from nuclear power). Even the energy we obtain
from petroleum, coal, natural gas, and wood originally came from the Sun. Thar's
because chese fuels are creared by photosynthesis—the process by which plants trap
solar energy and store inas plane tissue. A square mile of sunlight at midday can pro-
vide a gigawart of electric p the same ¢ tas a large coal or nudear plant.
Solar power is a growing green industry.

Photovoltaic solar cells transform sunlight to electricity, as is impressively shown on
the cover of this book. They are more familiar in solar-powered calculators and il'ods.
Photovoliaic cells are already established as building marerials, mofing, tiles, and soon
windows, Photovoltaic cells have normally been crystal wafers produced the same way

r
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Video

Conservaton of Energy. Numencal
Example

fri

= Imagine you're ina completely dark
roam with no windows. Suppose
you cut a1-ft* round hole In the
roof. When the Sun is high in the
sky about 100'W of solar power
enters the hole. On the floor where
the light hits, place a beachball cov-
ered with aluminum foil, the shiny
skde out. Guess what? Your room Is
Wiuminated with just as much light
25 2100-W lamp produces!
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FIGURE 7.1

In Bermuda, where fresh water is scarce,

designed o carch warer, which s stored

for household use

xceptior
nstee

steel mi

FIGURE 7.11

When electric current passes

through conducting water, bubbles
hydrogen form ar one wire and
bubbles of sxveen form ar the other
as, A buel ¢ ;'“ \Jn:'\ the

ol

1 E-Jl‘ |19 l'IIl'n 1
oppositc h'-\_:llli_'l.'.'l and oxy Bt
enter the fuel cell and are combined

to produce electricity and warer

rooltaps are FIGURE 7.21
In contancrs
Photovolraic solar cells on mare and more roofrops (and sides of
i\l‘-"l\\.‘ such as thowe 1n I !I-”-II!\I' catg l'. \l:l\]l_l:i‘,l IIHI convert it o

electrical energy

that semiconductors are made for computers, or as thin coatings on ghass or metal back-
ing, Newer technology is replacing panels composed of these cells. Lighr and flexible
|1h||ru\n|r.n\ ”|1m\r.' t.ln\t\“ AT MWW ;\nuiuu‘d by m.h]llm't similar to pnnung presscs

that roll out photovoleaic ink onto sheets about the thickness of aluminum foil. Power

\i\l'l"\ can 1‘1' [‘Tl'll”ll‘li .‘I"‘ll\f C \'l'l"\'\\'hL'r\' .In\i \{n\l“‘ rll'\'ll 'h( K'.ﬂl!\' \llrf.j\k'\ !h.lt \lr!,‘r
panels require.

I'he production of solar power is not conhned 10 photovolraics. Sunlight can be
reflected by mirrors to warer-filled bolers }'c[t}n_\i on towers. Concentranon of sun-
]:1"']! !‘\ ‘IIII\J\.I’!\E\ ol murrors can ill'-l[ watcr (o more 11]-{" I.l‘l:-' umcs 13 nor I‘\J;
.:\U.I] l.i: }\n:l:[. \‘\jlll,!l .;N.'»Ilul‘,\ HI]'\':IU]I steam o ll nve |l1ll‘lll\'\ l}]Jl .I’IL'!II.':‘IH. \.ll‘.'
tricity. Although parabolic mirrors are sometimes used art solar thermal power
plants, others use inexpensive easy-to-install small far ones, each about the size of a
big-screen television. Computerized tracking keeps each mirror focused at the opui
“1.{; yi':!.[lt' I!’)rullghnllt !!-ll li..\v \\'ilk'ﬂ t]'l\' *ll" l\l‘lt ‘hl.”.in;.’_. s0ome I-.I\ |;|'I'|'\ run ri]\'
turbines with natural gas. Also, solar power can be combined with traditional fossil
fuel power plants to increase their efficiencies, This is selar hyénidization. Warch for
more hybridization of solar power.

1 ven [}',L‘ \v\”l(i. uu-n\i }n uliuiu,li warming ol l‘a!!]l\ surface, 15 a lorm ol \l![.ll
power. The energy of wind can be used 10 1urn generatot rurbines within spec tally
\'l“lli‘{'\'\i \LNI‘I”II]]\. \\ |"LI l.ll\\tl’ [4% ”]ll\.'l Ji‘l,lll Il'k-lllll" '—1’1—IL'-|1!: lli:i‘l!\f\ W I!I.':\-
wind blows steady and strong. and where it overcomes the abjections of residents

who don't want their views compromised. That can be out at sea, away from shores

\\ h\'.'\_' waler isnt too \'I.\'l'p “Il'l‘lnl.' towers can I:l(' anc "l!’\'li o 'hl' oCccan 1‘!': ]
In deeper water the towers can be mounted on floaring placforms. Like solar power.
wind prminh_rt power with no carbon footprint

Interestngly, wind power can be useful when the wind isat blowing, when it has
been used to compress air in tanks or caverns underground. The compressed air can
then be used 1o run a generator. Wind energy can also be used 10 produce hydro-
gen, \\'}‘-'-l]l wdn 11\ ll.ll\\l\n[c\i ‘md \Il!l\.'li for varnous uses

Hydrogen is the least polluring of all fuels. Most hydrogen in Amenica is pro-
l:l-'\t\.i !.lt':ll nat lll'.li _L:-J\, l\'h(lt ]Ilg’l ll'nl}‘(l—ll LIS Jl:ti i‘]’\.'\\lllL‘\- \L'P-Il-ll\.' 1'-\ lilll}:l n
from hydrocarbon molecules. A downside to hydrogen separation from hydrocar-
bon compounds is the unavoidable production of carbon dioxide, a greenhouse gas

J I
SC8 1S ClCTrR i Ee—

\ ‘-i”‘i‘}l‘.’ .iTIll L Ji'.ﬂ T H'Il'll'h'\li l%'l.l' ‘{\'l' snt F‘Flllilll ¢ Brcc I"Ii'll MISC £




elecrrically splitting warer into its constituent pares, Figure 7.23 shows
how you can perform this in a lab or at home. Place two platinum
wires that are connected to the terminals of an ordinary battery into a
glass of water (with an clecrrolyte such as sale dissolved in the water for
conductivity). Be sure the wires don't touch each other. Bubbles of
hydrogen form on one wire, and bubbles of oxygen form on the other.
A fuel cell is similar, but runs backwards. Hydrogen and oxygen gas are
compressed at elecrodes and electric current is produced, along with
water. The space shuttle uses fuel cells 1o meet its elecerical needs while
producing drinking water for the astronauts, Here on Earth, fuel-cell
researchers are developing fuel cells for buses, automobiles, and trains.

A hydrogen economy may likely start with railroad trains pow-
ered with fuel cells. Hydrogen can be obrained via solar cells, many
along train tracks and on the rail ties themselves (Figure 7.24). Solar
cnergy can extract hydrogen from water. It is important to know
that hydrogen is not a sowrce of encrgy. It takes encrgy to make hydrogen (1o
exrract it from water and hydrocarbon compounds). Like elecericity, it needs an
energy source and is a way of storing and transporting that energy. Again, for
emphasis. hydrogen is nat an energy source.

The encrgy of occan waves is being pped off the coast of Porwgal, where bob-
bing pontoons at the surface turn generators on the ocean floor. OF greater interest
is the energy of ocean tides, another clean source of energy currently being tapped
in various locations. P'ositioned across an estuary or inlet, the surging of rising and
falling ocean tides turns turbines to produce clectrical power, much as the How of
water from dams turns turbines in hydroelectric plants, The River Rance in France
has been churning our electric power for more than 40 years, as have others in
Canada and Russia. Interestingly, this form of energy is neither nuclear nor from
the Sun. It comes from the rotanional energy of our planer. Warch for larger-scale
tidal power plants.

The most concentrated sousce of usable energy is that stored in nudear fucs—
uranium and platonium. For the same weight of fuel, nuclear reactions release
about 1 million times more energy than do chemical or food reactions. Warch for
renewed interest in this form of power that doesn’t pollute the armaosphere. Inter-
estingly, Earth's interior is kept hot because of nuclear power, which has been with
us since time zero.

A by-product of nuclear power in Earths interior is geothermal encrgy.
Geothermal energy is held in underground reservoirs of hot rock and hot water.
Geothermal encrgy relatively dose o the surface is predominantly limited to arcas
of volcanic activity, such as Ieeland, New Zealand, Japan, and Hawaii. In these loca-
tions, heated water is tapped 10 provide steam for driving electric generators.

[n other locations, another method holds promise for producing clecericity.
That's dry-rock geothermal power (Figure 7.25). With this method, warter is
pumped into hot fractured rock far below the surface, When the water turns to
steam, it is piped to a curbine at the surface. After wirning the rurbine, it is pumped
back intw the ground for reuse. In this way, electnicity is produced cleanly.

As the world population increascs, so does our need for energy, especially since
per capita demand is also growing. Wich the rules of physics to guide them, tech-
nologists are presently researching newer and cleaner ways to develop energy
sources. Bur they race 1o keep ahead of a growing world population and greater
demand in the developing world. Unforcunately, so long as controlling popula-
tion is politically and religiously incorrect, human misery becomes the check

o unrestrained population growth. H. G. Wells once wrote (in The Outline of

Histary), " Human history becomes more and more a race between educarion and
catastrophe.”
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FIGURE 7.24

I'he power harvested by photoveltaic
cells can b used 10 scparare hydro-
gen for fuel-cell transportanon. Mans
for trains that run on solar power
callected on ratlroad-track ties are
presently ar the drawing board stage
(www.Suntrain USA.com).

Sooner or later, all the sunlight
that falls on Earth weill be rad
ated back into space. Energy in any
ecosystem is always in transit—
you can rent (& but you can't own
!

.

p =
Fuel cells are electrochemical
devices that combine stored

hydrogen with atmospheric oxy-
gen ta generate electricity and
water vapor Vehicles operating
on fuel cells produce no €O,
emissions directly (They do inds-
rextly anly if the source of energy
to produce hydrogen is via fossil
fuel plants |

s
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Power plant
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fracluring
FIGURE 7.25
Dry-rock geothermal power. (a) A hole is sunk I kil into dry grani
(b) Water 15 pumped inw the hole at high pressure and fractures surrounding rock to form
cavities with increased surface area. (c) A second hole is sunk nearby, (d) Water is arculated
down one hole and through the fracoured rock, where it is superheated. before rising
through the second hole. After driving a rurbine, it is recirculated into the hot rock again,
making a closed cycle.
Junk Science

oentsts have to be open to new ideas That's how

science grows. But there is a body of established
knowledge that can't be easily overthrown. That includes
energy conservation, which is woven Into every branch of
soence and supported by countless experiments from the
atomic to the cosmic scale. Yet no concept has inspired more
“junk science” than energy. Wouldn't it be wonderful f we
could get energy for nothing, to possess a machine that gives

out more energy than is put into it? That's what many
practitioners of junk soence offer. Gullible mvestors put their
money Into some of these schemes. But none of the schemes
passes the test of being real soience. Perhaps some day a flaw
in the law of energy conservation will be discovered If it ever
15, scientists will rejoice at the breakthrough. But so far, energy
conservation s as solid as any knowledge we have Don't bet
against it

SUMMARY OF TERMS

Work The product of the force and the distance moved by
the force:

W=Fd
(More generally, work is the component of force in the

direction of moation rimes the distance moved.)
Power The ume rate of work:

wn!k&ule
rime interval

{More generally, power is the rare at which energy is
nded.)

expe
Energy The property of a system thar enables it ro do work.

Mechanical energy Energy due to the position of something
or the movement of something.

Potential energy The energy that something possesses because
of its position,

Kinetic energy Encrgy of motion, quantified by the relanonship

Power =

g 1 4
ijmm=inr

theorem The work done on an object equals
the changge in kinetic energy of the object.

Work = AKE
{Work can also transfer other forms of energy to a
system.)

Conscrvation of energy Encrgy cannor be creared or
destroved: it may be transformed from one form into
another, but the total amount of energy never changes.

Machine A device, such as a lever or pulley. thar increases (or
:é,cfcllmrs) a foree or simply changes the direction of a

Conservation of encrgy for machines The work ourpur of
any machine cannort exceed the work input. In an ideal
machine, where no encrgy is rransformed § into thermal
energy, wurk = wark {FJ} (H]

Lever Simple nuduru.- consisting nfa ng;d rod prvuml ata
fixed point called the fulcrum.

Efficiency The percentage of the work purt into a machine
thar is converted into useful work output. (More gener-
allly, useful energy outpur divided by total encrgy inpur.)
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SUMMARY OF EQUATIONS

Work = force X distance: W= Fd

Power = “_'o—f*: P= E’
nme [}
Gravitarional

potential energy = weight X height: PE = wigh

Kinetic energy = 'mqum.'dlKE—i *

Work encrgy theorem: Work = AKE

REVIEW QUESTIONS
1. When is energy most evident?

Work

2. A force sets an object in motion. When the force is multi-
plied by the ame of its application, we call the quantity
lse, which changes the momensem of that object.

W{:I do we call the quantity force % distance?

3. Cite an example in which a foree is exerted on an object

without doing work on the object.

4. Which requires more work—lifting a 50-kg sack a vertical

distance of 2 m or lifting a 25-kg sack a vervical distance
of 4 mé

Power
5. If both sacks in t]'le]ll!udin;qunt'mn are lifred their

respective distances in the same time, how does the power
ired for each ¢ > How abour for the case in
which the lighter sack is moved its distance in half the

time?

Mechanical Energy
6. Exactly what is it thar enables an object to do work?

Potential Energy

7. A car is raised a certain distance in a service-station lift
and therefore has porential encrgy relative to the floor 1f
it were raised twice as high, how much potential energy
would it have relative to the Aoor?

8. Two cars are raised o the same elevation on service-
station lifts, 1f one car is twice as massive as the other,
Imwdotiwnpm:u{ 1al energies 3

9. When is the potential encrgy of something usmﬁum‘

Kinetic Energy

10. A moving car has kineric energy. 18 it speeds up until it is
going 4 times as fast, how much kinetic energy does it

have in comparison?

Work-Energy Theorem

11. Compared with some original speed, how much work
must the brakes of 2 car supply to stop a car thar is moving
4 times as fase? How will the stopping distance compare?

12, [f you push a erate horizontally with 100 N across a
10-m factory Aoor and friction berween the crate and the

Hoor is a steady 70 N, how much kinetic energy is gained
by the crate?

I).Huwdun:‘lﬂd aftect the fricoion berween a road and a
skidding tire?

Conservation of Energy

14. What wall be the kinetic energy of 2 pile driver ram when
it undergoes a 10-k] decrease in potential energy?

15. An apple hanging from a limb has potential energy
because of its heighe, 1 it falls, whar becomes of this
energy past before it hits the ground? When i hits the
ground?

16. What is the source of energy in sunshine?

Machines

17. Can a machine muldiply inpur force? Input diseance?
Input energy? (If your three answers are the same, seek
help, for the last question is especially important,)

18. If a machine multiplies force by a factor of 4, what other
quanity is diminished, and by how much?

19. A force of SO N is applied to the end of a lever, which
is moved a certain distance. If the ocher end of the
lever moves one-third as far, how much force can it
cuen?

Efficiency

20. What is the ctficiency of 3 machine thar miraculously
converts all the input encrgy to uschul output energy?
21, Ifan inpur of 100 ] in a pulley system increases the
wal energy of a load by 60 |, whar is the cficiency of the
system?

Recycled Energy
22, What is recycled encrgy?

Energy for Life
23, In whart sense are our bodies machines?

Sources of Energy

24, What is the uliimare source of encrgy for fossil fucks,
dams, and windmills?

25, What is the ultimate source of geothermal encrgy?

26. Can we correctly say that hydrogen is a new source of
encrgy? Why or why not?
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PLUG AND CHUG

Work = force X distance: W= Fd

1. Calculare the work done when a force of 1 N moves a
boolk 2 m.

2. Calculate the work done when a 20-N force pushes a
cart 3.5 m.

3. Calculate the work done in lifting a 500-N barbell 2.2 m
above the Roor. (What is the s,li.n of pmr.'ntial energy of
the barbell when it is lifted o this height?)

Power = work/time: ' = Wit

4. Calculate the wans nfpmnpcnd!d when a force of
2 N moves a book 2 m in a time interval of 1 5.

5. Calculate the power expended when a 20-N force pushes
acart 3.5 min atime of 0.5 5.

6. Calculase the power expended when a 500-N barbell 15
lifted 2.2 m in 25,

Gravitational potential energy =
weight X height: PE = mgh

7. How many joules of potential energy does a 1-kyg book
gain when it is clevated 4 m? When it is elevated 8 m?

8. Calculate the increase in potential energy when a 20-kg
block of ice is lified a verrical distance of 2 m.
9. Calculate the change in potential energy of 8 million kg
of warer dropping 50 m over Niagara Falls.
Kinetic energy = ;-m X speed’: KE = § o’
10, Calculate the number of joules of kinetic energy a 1-kg
book has when tossed at a speed of 2 m/s,
11. Calculate the kinetic energy of a 3-kg tov cart that moves
ar 4 mfs.
12. Calculate the kinetic energy of the same cart moving at
wice the speed.
Work-energy theorem: Work = AKE

13. How much wark is required to increase the kinetic energy
of a car by 5000 )2

14. Whar change in kinetic energy does an airplane experi-
ence on takeoff if it is moved a distance of 500 m by a
sustained net force of 5000 N?

RANKING

1. The mass and speed of the three vehicles, A, B, and C, are
shown, Rank them from greatest to least for

e 80 mis
A SR c
800 kg 90 kg
4. momentum.
b. kinetic energy.
¢. work done to bring them up 1o their respective speeds
from rest.

2. A ball is released from rest at the kefi of the meral rrack
shown here. Assume it has only enough friction to roll,
but not 1o lessen irs speed. Rank thewe quantities from
grearest to least at each point:

a Momentum
b. KE
<. PE

3. The roller coaster ride starts from rest ar point A, Rank
these quantities from greatest to least at each poine:

b. KE
.. PE

4. Rank the scake readings from most 1o least. (Ignore
friction.)

L4
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EXERCISES

L W'llyulreaﬂumimpahﬂ:dylodcd truck than a heav-
ier one that has equal s

2. Why do you do no work on a 25-kg backpack when you
walk a horizontal distance of 100 mm?

3. If your friend pushes a lawnmower 4 times as far as you
do while cxerting only half the force, which one of you
does more work? How much more?

4. Why does one get tired when pushing against a stationary
wall when no work is done on the wall?

5. Which requires more work: stretching a strong spring a
certain distance or stretching a weak spring the same dis-
rance? Defend your answer.

6. Two people who weigh the same climb a flight of stairs,
The hrst person climbs the stairsin 30 5, and the second
person climbs them in 40 s. Which person does more
work? Which uses more power?

7. The Sun pus our twice as much solar energy in 2 hours as
st does in 1 hour. But the solar poroer of the Sun is the
same from one hour to the next. Distinguish between the
terms soler energy and solar power.

8. In determining the potential energy of Tenny's drawn bow
{Figure 7.9), would it be an underestimate or an overesti-
mate to multiply the force with which she holds the arrow
in its drawn position by the distance she pulled i Why do
we say the work done is the aeenige force % distance?

9. When a rifle with a longer barrel is fired, the force of
cxpanding gases acts on the buller for a longer distance.
What effect does this have on the velocity of the emerging
bulles? (Do you see why long-range cannons have such
long barrels?)

10. Your friend says thar the kinetic energy of an object
depends on the reference frame of the observer. Explain
why you agree or dicagree.

11. You and aﬁght attendant toss a ball back and forch in an

airplane in Hight. Does the KE of the ball depend on the
speed of the auplane? Carcfully explain,

12. You warch your friend take off in a jet plane, and you
comment on the kinetic energy she has acquired. Bur she
says she experiences no such increase in kinetic energy.
Who is correct?

13. When a jumba jet slows and descends on approach o
landing, there is a decrease in both its kinetic and poren-
tial energy. Where does this energy go?

14. Explain how “clastic potential energy” dramarically
changed the sport of pole vaulting when fcxible fbergl
poles replaced stiffer wooden poles.

15. At whart point in its motion is the KE of a pendulum bob
ar a maximum? At what point is its PE ar a maximum?
When its KE is at half s maximum value, how much PE
does it have relative o its PE ag the center of the swing?

16. A physics instructor demonstrates
energy conservation by releasing a heavy
pendulum bob, as shown in the skerch,
allowing it to swing to and fro. What
would happen if, in his exuberance, he
gave the bob a slight shove as it left his
nose? Explain,

17. Does the International Space Station have gravirational
PE? KE? Explain.

18. Whar does the work-energy theorem say abour the speed
of a satellite in circular orbic?

19. A moving hammer hiss a nail and drves it into 2 wall. [ the
hammer hits the nail with owice the spoed, how much decper
will the nail be driven? If it hies with 3 times the speed®

20. Why docs the force of gravi rydomnwkun[n}abowl
ing ball rolling along a bmrlmg alley and (b} a sarcllice in
circular orbic abour Farth?

21. Why does the force of gravity do work on a car that rolls
dnwushllhumwnfm when it rolks along a level pan of
the road?

22, Does the strang thar supporis a pendulum bob do work
on the bob as its swings o and fro? Does the force of
gravity do any work on the hob?

23, A crare is pulled across a horizontal floor by a rope. At the
same time, the crate pulls back on the rope, in accord
with Newron's third law. Doss the work done on the crate
by the rope then equal zero? Explain.

24, On a playground slide, a child has potential energy that
decreases by 1000 ] while her kinetic energy increases by
900 J. Whar other form of energy is involved, and how
much?

25, Someone wanring to sell you a Superball claims thac it
will bounce to 2 height greater than the heght from
which it is dropped. Can this be?

26, Why cant a Superball released from rest reach its original
height when it bounces from a rigid floos?

27, Consider a ball thrown straight up in the air. At what
position s its kineric energy ar a maximum? Where is its
gravitanonal potential energy ar a maximum?

28, Discuss the design of the roller coaster shown in the
sketch in terms of the conservation of energy.

F 4

P

A

29, Suppose that you and two classmares are discussing the
design of 2 roller coaster. One classmate says that each
summit must be lower than the previous one. Your other
classmate says this is nonsense, for as long as the first one
is the highest, it doesn't macter what heighe the others arc.
What do you say?

30, Consider the identical balls released from rest on Tracks
Aand B, as shown. When they reach the nght ends of the
wacks, which will have the greater speed? Why is this
question easier to answer than the similar one (Exercise

40) in Chapeer 32
p 3 A
p B

31. Does a car burm more ine when its lights are surned
on? Daocs the overall consumprion of gasoline depend on
whether ar not the engine is running while the lighes are
on? Defend your answer.
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32. Suppose an object is set shiding, with a speed less than
escape velocity, on an infinite frictionless plane in contace
with the surface of Earth, as shown. Describe its motion.
(Will it slide forever at a constant velocity? Will it slide to
astop? In what way will irs energy changes be similar o
that of a pendulum?)

v
—— -

33. If a golf ball and a Ping-Pong ball both move with the
same kinetic energy, can you say which has the grearter
speect? Explain in terms of the definition of KE. Similarly,
in a gascows mixture of heavy molecules and light mole-
cules with the same average KE, can you say which have
the greater speed?

34. Running a car’s air condinoner usually increases fuel con-
sumprion. Buc, a1 ceruin speeds, 4 car with its windows
open and wich the air conditioner tumed off can con-
sume maore fuel. Explain.

35. Why bother using a machine if it cannot multply work
ilIFI.Il to Khiﬂ'r sl'ﬂlﬂ “fk ourpln?

36, When the gird in Figure 7,16 jacks up a car, how can
applying so lirde force produce sufhcient force 10 raise
the car?

37. What famous equation describes the relationship between
mass and energy?®

38. You tell your friend thar no machine can possibly put out
maore energy than is put into it, and your friend states that
a nuclear reactor Puli out more :ﬂ:l‘m’ I"II“ is Iml mto .
What do vou say?

39. This may seem like an easy question for a physics type 10
answer: With whar force docs a rock char weighs 10N
strike the ground if dropped from a rest postion 10 m
high? In facy, the question cannot be answered unless you
know more. Why?

40. Your friend is confused abour ideas discussed in Chaprer 4
that seem to contradict ideas discussed in this chapeer. For
example, in Chaprer 4, we learned thar the nert force is zero
for a car traveling along a level road ar constant velociny,
and, in this chapter, we learned that work is done in such a
case. Your friend asks, “How can work be done when the
net force equals zero?” Explain.

41. In the absence of air resistance, a ball thrown vertically
upward with a certain initial KE will return to its original
level with the same KE. When air resistance is a factor
affecting the ball, will it resurn to its onginal level with
the same, less, or more KE? Does your answer contradict
the law of energy conservation?

42. You're on a rooftop and you throw one ball downward 10
the ground below and another upward. The second ball,
after rising, falls and also scrikes the ground below, If air
resistance can be neglected, and if your downward and
upward initial speeds are the same, how will the speeds of
the balls compare upon striking the ground? (Use the idea
of energy conservaton (o arrive 41 your answer.)

43. Going uphill, the gasoline engine in a gasoline=electric
hybrid car provides 75 horsepower while the rotal power

propelling the car is 90 horsepower. Burning gasoline
provides the 75 harmsepower. What provides the other
15 horsepower?

#. When a drver applies brakes to keep a car going downhill
ar constant speed and constant kinetic energy, the poten-
l'il] Cﬂﬂp’ ﬂ; ‘l'l‘ ar Llc(mlﬂ‘ \:“hﬂ'l' &m 'h.ll.‘ mw
go? Where docs most of it go with a hybrid vehicle?

45. Does the KE of a car change more when it goes from
10 to 20 km/h or when it goes from 20 1o 30 km/h?

46. Can something have energy without having momentum?
Explain. Can something have momentam without having
energy? Defend your answer.

47. When the mass of a moving object is doubled with no
d'ﬂnsr.' m !Pﬂ!d. b" “'h-'l‘ ﬁno[ 15 113 mOmenium
changed? By what factor is its kinetic energy changed?

48. When the velocity of an object is doubled, by whar factor
i its momentum < ed? By whar factor is s kinetic
energy changed?

49. Which, if cicher, has greater momentum: a 1-kg ball mov-
ing at 2 m/s or a 2-kg ball moving at | mfs? Which has
greater kinetic energy?

50. A car has the same kinetic energy when traveling north as
when it rums around and eravels south. Is the momentum
of the car the same in both cases?

51. IF an object's KE is zero, what is its momenmum?

52. If your momentum is zero, is your kinetic energy neces-
sarily zero also?

53. IF two objects have equal kinetic energics, do they neces-
sanily have the same momentum? Defend your answer.

54. Two lumps of clay with equal and op posite momenta
have a head-on collision and come 1o rest. Is momentum
conserved? Is kinetic energy conserved? Why are vour
answers the same or different?

55. Scissors for curting paper have long blades and short han-
dles, whereas metal-cutting shears have long handles and
short blades, Bolt curress have very long handles and very
short blades. Why is this so?

56. Consider the swinging-balls appararus. If two balls are
lifted and released, momentum is conserved as rwo balls
pop out the other side with the same speed as the released
balls ar impact. But momentum would also be conserved
if one ball popped our ar twice the speed. Can you explain
why this never happens? (And can you explain why this
exercise i in (.11.1pk't 7 rather than in Chapter 67)

57. An incfficient machine is said to “waste energy.” Docs this
mwan that energy is actually lose® Explain,

58. If an automobile were to have 2 100% efficient engine,
wransfernng all of the fud's energy o work, would the




engine be warm to your touch? Would its exhaust heat
the surrounding air? Would it make any noise? Would ir
vibrate? Would any of irs fuel go unused?

59. To combat wasteful habits, we often speak of “conserving
energy.” by which we mean turning off lights and hot
water when they are not beng used and keeping thermo-
stars at a moderace level, [n rlm \I'npu-r. we albso speak of

“energy conservation.” Disting these two

60. When an electric company can't meet its customers’
demand for electricity on a hot summer day, should the
problem be called an “energy crisis” or a “power crisis™
Explain.

61. Your friend ll\rl(hlt one way to improve .‘urc[u:.llt)' ina
city is to have ‘waffic lights synchronized so that motorists
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can travel long distances at constant speed. Whar physics
principle supports chis daim?

62. The enengy we require to live comes from the chemically
stored potential energy in food, which is transformed into
orber energy forms during the metabolism process. Whar

a} whaose combined work and hear our-
put i less than che encrgy consumed? What happens
when the person’s work and heat output is greater than
the energy consumed? Can an underourished person
perform extra work without extra food? Defend your
answers,

63. Once used, can encrgy be d? Is your
consistent with the mmmnnv;ﬂm rencuable energyt

64. What do 1onal peace, ion, and security
have ro do with addressing the world’s energy needs?

PROBLEMS

1. The second floor of 2 house is 6 m above the street level,
How much work is required ro lifra 300-kg refrigerator
to the second-story level?

2. (a) How much wark is done when you push a crate hori-
zontally wich 100 N across a 10-m facrory floor? (b) If che
force of friction on the crate is 2 steady 70 N, show tha
the KE gained by the crate is 300 |. (c) Show that 700 | is
tumed into heat.

3. This question is typical on some driver’s license exams:
Aﬂrmﬂnn‘al 50 kmv/h skids 15 m with locked brakes.
How far will the car skid wirh locked brakes ar 150 kmv/h?

4. Belly-flop Bernie dives from atop a tall flagpole into a
swimming pool below. His porential encrgy at the top is
10,000 | (relative to the surface of the pool). What is his
kinctic energy when his porential energy reduces to
1000 J:

5. Nellic Newron applics a force of 50 N 1o the end of a
lever, which is moved a certain distance, If the other end
of the lever moves one-thied as far, show thar the force iv
exerts is 150 N.

6. Consider an ideal pulley system. If you pull one end of
the rope 1 m downward with a S0-N force, show that vou
can litt 2 200N load ane-quarter of 2 meter high.

7. In raising a 5000-N piano with a pulley system, the work-
ens note that for every 2 m of rope pulled downward, the

prano rises 0.2 m. Ideally, show thar 500 N is required 1o
life the piano.

8. In the hydraulic machine shown, vou observe that when
the small piston is pushed down 10 cm. the large piston s
raised 1 em. [Fthe small piston is pushed down wach a
force of 100 N. what is the most weight that the large pis-
TN can support?

9. How many watts of power do you expend when you exert
aforce of 1 N that moves 2 book 2 m in 4 time ingerval
of 1 ¢

*10. Emily holds a banana of mass m over the edge of a
bridge of height 4 She drops the banana and it falls to the
river helow. Use conservation of energy to show thar the
speed of the banana just before hitting the water is
= V2gh
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3 Rotational Motion

>~

1 Bud Grey. my sign-painting buddy. stimulated my interest in science at the impression-

able age of 25. 1 He introduced me to futunist Jacque Fresco, the most passionace teacher

I have ever met, who inspired my love of teaching. ¥ Jacque also posicively influenced my

lifelong friend, cartoonist Ernie Brown, who among many th

Phrysics cover

gos thar g

& llllili\l th"l\'l‘l’ |.I\qlll_' I'l\'\tﬂ was l'lt‘ ".“T('"'H'I‘?

influence in my transition from b

Ng a sign

painter to pursuing a life in physics. 1 mer Fresco
through my sign-painting partner, Burl Grey, in
Miami. Florida. With my wite Millie and with Ernie
[{I{)\\vll. 4 \Il)\l' fllt'flkl .Iflli Car-
toonist, | awended Fresco's
I.i\ namic “'IiL') iIII \.\I.'l.'Ll\' It‘_ ures
in Miami Beach and sometimes
at his home in Coral Gables
Charismaric Jacque has always
been a fururist, believing that the
best path to a better future is via
science and wechnology and thar
a community with more engi-
neers lh-l" 1-]\\\\'!\ s more IJI\L‘I\

to be a better one. His topics

cy Ul\vl'd. '-Illil.'lld (hl' ul:ll?l‘rl ance
of expanded technology o better living, locally and
globally. As a teacher, Jacque was and is the very best
}1|: tl"'.]lni\' Was an cnormous l“ﬂu‘-‘nl'l‘ in my own
reaching. He raught me to introduce concepts new toa
student by first comparing them o familiar ones—

‘.inu;nx\l the Concrprual

y back o the first edition

teaching by analogy. He felt thar little or nothing
£ ) g

would be leamned if not tied to something similar

familiar, and already understood. He had a built-in
“crap detector” thar ensured emphasis on the central
parts of an idea. Afrer every lecture. 1. my wite. and
l':fl]il' ll"l \\'l[ll Ln\.\\ I"llt:l.' (Il.lf Was \AI m_'d. -l.Ilt' l‘.\l‘k‘:l'
ence convinced me to take .ll‘i\'.llllai:t' of the GI Bill
(I was a noncombar Korean War ver), get a college
education, and PUrsie a CArcer in sCience

Jacque Fresco, with his associate, Roxanne Meadows,
founded The Vemus Project and the nonprohit organization
f'“q’"ﬂ' l“.’l l"k".‘g” th." r“ﬂ(\-' lh\' l“l!“ln..t"‘ll l‘?l F'““k‘i'\ Ill‘(‘
work: the integravon of the best of science and technology
into a comprehensive plan for a new society based on
human and environmenial concerns—a global vision of
hope for the future of humankind in our rechnological
age. His vision is well staved in his many books and I,nuhli-
catxns, on |I|L' \\L'h‘ -IIIL{ mosl |l'tl'||(l_\ mn a movac, /‘.”l.'{l"".
Addendum, that features his visionary ideas. Now in his
90s, he continues o inspire young and old worldwide.

In typical lecture lessons, Jacque treated the distine-
tions berween closely related ideas as well as their simi-

laniry. 1 recall one of his lessons distinguishing berween




linear motion and rotational motion. Where does a
child move faster on a merry-go-round—near the out-
side rail or near the inside rail—or do they have the
same speed? Because the distinction between lincar
speed and rotational speed is poorly understond, Jacque
said that asking this question w different people resulis
in different answers. Just as "rail-end Charlie™ at the end
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of a line of skaters making a turn moves faster than
skaters near the center of the curve, so it is thart railroad-
train wheels on the outside track of a curve travel faster
than wheels on the inside track. Jacque explained how
slight tapering of the wheel nms make this possible.
This and other similarities and distinctions are treated
in this chaprer.

* Circular Motion

incar speed, which we simply alled speed in previous chaprers, is the distance
traveled per unit of time. A point on the outside edge of a merry-go-round or
turntable travels a greater distance in one complete rotation than a point nearer the
center. Traveling a greater distance in the same time means a greater speed. Lincar
speed is greater on the outer edge of a rotaning object than v is closer to the axis.
The lincar speed of something moving along a circular path can be called
tangential speed because the direction of motion is angent to the circumference
of the circle. For circular motion, we can use the terms finear speed and sangensial
speed interchangeably. Units of linear or angential speed are usually m/s or km/h.
Rotational speed (sometimes called angudar speed) involves the number of rota-
tions or revolutions per unit of time. All parts of the rigid merry-go-round and
turntable turn about the axis of rotation in the same amount of time. Thus, all parts
share the same rate of rotation, or the same ber af rotavions ox revolutions per
wnit of fime. It is common to express rotarional rates in revolutions per minute
(RPM).! For example, most phonograph turntables, which were common in mom
and dad’s uime, rotate at 33; RPM. A ladybug sitting anywhere on the surface of the
turntable revolves ac .’tSl RPM.

la) ()

Tangential speed and rotational speed are related. Have you ever ridden on a big,
round, rotating platform in an amusement park? The faster it turns, the faster your
tangential speed. This makes sense; the greater the RPMs, the faster your speed in
meters per second, We say that tangential speed is directly propertional to rotational
speed at any fixed distance from the axis of rotation.

"Physics types usually describe rotational speed. s, in terms of the number of “radians” mmed in 2 unic
o time. There are a liede more than 6 radians i 2 hull rotation (21 radians. w be exact). When a direc-
taon is assigaed 1o rcational speed, we call ic muarions! selity (olten clled amguber vedocing). Rocacional
welocity 1 2 vecror whose magninsde w the rotational speed. By convention, the rotatianal velocmy vecmr
lics alusmg the axis of rotation, and poist in the diection of advance of o conventonal right-handed wiew.

Wuemﬂ
Tutorial
Rotational Motion

-

fyi

» When an object turns about an
mternal axis, the motions a
rotation, or spin. A merry-go-round
or a turntable rotates about a cen-
tral inteimal axis. When an object
turns about an external axis, the
mation is a revolution Earth makes
one revolution about the Sun each
year, while 1t rotates about 11s polar
axis once per day

PhysicsPlace.com
Video
Rotational Speed

FIGURE 8.1

(2} When the nurneable rocates, a
point farther from the cenver rravels a
longer path in the same tme and has
a greater tangential speed. (b) A lady-
bus twice as far from the center
moves Twice as fast.

The tangential speed of cach person
is proportional to the rotational
speed of the platform muleiplied by
the discance from the cenoral axis.
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When a row of people, locked arm
m arm at the skating rink. makes
i tum, the motion of *tall-end
Charlie™ s evidence of a greater
tangentlal speed

Why will 4 person with one leg
shorter than the other tend to
wilk In circles when lost?

FIGURE 8.3

Carhy Candler asks her class which
set n‘fl:l-lpl will sclf-correce when she
tolls them along a pair of “merenstick
tracks.”

Tangential speed, unlike rotational speed. depends on rdial distance (the dis-
tance from the axis). At the very center of the rotanng platform, you have no speed
at all; you merely rotate. But, as you approach the edge of the platform, you find
yourself moving faster and faster. Tangential speed is dircctly proportional o dis-
tance from the axis for any given rotational speed.

So we see thar tangential speed is proportional to both radial distance and rota-
tional qm:d."'

Tangential speed ~ radial distance X rotational speed
In symbol form,
v e

where v is tangential speed and @ (Greek letter omega) is rotational speed. You
move faster if the rate of rotation increases (bigger w). You also move faster if you
move farther from the axis (bigger ). Move out twice as far from the rotational axis
at the center and you move twice as fast. Move out 3 times as far and you have 3
times as much tangential speed. If you find yourself in any kind of rotating system,
your tangential speed depends on how far you are from che axis of rotation.

_"uull'ﬂ'l'ﬂ‘r

a

1. Imagine a ladybug sitting halfway between the rotational axis and the
outer edge of the turntable in Figure 81b When the turntable has a rota-
tional speed of 20 RPM and the bug has a tangential speed of 2 cm/s,
what will be the rotational and tangential speeds of her friend who sits
atthe outer edge?

2. Trains ride on a pair of tracks. For straight-line motion, both tracks are the
same length. Not so for tracks along a curve Which track is longer, the one
on the outside of the curve or the one on the inside?

Check Your Answers

1. Since all parts of the turntable have the same rotational speed her friend alsa
rotates at 20 RPM Tangential speed is a different story. Simce she is twice as far
fram the axis of retation, he moves twice as fast—g cmis

a, 5imilar to Figure 8.1 the track on the outside of the curve 1s longer—just as the cir-
cumference of a circle of greater radius is longer.

When tangential speed undergoes change,
we speak of a tangential acceleration. Any
change in tangential speed indicates an accel-
eration parallel to tangential motion. For
example, a person on a rotating platform thar
speeds up or slows down undergoes a tangen-
tial acceleration. We'll soon see thar anything
moving in a curved path undergoes another
kind of acceleration—one directed 1o the cen-
ter of curvature. This is centriperal acceleration,
In the interest of “information overload,”
we'll not go into the details of tangential or
centripetal acceleration,

1f you take a follow-up physics course, you will lesrn thae when the peoper units are used for tangental
speed n. mocational speed o0, and radial distance 7. the direct proportion of # to both 7 and w beoomes the
exact cquation ¢ = ras. 5o the tnpential speed will be disealy propoetional 1o « when all parn of 4 ws-
tem simultancously have the same o, as for 3 wheel or disk (or 2 fyswareer).




Wheels on Railroad Trains

hy does a moving raliroad train stay on the tracks? Most
people assume that the wheel flanges keep the wheels
from rolling off. But if you look at these flanges, you Tl likely note
they are rusty They seldom touch the track except when they
follow slots that switch the train from one set of tracks toanother.
So how do the wheels of a tram stay on the tracks? They stay on
the track bacause their rims are slightly tapered
If you roll a tapered cup across a surface. it makes a curved

path (Figure 8 4) The wider part of the cup has a greater radius,

rolls a greater distance per revolution, and therefore has a
greater tangential speed than the narrower end If you fasten a
pair of cups together at their wade ends (simply taping them
together) and roll the pair along a pair of paralie! tracks (Figure
8.5). the cups will remain on the track and center themselves
whenever they roll off center This occurs because when the
pait rolls to the left of center, say. the wider part of the left cup
rides on the left track while the narrow part of the right cup
rides on the right track This steers the pair toward the center.
Ifit “"overshoots” toward the right, the process repeats, this
time toward the left, as the wheels tend to center themselves.

— —
- b
7/ a
/ \
| FIGURE 8.4
Because the wide pare
\ of the cup rolls faster
% than the narrow parr, the
A cup rolls in a curve.

FIGURE 8.5

Two fastened cups stay on the tracks as they roll because,
when they roll off center, the different tangential speeds due
to the taper cause them to self-correct toward the center of
the track.

Wheels of a railroad train are slightly tapered (shown
exaggerated here),

CHAPTER 8 ROTATIONAL MOTION

Likewise for a railroad train, where passengers feel the train
swaying as these corrective actions occur

This tapered shape is essential on the curves of railroad
tracks. On any curve, the distance along the outer part is longer
than the distance along the inner part (as we saw in Figure 8.1a)
S0, whenever a vehicle follows a curve, its outer wheels travel
faster than its inner wheels. For an automobile, this is not a prob-
lem because the wheels are freewheeling and roll independently
of each othex For a train, however, like the pair of fastened cups,
pairs of wheels are firmly connected and rotate together Oppo-
site wheels have the same RPM at any time. But, due tothe
slightly tapered rim of the wheel, its tangential speed along the
track depends on whether it ides on the narrow part of the nm
of the wide part. On the wide part, it travels faster So,when a
train rounds a curve, wheels on the outer track nde on the wider
part of the tapered rims, while opposite wheeks ride on their nar-
row parts.In this way, the wheeks have different tangental
speeds for the same rotational speed This is v ~ resin action!
Can you see that if the wheels were not tapered, scraping would
occut and the wheels would squeal when a train rounds a curve?

Narrow part of left wheel goes
slower, so wheels curve to left

Wide part of left wheel goes
faster, so wheels curve to right
FIGURE 8.7
(Top) Along a track thar curves ro the left, the right whedl
rides on its wide part and goes faster while the left wheel
rides on its narrow part and goes slower. (Botrom) The
opposite ix true when the track curves o the righ.

After rounding a curve, a train often oscillates on the
straightaway as the wheels self-correct.
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fyi

« Anidea put forward in past years
for boosting efficency in electric
rail travel was massive rotor
disks—flywiheels—beneath the
flooring of railroad cars. When
brakes were applied rather than
slowing the cars by conwerting
braking energy to heat via friction,
the braking energy would be
diverted to revving the fiywheels,
which then could operate genera-
tors to supply electric energy for
operating the train The massive-
ness of the rotors turned out to
make the scheme impractical But
the sdea hasr't been lost Today's
hybrid autemebiles do much the
same thing—not mechanically, but
electrically Braking energy Is
diverted to electric hatteries, which
are then used for operating the
automobile

" Difficult to rotate
FIGURE 8.9

R | inertia d I ds on the
distribution of mass relative w the
axis of rotation.

PhysicsPlace.com

Videos

Ratatiamal inertia Using Weighted Pipes
Rotatianal inertia Lking a Hammer
Rotatiamal Inertia with a Weighted Rod

* Rotational Inertia

ust as an object at rest tends 1o stay at rest and an object in motion tends to

remain moving in a straight line, an object rotating about an axis tends to remain
rotuating about the same axis unless intexfered with by some external influence. (We shall
see shortly that this external influence is properly called a sorgue.) The property of
an object 1o resist changes in its rotational state of motion is called rotational
inertia.’ Bodies that are rotating tend to remain rotating, while nonrotating bodics
tend to remain nonrotating. In the absence of ouwside influences, a rotating rop
keeps rotating, while a top at rest remains ar rest.

Like incrtia for lincar motion, rotational incrtia depends on mass. The thick stone
disk that rotates bencath a potter’s wheel is very massive, and, once it is spinning, it
tends o remain spinning. Bur, unlike lincar motion, rorational mertia depends on the
distribution of the mass about the axis of roration. The greater the distance between
an object’s mass concentration and the axis, the greater the roranonal inertia. This is
evident in industrial flywheds that are constructed so thar most of their mass is con-
centrated far from the axis, along the rim. Once totating, they have a greater endency
10 remain rotating, When at rest, they are more difficult o get rotating,

Industrial flywheels provide a practical means of storing energy in dectric power
plants, When the plants generate continuous electricity, encrgy not needed when
power demand is low is diverted to massive flywheels, which are the counterpart of
clectric batteries—but environmentally sound with no roxic metals nor hazardous
waste, The whirling wheels are then connected 1o generators to release the power
when it’s needed. When combined with other Hywheels, banks of ten or more of
them connected to power grids offset Huctuations between supply and demand and
help them run more smoothly. Cheers for rotrional inertia!

The greater the rotational inertia of an object, the greater the difficulty in chang-
ing its rotational stare. This fact is employed by a circus ughuope walker who carries
a long pole 10 aid balance. Much of the mass of the pole is far from the axis of rota-
tion, its midpoint. The pole, therefore, has considerable rotational inertia. If the
tightrope walker starts to topple over, a tight grip on the pole rotates the pole. But
the rotational inertia of the pole resists, giving the tightrope walker time to readjust
his or her balance. The longer the pole, the berter, And berter siill if massive objects
are attached to the ends. But a tightrope walker with no pole can at least extend his
or her arms full length 1o increase the body's rotational inertia.

The rotatonal inertia of the pole, or of any object, depends on the axis abour
which it rotates. Compare the different rotations of a pencil (Figure 8.11). Consider

A m

* Sigh -

FIGURE 810
The rendency of the pole to resist rotation aids the acrobar.

Ofren called marment wf mertia,
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three axes—aone about its central core parallel o the length of the penal, where the
lead is: the second about the perpendicular midpoint axis and the third about an axis

perps ndicular vo one end. Rotational inertia is veTY small about the first position,

1ost all the mass is

and it’s easy to rotate the pencil berween your hngertips because

very close to the axis. About the second axis, like thar used by the tightrope walker in
the preceding illustration, rotational inertia is greater. About the third axis, at the end

ol ‘.iil’ !‘\'“\.IE L1 l]l.ll iInaw II]!"\ liLL o l\'lltlli]‘ll“, rot :I&li mnera is l:lt'.lll.l \:J“

A !nl!l'_ iun'lu" ba lnlu.i near s g'llli il‘l\ mwre :nullu:l;d mnertia :]u!: a all”l‘ bar.

Once i s swing . it has a E;h.llrl [\I:d\'lu) (L] l\t‘\‘p swangang, lnl! it is harder o

bri & it up \Flu-d, A short bat, with less rotational inertia, is casier 1o sw ing—wh ich
explains why baseball plavers sometimes “choke up” on a bat by grasping it closer 10
fi‘\. more .’“.l\-i\'\' l'nl{ \ll]l‘l.lr!_\ \\':-ll"'l _\'I‘Ii run wit I?.'I _\"”1;[ Il':_:‘ i‘\'l“. you F\'lilll.\' ‘hl'll

rotational inertia so you can rotate them back and forth more quickly. A long-legged

pe
strides of crearures with different leg lengths are espeaially evident in animals. Giratles,
horses, and ostriches run with a slower gair than dachshunds,

on tends o \\'.I”'& W I{h ‘-Il'\\\'r \?Ili{l\ [i\.l'l'l 4 ;‘l‘."«\n \v"!t]\ \hlll? |L‘l.[\ 'I 1‘(‘ lil”\'l\'llf

nice, and bugs.

Because of rotational inertia, a solid cylinder starting from rest will roll down an
incline faster than a hoop. Both rotate about a central axis, and the shape that has
most of its mass far from its axis is the hoop, So, for its weight, a hoop has more
[\\l.i‘i"'l'l.'ll ini'rtl‘.] .?l‘l'\. i\ h.irl Cr Lo start rl\l!:.nf_: '\IT\ M\]il{ l\'“".lll'l \\il; our rll]i .H'I_\
hoop on the same incline, This doesnt scem plausible ar first, bur remember that
any two objects, regardless of mass, will fall together when dropped. They will also
shide together when released on an inclined plane. When rotation is introduced, the
object with the larger rotanional inertia relatioe 10 sts o1on mass has the grearer resist-

ANCe 1o a L]i_llal'_u.' s mMOoLon. lln.'lxu.‘. any sode .\!Ilnl;l \.Hu roll dow nany :Ih.!llh.

with more acceleration tl any hollow cylinder, regardless of mass o radius. A hol-

low cylinder has more “laziness per mass” than a solid cylinder. Try it and see!

Figure 8.15 compares rotational inertias for various shapes and axes. 1t is not
important for you to learn the equations shown in the figure. but can you see how
they vary with the shape and axis?

When the mass of an object is concentrated ar the radiug » trom the asis of rotaton (as for 2 ampl
pendulum bob or a thin ring), rotanonal incmia £ is equal o the mas w muliphed by the square of the
radial divtance, For the special case, / "

FIGURE 8.11

I'be pencil has ditferent rocational
imertias about different rotanonal

FIGURE B8.12

You bend your legs when you run to

reduce rocarional incrtia

FIGURE 8.113

Short begs have less rotational inertia

than long legs. An animal with shore
legs has a quacker snde than people

with long begs, just as 2 baseball barer

can swa I\hl\l' bat e Ui L]l

than 1 long one

FIGURE %.14

A solid oylinder rolls down an incline

t than a hoop, whether or not

they have ¢ mass or outer

€ SAmc

diameter wop has greater ok

tonal inerna relative to its mass chan

a cvlinder does
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FIGURE 8.15
Rotational inertias of various objects,
each of mass e, abour indicared axes,

¢
£

3l
2
)

MNote how rotabonal inertia very
much depends an the location of
the a3 of rotation. A stick rotat
ed about ane end, for example,
has 4 times the rotational inertia
than when rotated about its
center.

£

FIGURE B.16

Move the weight farther from your
hand and feel che difference between
force and torque.

ey

Simple Hoop about normal axis Hoop about diameter
pendulum__
o X3
.
A e s
L) '
~ -
I=me? I=Vame
Stick about Solid Salid sphere
end Stick about CG cylinder about (G
or N
> 1= Vaz mi2 b Vet 1=26me

1= Vami2

-

1. Consider balancing a hammert upright on the tip
of your finger. The head is likely heavier than the
handle. Is it easier to balance with the end of the
handle on your fingertip, with the head at the top,
or the other way around with the head at your fin-
qectipand&eenddthehmalhew

2. Consider a pair of metersticks standing
upﬂgtuagamtawa!ll!yomdusenmm
rotate to the floor in the same time, But what if
one has a massive hunk of clay stuck to its top
end? Will it rotate to the floor in a longer or shorter
time?

3. Just for fun, and since we're discussing round

things, why are manhole covers circular in shape?

1)

Check Your Answers

1. Stand the hammer with the handle at your fingertip and the head at the tap.
Why? Because it will have more rotational inertia this way and be more resistant
to a rotational change. (Try this yourself by trying to balance a spoon both ways on
your fingertip) Those acrobats you see on stage who balance a long pole have an
easier task when their friends are at the top of the pole. A pole empty at the top
has Jess rotational Inertia and i more difficult to balance!

2. Tryt and see! (if youdon't have clay fashion something equivalent |

3. Not sofast on this one Give it some thought. If you don't come up with an answer,

then lock to the end of the chapter for an answer.
* Torque

Hn!d the end of a meterstick horizontally with your hand. Dangle a weight
from it near your hand and you can feel the stick wwist. Now slide the
weight farther from your hand and you can feel that the twist is greater. But the
weight is the same, The force acting on your hand is the same, Whar's different is
the rorque.




CHAPTER 8 ROTATIONAL MOTION 129

A torque (thymes with dork) is the rotational counterpart of
force. Force tends to change the motion of things; torque tends to
twist or change the state of rotation of things. If you want to make
a stationary object move or a moving object change speed, apply
force. If you want to make a stationary object rotate or a rotating
object change rotational speed, apply torque.

Just as rorational inereia dilfers from regular inereia, rorque dif-
fers from force. Both rotational inertia and rorque involve distance
from the axis of rotation. In the case of orque, this distance, which
provides leverage, is called the fever arnt. It is the shortest distance
between the applied force and the rotational axis. We define
torque as the product of this lever arm and the force that tends o
produce rotation:

FIGURE 8.17

Torque = lever arm X force
9 Mary Beth Monroe demonstrares a

Torques are intuitively familiar to youngsters playing on a seesaw. Kids can bal- “torque fecler” before she passes i
ance a seesaw even when their weights are unequal. Weight alone doesn’t produce sround for her students to cry.
rotation=—torque does alko—and children soon learn thar the distance they sit
from the pivor point is every bit as important as their weight. The torque pro- "'“‘3"‘_'1"5"“"-
duced by the boy on the right in Figure 8,18 tends to produce clockwise rotation,
while torque produced by the girl on the left tends to produce counterclock-
wise rotation. If the torques are equal, making the net torque zero, no rotation is
produced. 250N

Suppose that the seesaw is arranged so thar the halt-as-heavy girl 1s suspended S00N
f_mm a -i-n_l rope hanging from her end of the seesaw (Figure 8.19). Sheisnow Sm ¢ cune 518
from the fulcrum, and the seesaw is still balanced. We see that the lever-arm dis-
fance i suill 1 m ;md_nol: 5m. [.he lever am about any axis of rocation is th.u: PE™  No roration is produced when the
pendicular distance from the axis to the line along which the force acts. This will 1 rues balance each other.
always be the shorrest distance berween the axis of rotation and the line along which

the force acts.
This is why the stubbomn bolt shown in Figure 8.20 is more likely to turn when f—1 m—ef
the applied force is perpendicular to the handle, rather than at an oblique angle as r
shown in the hirst figure. In the first figure, the lever arm is shown by the dashed
line and is less chan the length of the wrench handle. In the second hgure, the 4m \ §m

lever arm s equal to the length of the wrench handle. In the third hgure, the lever
arm is extended with a picce of pipe to provide more leverage and a greater

lnl‘lllu'.
FIGURE B8.19
The lever arm is still 3 m
Force Force
Force
Torque / Mare torque 3 | s Even more tarque ) | [
@ # i )—
o0,
Lever am f Lever arrn Lever arm

i and when all clocks go digital
will clackwase and counterclock
wise have meaning to future gen
eratiors?

FIGURE 8.20

Although the magnitudes of the force are the same in cach case, the torques are different.

-

Recall the equilibrium rule in Chapter 2—that the sum of the forees acting on a
body or any system must equal zero for mechanical equilibrium. Thatis, ZF = 0. physicsPlace.com
We now see an additional condition, The et forgue on a body or on a system must  yigeos
also be zero for mechanical cquilibrium, £+ = 0, where 7 stands for torque. Any-  pifference Between Torgue and weight
thing in mechanical equilibrium doesn't accelerate linearly or rotacionally, Why a Ball Rolls Down a Hill
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_I'..H.ELI'.O.I..T

£
1. If a pipe effectively extends a wrench handle to 3 times its length, by how
much will the torque increase for the same applied force?
a. Consider the balanced seesaw in Figure 818, Suppose the girlon the left
suddenly gains 50 N, such as by being handed a bag of apples Where
should shesit in order to balance, assuming the heavier boy does not move?

Check Your Answers

1. Three trmes more leverage for the same force produces 3 times more torque
[Caution: This methed of increasing torque sometimes results in shearing off
the belti]

2. She should sit | m closer to the center Then her lever arm 1s 2.5 m. This checks:
300N X 25m = SoON X .5m,

* Center of Mass and Center of Gravity

oss a baseball into the air, and it will follow a h parabolic trajecrory. Toss

a baseball bat spinning invo the air, and its pach is not smooth; its motion is
wobbly, and it seems 10 wobble all over the place. Bur, in fact, it wobbles abour a
very special place, a poine called the center of mass (CM).

g P2 -
o~ A

FIGURE a.21 '
The center of mass of the baschall L Q (&
and thar of che bar follow parabolic

trajectories, P il ™ o Pk /\__....-. M———

For a given body, the center of mass is the average position of all the mass that
makes up the object. For example, a symmetrical objecr, such as a ball, has its center
of mass at its geometnical center; by contrase, an wregularly shaped body, such as a
baschall bar, has more of its mass toward one end. The center of mass of a bascball
bar, therefore, is toward the thicker end. A solid cone has its center of mass exactly
onc-fourth of the way up from its base.

Center of gravity (CG) is a term popularly used 1o express center of mass. The
| center of gravity is simply the average position of weight distribution, Since weight
h and mass are proportional, center of gravity and center of mass refer to the same
) point of an object.” The physicist prefers to usc the term center of mass, for an object
\ has a center of mass whether or not it is under the influence of gravity. However, we
shall use either term 1o express this concept, and we shall favor the term center o
¥
kRl gravety when weight is pare of the picrure.
The center of mass for each object s - gy Lo aky 2 i
shown by the red dor. For slmast all abyects on and near Earch's surface, these rerma are 7 Asmall

between center of graviey and center of mass can occur for an object birge enough so thar gravity varies
froem ane pan to another. For example. the conter of gravity of dhe Empare Scate Building is abous

1 millimeter bekow it center of mass. This is due m the lower sories being pulled a litle moee stronglhy
by Eanth's praviry chan the upper soties. For everyday obgects (including rall buildings), we can uie the
terms crmier of prasity and cewter of e interchangeably,
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I'he multiple-flash photograph (Figure 8.23) shows a top view of 2 wrench slid-

INE ACTOSS 3 ST i‘h honzont '|| surtace \I‘t-" that its center .-*.IT'..l\" IndaK I'L'I{ E'i_’. Ihn.

\\:'H[\ \{n'- I l”ni\\. sa \IT.IIE_'_]'I' | ;‘.H]'I \\f'l!lll' -‘th\l’ ]‘\'-T[\ Il'. the wrench -\l'l‘l?:l' as

» wrench,

they move across the surface. Since there is no external force acting on

its center of mass moves oqual distances in equal nme intervals, The motion of the
spinning wrench is the combination of the \zr.uy_]u-lmu motion of irs center of mass

.illi’ Ilu 1lll.lllllll.ll mobion —li'l‘”'. IS Center ol mass.

£ l]ll WICHG ::'. -\llL",ll\q'G'..ll ll}‘\\LLlll',ll' l]'.\ air, no maticr I'Illl\ It rotcs, iMs conlcr
of mass (or center of gravity) would follow a smooth parabolic arc. The same is truc

mternal forces thar act in the explo-

for an exploding cannonball (Figure 8,24)

the projec tile. Interestingly ¢ nough, it air

sion do no C hange Il‘h' center of gravity

ected, the center of gravity of the dispersed fragments as they

resistance can be

samc [: wation as th AVITY WOl th{ h AVe

h the air will be in the

Hy tho

been if the explosion hadn't occurred,

._é_.ﬂ_____.______ e \

CHECK, ot

.
1. Where is the CG of a donut?
2. Lanan ."LIJ-H t have mare than one CG?

Check Your Antwers

Lintr Ler he hale
F A T - e r has e 1y O t
15t f i W £ ychange asit AT} €T

rany given shape

LOCATING THE CENTER OF GRAVITY

__'_l.u.l'. \l!. a u“‘ll‘hlll!l llk! oL, \I'..ll as a m;[.:\thl\. S At s Jlu.iibuh

=
The center of

tor 'nhl \|]Llh acts as ol s entire \'v-l!'.i‘-[ Were t"::\\ll:l.l:L'i{ l]l\'l’l'. l"'ll“] \:-li‘F‘“l'[ that
single point, vou support the entire stick. Balancing an object provides a simple
method of locating its center of gravity. In Figure 8.25, the many small arrows rep-
resent the pull of gravity all .1|n'15; the meterstick. All of these can be combined into
a resultant force acting through the center of gravity, The entire weight of the stick
mayv E'\." f]'l'l'\ls;hf of as 'In]]l'\;ﬂ' at th\ \”‘\L']\' “l.T‘{ }IL'”l\ » W€ Can |‘Jr'|['.l{' 111\' stick by

hat passes through this point.

applving a single upward force in a direcuor
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FIGURE 8.23
I'he center of mass of the spinning
wrench lollows a straight-line path

FIGURE 8.24

I'he center of muass of the cannonball

same p..[]\ betore and atter the

g ~J‘||-»||-|

Upward
push by

fin

i

= weignt
of stick

FIGURE B8.25

t the entire stick ¢

swcentrated at the s
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FIGURE 8.26

Finding the center of graviry foran
irnegularly shaped object

—
PhysicsPlace.com

FIGURE 8.27

I'he center of mass can be oumside the

muss of a body.

Ihe center of gravity of any freely suspended object lies direcily beneath {or at)
the point of suspension (Figure 8.26). 1f a vertical line is drawn through the point of
\ll‘[‘l"‘\l"“. ‘hk‘ center |‘,- ::"']Tl'_\ ].lL"\ \l‘lr‘l‘\‘-hl.'rl' .ill‘"s 'h.{( ]‘"l‘ .]"l lIL‘l\'.'"'Hn\'
exactly where it lies along the line, we have only to suspend the object from
some other point and draw a second verucal line through thar point of suspension.
The center of gravity lies where the two lines intersect.

The cenver of ¢

ass of an ﬂl‘]L\' nmay l‘l.' d I'('l“l \\htlL‘ NO Mass Cxisis. l'l\l cxXame-
I\]l.. Ill\' cenler ﬁ’.ln‘l\n DII.J Iilll‘. ora !)ll”ll\l 1}\1]1.'11.' s at Illt l:L'llIll\,‘iflLJ] cenler w |h 0

no

1T EXISIS. \l"\ll-ﬂ I\. llll' cenicr IP’ n‘ld_\\li!.-l l‘l?'i:llt ‘Jll}: jLY (Iu"!lljt' |i|\ I‘Il_\ M .II
structure, not within the macerial of the boomerang (Figure 8.27).

FIGURE 8.28

I'he athlete execures a “Fosbury flop” 1o dear the bar while her center of graviry passes
bencath the bar

CHECKPOINT

1. Where is the cenler of mass of Earth's atmosphere?
2. A uniform meterstick supported at the 25-cm %

mark balances when a1-kg rock is suspended % *
atthe O-cm end What is the mass of the é E

meterstick?
Check Your Answers
1. Like a gant basketball Earth's atmosphers IS 2 spherical shell with its center of

% INegui brium, 5o

balanced

TOLK T

it of the stick appix

mark is appl

betvweent ckand the stack’

the lever anms about the suppor

equal (26 Om) This means that the welghts (and hence the masses) of the rock and

stick are also equal. (Note that we don't have to go through the labomous task of
onsidering the fractional parts of the stick's weight on either side of the fulcrum

for the CG of the wh

ne point—the 5o-cm mark!) Interestingly,

the CG of the rock + stick s n 1 at the 26-cm mark—directly above the fulcrurr
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FIGURE B.30

When you stand, your center of grav-
ity is somewhere above the base area

FIGURE B.29

The center of gravity of the Leaning bounded by your feer. Why do you
Tower of Pisa lies above its base of keep your legs far apart when you
support, s the tower 15 in stable have to stand in the aide of a hl.lu:w-
equilibrium. riding bus?

STABILITY

The location of the center of gravity is imporant for stability (Figure 8.29). 1f we
draw a line straight down from the center of gravity of an object of any shape and
it falls inside the base of the object, it is in stable equilibrium; it will balance. Ifie
falls outside the base, it is unstable. Why doesn’t the famous Leaning Tower of
Pisa topple over? As we can see in Figure 8.29, a line from the center of gravity of
the tower to the level of the ground falls inside its base, so the Leaning Tower has
stood for several centuries. If the tower leaned far enough so that the center of
gravity extended beyond the base, an unbalanced torque would wopple
the tower.

When you stand crect (or lic flar), your center of gravity is within
your body, Why is the center of gravity lower in an average woman
than it is in an average man of the same height? I your center of grav-
ity always at the same point in your body? Is it always inside your
body? Whar happens to it when you bend over?

If you are fairly Hexible, you can bend over and rouch your toes
without bending your knees. Ordinarily, when you bend over and
touch your roes, you extend your lower extremity as shown in the left
half of Figure 8.31, so that your center of gravity is above a base of support, your
feet. If you atrempt to do this when standing against a wall, however, you cannot
counterbalance yourself, and your center of gravity soon protrudes beyond your
feet, as shown in the right half of Figure 8.31.

P

i)

Center e J
<~ of mass Center

- -——..I of mass

la) (b)

The center of mass of the L-shaped object is located where no mass exists. In (a), the center
of mass s above the base of:upporl. s0 the abject is stable. In (b), it is not above the base
of supporr. so the object is unstable and will ropple over.
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FIGURE 8.3

You can lean over and touch your
toes withour falling over only if your
center of gravity is above the arca
bounded by vour feet.
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FIGURE 8.33

Where is Alexei’s center of graviry
relative to his hands?

PhysicsPlace.com
Video
Toppling

FIGURE 8.34

I'he greater torque acts on (b) for
wo reasons. Whart are they?

FIGURE 3.35

Gyroscopes and computer-assisted
maotors make continual adjustments
in the self-balancing dectnic scooters
10 keep the combined CGs of Mark,
I'enny. and the vehicles above the
wheclbase

You rotate because of an unbalanced torque, This is evident in the two L-shaped
objects shown in Figure 8.34. Both are unsuble and will topple unless fastened 1o
the level surface. It is casy to see thar even if both shapes have the same weighr, the
one on the right is more unstable. This is because of the greater lever arm and,

hence, a greater 1orque.

-~ Center of mass —

{a) /4‘ fol

Lever-arm
distance

)

Longer
- lever-arm
.7 distance

™~ Imaginary fulcrum

l

Ity balancing the pole end of a broom upright on the palm of your hand. The
support base is quite small and relatively far beneath the center of graviry, so it's dif-
ficult to maintain balance for very long. Afrer some practice, you can do it if you

learn to make slight movements of your hand 1o respond exactly 1o vanations in

balance. You learn to avoid underre-
sponding or overresponding 10 the
slightest vanations in balance. The
mnguing Segway Human Transparter
(Figure 8.35) does much the same.
Variations in balance are quickly
sensed by gyroscopes, and an internal
computer regulates a motor to keep
the vehide upright. The computer reg-
ulates corrective adjustments of the
wheel speed in a way quite similar to
the way in which your brain coordi-
nates your adjustive action when bal-
ancing 2 long pole on the palm of your
hand. Both feas are ruly amazing.

lo reduce the likelihood of upping,
it is usually advisable 1o design objects
with a wide base and low center of
gravity, The wider the base, the higher
the center of gravity must be raised
betore the object ups over.
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1. Why is it dangerous to slide open the top
drawers of a fully loaded file cabinet that is TR
not secured to the floor? Fioe
2. When a car drives off a cliff, why does it rotate ™
forward as it falls? '
Check Your Answers

1. The filing cablinet is in danger of tipping because the CG may extend beyond the
support base. If it does, then torque due to gravity tips the cabinet

2. Whenall wheels are on the ground, the car's CG is above a support base and no
tipping occurs. But when the car drives off a ciff, the front wheels are first to leave
the ground and the car is supported only by the rear wheels. The CC then extends
beyond the support base, and rotation ccours. Interestingly, the speed of the car
relates to how much time the CC is not supported, and hence, the amount the car
rotateswhile it falls

* Centripetal Force

ny force directed toward a fixed center is called a centripetal force.

Centripedal means “center-secking” or “toward the center.” When we whirl a
tin can on the end of a string, we find that we must keep pulling on the string—
exerting a centripetal force (Figure 8.37). The string transmits the centripetal force,
which pulls the can into a circular path, Gravitational and electrical forces can pro-
duce centripetal forces. The Moon, for example, is held in an almost circular orbit
by gravitational force directed toward the center of Earth. The orbiting electrons in
atoms experience an electrical force roward the central nudei. Anything thar moves
in a circular path does so because it's acted upon by a centriperal force.

Centripetal foroe depends on the mass m, angential speed v, and radius of
curvature r of the circularly moving object. In lab, you'll likely use the exact
relationship

F=2
=
Nortice thae speed is squared, so twice the speed needs 4 times the force. The inverse
relationship with the radius of curvarure tells ws chac half che radial distance requires
twice the force.

Centripetal force is not a basic force of nature; it is simply the name given to any
force, whether string rension, gravitatonal, electrical, or whatever, that is direcred
toward a fixed center. If the motion is circular and execured ar constant speed, chis
force is at night angles to the path of the moving object.

When an automobile rounds a comer, the friction berween the tires and the road
provides the centniperal force that holds the car in a curved parh (Figure 8,39).
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FIGURE B.36

Stability is determined by the vertical
distance thar the center of graviry is
raised in tipping. An object with a
wide base and a low center of gravity
is more stable.

FIGURE 8.37

The force exerted on the whirling can
is toward the center,

FIGURE .38

The centripetal force (adhesion of
mud on the spinning tire) is not grear
enough to hold the mud on the tire,
50 it flies off in straight-line angenes.
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"=~ Center of curvature If this friction is insufficient {due 1o oil or gravel on the pavement, for example), the
Caririontsl tires slide sideways and the car fails to make the curve; the car tends to skid tangen-
m!:'_f“ o tially off the road.
\
o \ e =
-
(s % ’ N
N
\ / \
" == Center of curvature \ 4 \
\ : \
Centripetal forre \ \ [
\\..\ \ '
5 :
\
\
" Wi 4

FIGURE 8.39

(a) When a car goes around a curve, FISORE .40

there must be a force pushing the car  Large centripetal forces on the wings of an aircrafi enable it to fly in circular loops, The
toward the center of the curve, (b) A acceleration away from the straighe-line path the aircraft would follow in the absence of

car skids on a curve when the cen- centriperal force is often several times greater than the acceleration due to gravity, g For
“ip"a] force (friction of road on n’..'lmplc. if the urnlnpm| acceleration is 50 m/s® (5 times as preat as 10 m/s*), we say that
tires) is not great enough. the aircraft is undergoing 5 ¢'s. For a pilot, the number of gs is defined by rthe force on the

seat of his or her pants, So at the bortom of the loop where the pilot’s weight lines up with
the centriperal force, the pilot experiences 6 g's. Typical fighter aircraft are designed 1o
withstand accelerations up to B or 9 g's. The pilot as well as the aircrale must withstand this
amount of acceleration. Mlots of fighrer aircraft wear pressure suits to prevent blood from
flowing away from the head toward the legs, which could cause 2 blackout.

Centripetal force plays the main role in the operation of a centrifuge. A familiar
example is the spinning b in an automatic washing machine (Figure 8.41). In its
spin cycle, the b rotates at high speed and produces a centripetal force on the wet
clothes, which are forced into a circular pach by the inner wall of the rub. The tub
exerts great force on the clothes, but the holes in the tub prevent the exeruon of the

FIGURE B8.41 same force on the water in the clothes. The water escapes tangentially out the holes.
The clothes are forced into a circular ~ Strictly speaking, the clothes are forced away from the water; the water is not forced
path, but the water is not. away from the clothes. Think abour thar.

Practicing Physics: Water-Bucket Swing

alf fill a bucket of water and swing it in a vertical circle, as Marshall Ellenstein

demonstrates. The bucket and water accelerate toward the center of your swing. If
you swing the bucket fast enough, the water won't fall out at the top Interestingly
although it won't fall out, it still falls. The trick is to swing the bucket fast enough so that
the bucket falls as fast as the water inside the bucket falls. Can you see that because the
bucket is circling the water moves tangentially—and stays in the bucket? in Chapter 10,
we'll learn that an orbiting space shuttie similarly falls while in orbit. The trick is to fmpart
sufficient tangential velocity to the shuttle so that it falls around the curved Earth rather
than into it




CHAPTER 8

* Centrifugal Force

Ithough centripetal force is center directed. an occupant inside a rotating sys-
tem seems to experience an outward force. This apparent ourward force is called
centrifugal force. Centrifsegal means “center-flecing” or “away from the center.” In the
case of the whidling can, it is a common misconception to believe that a centrifugal
force pulls ourward on the can. If the sring holding the whirling can breaks (Figure
8.42), the can doesn't move radially outward, but goes off in a rangent straight-line
path—because sa force acts on it. We illustrate this furcher with another example.
Suppose you are a passenger in a car that suddenly stops short. You pitch forward
toward the dashboard. When this occurs, you don't say that something forced you for-
ward. In accord with the law of inertia, you pitched forward because of the absence of
a force, which seat belts would have provided. Similarly, if you are in a car that rounds
a sharp comner to the left, you tend o pitch ourward to the right—not because of
some ourward or centrifugal force, but because there is no centriperal force holding
you in circular motion l'asai.n. the putpose of seat belis). The idea thar a cnmifusal
force Im\p vous against the car door is a misconception. (Sure, you push out against
the door, but only because the door pushes in on you—Newton's third law.)

- - =
-- -
- -

- . -
- -
- -
®E cnle e -- -

Likewise, when you swing a tin can in a circular path, no force pulls the can
outward—the only force on the can is the string pulling it inward. There is no out-
ward force on the can. Now suppose there is a ladybug inside the whiring can
(Figure 8.44). The can presses against the bug's feet and provides the centriperal
force that holds it in a circular path. From our outside surionary frame of reference,
we see no centrifugal force exeried on the ladybug. just as no cenurifugal force
banged us against the car door. The centrifugal force effect is caused not by a real
force, but by inertia—rthe rendency of the moving object to fallow a straight-line
path. But try telling that to the ladybug!

* Centrifugal Force in a Rotating Reference Frame

lf we stand at rest and warch somebody whirling a can overhead in a horizontal
circle, we see that the force on the can is ceneripetal, juse as it is on a ladybug
inside the can, The bottom of the can exerts a force on the ladybugs feet. Neglect-
ing gravity, no other force acts on the ladybug. But, as viewed from inside the frame
of reference of the revolving can, things appear very different.®

I the rotating frame of the ladybug, in addition to the force of the can on the lady-
bug’s feet, there is an apparent centrifugal force that is exerted on the ladybug. Cen-
uifugal force in 4 rotating reference frame is a foree in its own right, as real as the pull
of gravity. However, there is a fundamental difference. Gravitational force is an

*A brame of reference wherein a free bady edhibits no acceleration is called an mertial brame of ederence.
Newnan's Liws are seen to hold exacly in an inertial frame. A rocating frame of reference, in contrase, is

an acceleratng frame of refermce. Newtoos laws are not valid in an accderating frame of reference
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FIGURE §.42

When the string breaks, the whirhng
can moves in a straight line. rangent
to—not ourward from—the cenrer
of its circular path.

FIGURE 8.43

The only force that s exerted on the
whirling can [neglecting gravity) is
directed rowvend the center of circular
mocion, Thisis 2 mrripﬁal force.
No osrwnnd force acts on the can.

Centripetal force

FIGURE §.44

The can provides the centripetal
force necessary 1o hold the ladybug
in a arcular path.
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FIGURE B.45

In the frame of reference of the spin-
ning Earth, we experience a centnifu-
gal force thar slighdy decreases our
weight. Like an outside horseona
merry-go-round, we have the greatest
tangential speed farthest from Earth’s
axis, ar the equator, Centrifugal force
is therefore maximum for us when
we are at the equator and zero for us
at the poles, where we have no tan-
gential speed. So, strictly speaking, if
you want to lose weight, walk toward
the equaror!

Centrifugal for«\

FIGURE 8.46

From the reference frame of the lady-
bug inside the whiding can, it is
being beld o the botrom of the can
by a force that is directed away from
the center of circular motion. The
lal’y]:u‘ ﬂilﬂ lhl’ I:Il.llw:.rd ﬁ)l’:ﬂ a
centrifigal force, which is as real co e
as graviry.

PhysicsPlace.com
Video
Stmulated Gravity

FIGURE 8.47

If the spinning wheel freely falls, the
ladybugs inside will experience a cen-
trifugal force that feels like graviey
when the wheel spins ar the appropn-
ate rate. To the occupants, the direc-
tion “up” is toward the center of

the whed and “down” is radially
ourward.

interaction between one mass and another, The gravity we experience is our inter-
action with Earth, But for centrifugal force in the rotating frame, no such agent
exists—there is no interaction counterpart, Centrifugal force feels like gravity, but
with no agent pulling, Nothing produces it; it is a result of rocation, For this reason,
physicists call it an “inerrial™ force (or sometimes a ficritions force)—an apparent
force—and nor a real force like gravity, eleciromagnetic forces, and nuclear forces.
Nevertheless, to observers who are in a rotating system, centrifugal force feels like,
and is interpreted 10 be, a very real force. Just as graviry is ever present ac Earth's sur-
face, centrifugal force is ever present in a rotating system.

_Ltl.l.ﬂ.l'mT

*
A heavy iron ball is attached by a spring to
the rotating platform, as shown in the
sketch. Two observers, one in the rotating
frame and one on the ground at rest, observe
its motion. Which observer sees the ball being pulled outward, stretching the
spring? Which sees the spring pulling the ball into circular motion?

Check Your Answer
The observer in the reference frame of the rotatimg platform states that a cen-
trifugal force pulls radially outward on the ball, which stretches the spring. The
ebserver In the rest frame states that a centripetal force supplied by the stretched
spring pulls the ball into circular motion, Only the observer in the rest frame can
identfy an action-reaction palr of forces; where action is spring on ball, reaction 1s
ball on spring. The rotating observer can't identify a reaction counterpart to the

centrifugal force because there isn't any!
* Simulated Gravity

(msiia a colony of ladybugs living inside a bicycle tire—a balloon tire with
plenty of room inside. If we toss the bicycle wheel through the air or drop it
from an airplane high in the sky, the ladybugs will be in a weightless condition.
They will Hoat freely while the wheel is in free fall. Now spin the wheel, The lady-
bugs will feel themselves pressed o the outer part of the tire's inner surface, If the
wheel is spun at just the right speed, the ladybugs will experience smudated graviey
thar will feel like the graviry they are accustomed to. Gravity is simulated by cen-
writugal force. The “down” direction to the ladybugs will be whar we would cll radi-
ally ourward, away from the center of the wheel.
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FIGURE B8.48 FIGURE B.49
The interaction between the man As seen from inside the rotating
and the floor, as seen from a station- system, in addition to the man—floor
ary frame of reference outside the interaction, there is a centrifugal
rotating system. The floor presses force exerted on the man ag his center
against the man (action) and the man of mass. It seems as real as gravaty,
presses back on the floor (reaction). Yer, unlike gravity, it has no reaction
The only force exerved on the man is counterpart—there is nothing our
by the foor. It is directed roward the there that he can pull back on.
center and is a centripetal force, Centrifugal force is not part of an

interaction, but it is a ¢
rotation, It is therefore called an
apparent force, or a ficsition force.

Humans today live on the outer surface of this spherical planer and are held
here by gravity. The planet has been the cradle of humankind. Bur we will not
stay in the cradle forever. We are becoming a spacefaring people. Occupants of
today’s space vehicles feel weightless because they experience no support force.
They're not pressed against a supporting floor by gravity, nor do they experience
a centrifugal force due to spinning. Over extended periods, this can cause loss of
muscle strength and detrimental changes in the body, such as loss of calcium
from the bones. But future space travelers need not be subject to weightl
Their space habitats will probably spin, like che ladybug’s spinning wheel, effec-
tively supplying a support force and nicely simulating graviry.

The significantly smaller International Space Station doesn't rotate, Therefore,
its crew members have to adjust 1o living in a weightless environment. Rotating
habitats may follow later, perhaps in huge, lazily rotating structures where occu-
pants will be held to the inner surfaces by centrifugal force. Such a rotating habi-
tat supplies a simulated gravity so that the human body can function normally.
Structures of small diameter would have to rotate at high rates to provide a sim-
ulated gravitational acceleration of 1 g Sensitive and delicare organs in our inner
cars sense rotation. Although there appears to be no difficulty at a single revolu-
tion per minute (RPM) or so, many people find it difficult 1o adjust to rates
greater than 2 or 3 RPM (although some easily adapt to 10 or so RPM). To sim-
ulate normal Earth gravity at | RPM requires a large scructure—one about 2 km
in diameter. Centrifugal acceleration is directly proportional 1o the radial
distance from the hub, so a variety of g states is possible. If the structure rotates
so that inhabitants on the inside of the outer edge experience 1 g, then halfway
to the axis they would experience 0.5 g. At the axis itself they would experience
weightlessness (0 g). The variety of fractions of g possible from the rim of a rotat-
ing space habitar holds promise for a most different and (at this writing) as yet
unexperienced environment. In this still very hypothetical structure, we would
be able to perform baller ar 0.5 g, diving and acrobarics at 0.2 g and lower-g
states, and three-dimensional soccer (and new sports not yer conceived) in very
low g states.

ROTATIONAL MOTION 139

A rotating habitat need not be a
huge wheel Gravity could be sim-
ulated in a pair of circling pods
connected by a long cable

L
r
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FIGURE B8.50

Angular momentum keeps the wheel
axle nearly horizontal when a torgue
supplicd by Earth’s gravity acts on it
Instead (Pl‘tl\l—‘lng the wheel w top
ple, the torque causes the whed s axle
to turn slowly around the circle of
students. This is called precesion

'—_""“"romr

If Earth were to spin faster about its axis, your weight would be less, If you
were ina rotating space habitat that increased its spin rate, youd “weigh”
more. Explain why greater spin rates produce opposite effects in these cases.

Check Your Answer
You're on the outside of the spinning Earth, but you'd be on the inside of a spin

ning space habitat A greater spin rate on the outside of the Earth tends to throw

you off aweighing scale, causing it to show a decrease in weight. but against a

weighing scale inside the space habitat to show an increase in weight
* Angular Momentum

hings that rotate, whether a colony in space, a cvlinder rolling down an
incline, or an acrobar doing a somersault, remain rotating until something
stops them. A rotating object has an “inertia of rotation.” Recall, from Chaprer 6,
that all moving objects have "inertia of motion” or mementum—the product of
mass and velocity. This kind of momentum is linear momentum., Similarly. the
“inertia of rotation” of rotating objects is called angular momentum. A planet
orbiting the Sun, a rock whirling ar the end of a swring, and the uny elecrrons
whirling about atomic nuclei all have angular momentum.
.'\HKUIJ' momenium s I.!L"ill(.'l.l as 1h{' I‘lllduL‘ {)r rotal "il)JI mncita J"L' rlll.“lllﬂil
velocity:

Angular momentum = rotatonal inertia X rotational velociry

It is the counterpart of linear momencum:

l.lI'lt‘-lt momenium = mass X ll,'ll)Lll)'

Like linear momentum, angular momentum is a vecror quantity and has direction
as well as nugmludu. In this book, we won't treat the vector nature of ;lnr.u]ur
momenium :('II oven II! ton'uc. Hhith JIM) i! a4 vVeo ll)[‘]. l.'\(_l_'l)[ o .l\_'lilltl“-IL‘l.IFC (]'I(.‘
¢ 8.50 shows
what happens when a 1rque caused by Earth's gravity acs 1o change the direction
of its angular momentum (which is along the wheel's axle). The pull of gravity that
normally acts to topple the wheel over and change irs rotarional axis causes it instead
to precess about a vertical axis. You must do chis yourself while standing on a
turntable to fully believe i, You probably won't fully understand it unless you do
follow-up study someume in the future,

remarkable action ul-(lu.'!:\_\.'tuxnlw. The rolanng lm.}\.]t wheel in Fi
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For the case of an object that is small compared with the radial distance to its axis
of rotation, such as a tin can swinging from a long string or a planct orbiting in a
circle around the Sun, the angular momentum can be expressed as the magnitude of
its linear momentum, me, multplied by the radial distance, r (Figure 8.51). In
shorthand notation,

Angular momentum = mer

Just as an external net force is required o change the linear momentum of an
object, an external ner torque is required 1o change the angular momentum of an
object. We can state a rotational version of Newton's fiest law (the law of inertia):

An object or system of objects will maintain its angular momentum unless
acted upon by an external net torque.

Owr solar system has angular momentum that includes the Sun, the spinning and
orbiting plancts, and mynad other smaller bodics. The angular momentum of the
solar system today will be its angular momentum for cons to come. Only an exter-
nal rorque from outside the solar system can change it. In the absence of such a
torque, we say the angular momentum of the solar system is conserved.

* Conservation of Angular Momentum

Jl.m as the linear momentum of any system is conserved if no net force acts on
the system, angular momentum is conserved if no net torque acts. The law of
conservation of angular momentum sures

If no external net torque acts on a rotating system, the angular momentum of
that system remains constant.

This means that, with no external torque, the product of rotational incriia and rota-
tional velocity at one time will be the same as at any other time.

An interesnng example illustranng the conservation of angular momentum is shown
in Figure 8.52. The man stands on a low-friction urnrable with weights extended. His
rotational inertia, £ with the help of the extended weighes, is relatively large in this posi-
tion. As he slowly tuens, his angular momentum is the product of his rotational inertia
and rotational velocity, w. When he pulls the weights inward, the rotational inertia of
his body and the weights is considerably reduced. What is the resule? His rorational
speed increases! This example is best appreciated by the tuming person who fecls
changes in rotational speed that seem to be mystenous, But it’s straightforward physics!
This procedure is used by a hgure skater who starts to whirl with her arms and perhaps
a leg extended and then draws her arms and leg in to obtain a greater rotational speed.
Whenever a rotating body contraces, its rotational speed increases.
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FIGURE 8.51

A small object of mass m whisling in
a circular pach of radius r with a
!E“d r hll l“s“’-lr momennum mir

\/’0 -
PhysicsPlace.com
Videos
Conservation of Angular Momentum
Using a Rotating Platform

FIGURE 8.52

Conservation of msul.:l.r momentum.
When the man pulls his arms and the
whirling weights inward, he decreases
his rotational inervia £, and his

I spccﬂ & corresp di ;':

increases,
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FIGURE 8.54
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FIGURE B.53
Rotational speed is controlled by vananons in the body's rotational inerria as angular

momentum is conserved dur ing a lorward somesauls

Similarly, when a gymnast is spinning freely in the absence of unbalanced
=l!|l‘1il." on i'll\ or é'll'r IHN*\. .lﬂf_:"] ir momecntum li"('\ not \h.il‘{.",l.' I'll“ CVCr, rota-
tional speed can be changed by simply making vaniations in rotational inertia, This
s l!‘ ]

If a cat is held upside down and dropped., it is able to execute a twist and ¢
1. Zero-angular-momentum rwists

: by moving some part of the body toward or away from the axis of rotation
lar

d

upright, even if 1t has no ininal angular moment

and s are ;h.':h:lltl\"ti by turning onc part ol the I[hxl\ Apdinat the other. While

1‘.!””!3:. !Il\.' cat l\'HHJII}_"k'\ s ]Illltl\ .Illt! [.llE \L'\'I.I.l] s o \]I otat hill..l! Tl

e
-
lL'i'l..ll\.'L“\ th'.l i ]Jth{\ fect lil‘\\-!:\\Jll!. l'lu:am: this mancuver l!lt‘ total JII;:IIL[:

aure 8.54). When it is over, the car is not tuming, This

momentum remains zero (Fig
maneuver rotates the body through an angle, but it does not create continuing rota

tion. lodo so would vielate angular momentum conservation
Humans can pe rl‘nIm ‘Illli].{l TWISTS WIL !InlIT 1!1!?3\ uh:, thou |=_:}1 not as T‘.{\I 4% 4 cac
Astronauts have learned 10 make zero-angular-momentum rotations as they orient

their bo
T'he law of conservation of an
cts and the \’I.liw-. ol 3;.:!.:“\'\. It us I.l“i[l-llln!: to note that the conservation ol

ies in preferred direcnons when Hoating frecly in space

yular momentum is seen in the motions of plan-

angular momentum tells us thar the Moon is getung farcher aw ay from Earth
I'his is because the Eardh's daily rotation is slowly decreasing due to the friction

just as an automobile’s wheels slow down

of ocean waters on the ocean bottos
when brakes are applied. This decrease in Earch's angular momentum is accom-
P l!'nll'li l\'q' an L'li'J.IJ INncrcase 1n rj'N.' |}Jl momcntum ||+ |h\,' .\il Wn In its Ii(%)“[ \‘,

motion about Earth, which results in the Moon's increasing distance from Earch

.I"l'l. l](_'l rcasin \ITl'l'll I !'Ii\ incrcase l\f li]\“lnl ¢ AMOounts 1o one l]lI.Ith'l ol a cen
umeter per rotation. Have you noticed that the Moon 15 gewing farther away
trom us lately? Well, it is; cach time we see another full Moon, it is one-quarter
ot a cenrimeter f.l!'lhl."l away!

(‘l\ YOy "lll.'ll MC W t'llﬁl :ill\ \.Il.li'lll. W I] BIVC an amnswoe o« ilLLL\. I.ﬂllll t\)lit 5=

tion 3 back on page 128. Manhole covers are circular because a circular cover is the
I
n be tilted ver-

't fall into the hole. A square cover, for c.\.u|:|‘1c.
llinl' uh.tgnll.ﬂi} mto 1|u hnh lﬂu wise lor eve Ty tnlhr.'r

\'ﬂi\' .\I'I.li"\' dl.ll o

tically and wiened so it
shape. If vou're working in a manhole and some fresh kids are horsing around

.II'NI\{'. you ” i'\l' F!.ili |i\l.' COVET IS FI]lHH!I
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SUMMARY OF TERMS
Tangential speed The lincar speed tngent w a curved pach,

such as in circular motion.

Rotational speed The number of rotations of rﬂoluuons pet
umit of ume; often {in
pumndmpﬂmmmu(&acnummly measure it in
radians per sccond.)

Rottional inertia That property of an object thar measures
1ts resistance to any change in its state of rotaton: if at
rest, the body tends o remain ar rest if rotating, it rends
o remain rotating and will continue o do so unless acted
upon by an external net torque.

Torque The producr of force and lever-arm distance, which
tends to produce rotation.

Torque = lever arm X force

Center of mass (CM) The average position of the mass of an
object. The CM moves as if all the external forces acred at
this point.

Center of gravity (CG) The average position of weight or the
single point associated with an object where the force of
gravity can be considered o act.

Equilibrium The state of an object in which it is not acted
upon by anet force or a net torque.

Centripetal force A force directed wward a fixed poine, usu-
ally the cause of circulas motion:

- uv!f r

Cenrrifugal force An ourward force apparent in a rotaring
frame of reference. It is apparent (hctitious) in the sense
that it is not part of an interacrion but is a result of
rotarion—with no reaction-force counterpart.

Angular The product of 2 body’s sonal iner-
ua and rotational velocity abour a pardicular axis. For an
object thar is small compared with the radial distance, it
can be expressed as the product of mass, speed. and the
radial distance of rotation.

Conservation of angular momentum When no exeernal
torque acts on an object or a system of objects, no change
of angular momentum can occur. Henge, the angular
momentum before an event involving only intemnal
WIques of no weques is equal to the angular momentum
afrer the event.

REVIEW QUESTIONS

Circular Motion
1. What is meant by tangential speed?
2. Diuingmh berween rangenuial speed and rotarional
JW}uzutlu-’ ionship between ! speed and

dist.mn:c from the center of the rotational axis? Give an

i-r\uprmdcup tolled on 4 far surface makes a circular
pu_lh.%ndmdli:uﬂyw:buunlunnyminllpud
of the rim of the wide end of the cup compared with thar
of the nim of the narrow end?

5. How does the tapesed rim of a wheel on a railroad wain
allow one part of the rim o have a greater tangential
speed than another part when it is rolling on a track?

Rotational mertia

6. What is rotanonal inertia, and is it similar to inertia as
studm! mptcvwmdnpms.
7.1

1 mm 13 X 1 P 4. on
mmand chse. Whae?

8. Does the romnonal inerta of a parucular objece differ for
different axes of rotation? Can one object have more than
one rotational inerma’

9. Consider three axes of roration for a pencil: along the
Iead; ar nightangles 1o the lead ar the middle: ar nght
angles 1o the lead ar one end. Rate the rorational inertias
about each axis from small to large.

10. Which is easier to get swinging, a baseball bat held ar the
end or one held closer ta the massive end (choked up)?
11, Why does bending your legs when running enable you to

swing your legs to and fro more rapidly?

12, Which will have the greater acceleration rolling down an
incline, a hoop or a solid disk?

Torque
13. What does a rerque tend to do to an objece®
14, What is meant by the “lever arm™ of 2 torque?
15. How do clockwise and counterclockwise torques compare
when a system 1 balanced?

Center of Mass and Center of Gravity

16. If you 10ss a stick into the air, it appears 1o wobble all over
the place, Specifically, whar place?

17. Where is the center of mass of a baschall? Where is its cen-
et of gravity? Where are these conters for a baseball bar?

Locating the Center of Gravity

18. If you hang at rest by your hands from a vertical rope,
where is your center of gravity with respect o the rope?
19, Where is the center of mass of a soccer ball?

Stability

20, What is the relationship between center of graviry and
port base for an object in suble equilibrium?

21, Why doesnt the Leaning Tower of Pisa topple over?

22, In terms of center of gravity, support base, and torque.
why can you not stand with heels and back to a wall and
then bend over to touch your twes and return 1o your
stand-up position?
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Centripetal Force

23. When you whirl acan at the end of a string in a circular
Iurh, what is the direction of the force you exert on the can?

24. Is it an inward force or an outward force that is exerted on
the clothes during the spin cycle of an automaric washing
machine

Centrifugal Force

25. If the string that holds 2 whiring can in its circular path
breaks, whar kind of force causes it w0 move in a straight-
line path—centripetal, centrifugal, or no force? What law
of physics supports vour answer?

26. If you are in a car that rounds a curve, and you are not
wearing a seat belr, and you slide across your seat and
slam against a car door, what kind of force is responsble
for vour slide—centriperal, centrifugal, or no force? Why
is the correct answer “no force™

Centrifugal Force in a Rotating Reference Frame

27. Why is centrifugal force in a rotating frame called a “ficti-
tious force™?

Simulated Gravity
28. How can gravity be simulared in an orbiting space

station?

Angular Momentum

29. Distinguish between linear momentum and angular
momentum.

30. Wha is the law of inertia for rorating systems in terms of
angular momentum?

Conservation of Angular Momentum

31. Whar does it mean 1o say thar angular momentum
conserved?

32. IF a skater who is spinning pulls her arms in so as 10
'\'.‘l.ll.lff hff "ll“i‘,"ﬂl in"rlia b_\' hﬂk‘. hy hﬂ’w ml.'ll'.'h
will her angular momentum increase? By how much
will her rate of spin increase? (Why are your answers
different?)

PROJECTS

1. Wnee a lener to Girandpa and cell him how you re lesrnung 1o dis-
Illll;uinll berween chsely relared concepes, using the examples of
force and wnque. Tell him how the two are emidar, and bow
they're different. Suggest where he can find “hands-on” things in
hes bome thar can dlustrate the difference beoween the two. Abo
cite an example thar shows how the net force oo an objoct can be
sero while the net torque mnt, 2 well as an example shemang vice
versi. (Mow make your Grandpas day and i the ketier to him!}

2. Fasten a pair of foam cups together at their wide ends and rofl
them along s pair of metersticks char simulate riliosd wacks.
Naste how they self-correc whenever thar parh departs from the
ceneer. Question: If you tped the cups togecher ar their namow
ends, so they tapered oppositely a shown, would the pair of
cups self-comrect on seli-destruct when rolling slighedy off ceneer?

2

3. Fasten a fork, spoon, and wooden march together as shown. The
combination will balince nicely—on dhe edge of a ghass. foe
example. This happens because the center of graviey acrually
“hangs” beluw the point of suppon

4. Seand with your hecls and back against 3 wall and try o bend
over and rouch your roes. You'll find that you have w stand away
from the wall to do so without toppling over. Compare the min-
imum distance of yous heels from the wall with that of a friend

of the opposice sex. Who can touch ther woes with thew bheels
nearer ro the wall—males or females? On the average and in
proporeion to height, whach sex hax the lower center of graviry?

5. First ask a friend o stnd facing a wall with her wes wuching
the wall, then ask her 1o stand on the balls of her fea withour
wppling backwand, Your fricnd wont be able w do it. Now you
l'ltpl.ll!l wh_l' it can't be domne

6. Rest a mererstick on mao extended forefingen s shown. Slowly
biing your fingers together. At what part of the stick do your
fingens meet? Can you explain why this always happena. a0 mat-
ter where vou start your fingen?

?. I.I..ﬂ III&' h(n.& "i a wl‘l( [NiTES hﬂ“p" over yous dﬂ““‘l. { I.AI{'I.I"!'
balance a coin on the strarght wire on the boctom dircctly under
the hook You may have 1o flacen the wire with 2 hammer o
fashion a tiny plattorm with tape. Wich a surprisingly small
amount of practice you can swing the hanger and balanced coen
back and toeth and then in a circle. Centripetal force holds the

coin Ph‘r.
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_——————————————————————————————m
PLUG AND CHUG

Torque = Lever Arm X Force 4.@&!:&:(!&::0#’&&!@&:}!@375-&?”“
l ; 50 i sitting on the edge of a horizontal rotating plarform when
i ?N“":' :h::h:n‘ll |:vfl.:-l'llrl..2Am-tl;'.‘n:'::r:u:c]:.q . persat siet 3 bew of the plartorm

3 Caliulopw the tomsus soslecelt by the sene S0-7 s has 4 engendial peed of 3 méa.

when a pipe extends the length of the wrench 10 0.5 m. Angular Momentum = mer

Centripetal Force: F = melr 5. Calculate the angular momentum of the person in the
3. Calculate the tension in a horizontal string that whirls a 6. mw' pm&ltm. Nibkha e b Gk

2-kg roy in a circle of radius 2.5 m when it moves at 3 m/s

by 2y same, what will be the person’s angular momenrum?

RANKING
1. The three cups are rolled on a level surface. Rank the cups 4. You hold 2 meterstick horizontally with the same mass
by the amount they depart from a straight-line path (most suspended at the end. Rank the rorque needed o keep the
curved to least curved). stick steady, from largest to smallest.

2. Three types of rolless are placed on slightly indlined parallel
meterstick tracks as shown. From greatest 1o least, rank the
rollers in terms of their abality to remain stable as they roll.

5. Three physics majors stand with their backs against a

3. Beginning f ition, a solid disk A, a solid ball B, wall. They are all in good physical shape. Their task is to
3; hoop e dinuvriaivel planc. gt lean aver and touch their toes without wppling over.
order for finishing: winner, second place, and third place. Rank their chances for success from highest 1o lowes.

i
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EXERCISES

1. While riding on a carnival Fernis wheel, Sam Nasty horses
around and climbs out of his chair and along the spoke so
he is halfway 10 the axis. How does his rornonal speed
compare with that of his friends who remuain in the chair?
How does his tangential speed compare? Why are your
answers different?

2. An automobike speedometer 15 configured to read speed
proporzional w the rotational speed of ies wheels. If larger
wheels, such as those of snow tires, are used, will the
speedometer reading be high, or low—or no different?

3. A large wheel is coupled 10 a wheel with half the diameter,

as shown. How does the rourional speed of the smaller
wheel compare with that of the larger wheel? How do the
tangential speeds at the rims compare (assuming the belt
doesnt slip)?

4. Dan and Sue cycle at the same speed. The tires on Dan’s
bike are larger in diameter than those on Suc’s bike.
Which whecls, if cither, have the greater rotational speed?

5. Use the equation » = re to explain why the end of 4 fly-
swatter moves much faster than vour wrist when swarring

afly.

6. The wheels of railroad trams are rapered, a feature espe-
cially important on curves. How, if ar all. does the
amount of taper relate m the curving of the tracks?

7-H are f scen g on one leg with
the other Inflcd. Is rocational incrtia enhanced with long
IIF' “’1!.18 can ynu “' ﬂhm !'K hlld s Ccenter Ormﬂ
with respect 1o the foot on which it stands?

8. The front wheels of a racing vehicle are located far out
in frone o help keep the vehicle from nosing upward
when it accel erates. What physics conceprs play a role
here?

P, =S,

9. In this chaprer, we leamed that an objece may mot be in
mechanical equilibrium even when £F = 0. Explain.
10. When a car drives off a cliff it rotates forward as it falls
For a higher speed off the diff, will it rotare more, or less?
(Consider the rime that the unbalanced rorque acts.)

11. Why does a car nose up when acceleraring and nose down
when braking?

-~
”‘

12. Which will have the gr accelerari g down an
incline—a bowling ball or a volleyball? Drfmd your
answer.,

13. A softball and a baskerball start from rest and roll down
an incline. Which ball reaches the bottom first? Defend
YOUL answet.

14. How would a ramp help you o distunguish berween two
identical-looking spheres of the same weight, one solid
and the other hollow?

15. Which will roll down an incline faster—a can of water or
a can of ice?

16. Wll)r are lis}uwu'g}l( tires pmﬁrrﬂ:l over ln‘;l'llw!igl’ll
frames in bicycle racing?

17. A youngster who has | 2 soapbox derhy (in which
4-wheel unpowered vehicles roll from rest down a hill)
asks i“.uF massive wheels or !igﬁm*}n ones should be
used. Also, should the wheels have spokes or be solid?
What advice do you offer?

18, Is the net torque changed when a pariner on a seesaw
stands or h:nsl from her end instead of sirring? (Does the
weight or the lever arm change?)

19. Can 1 force produce a rorque when there is no lever arm?

20. When you pedal a bicycle, maximum torque is produced
when the pedal sprocker arms are in che horzontal posi-
non, and no torque is produced when they are in the ver-
rical position. Explain.

= 3

21. When the line of action of a force intersects the center of
mass of an objecr, can that force produce a tosque abous
the object’s center of mass?

22, The spool is pulled in three ways, as shown. There is suffi.
cient friction for rotation. In what direcrion wall the spool
roll in each case?

6066




23. When a bowling ball leaves your hand, it may not spin.
Bur farther along the alley. it does spin. What produces
the spinning?

24. Why does sitting closest to the center of 2 vehicle provade
the most comfortable ride in a bus traveling on a bumpy
road, ina sl'lip in a choppy sea, or in an :.irpl.:lm.- in turbu-
lentair?

25. Which is more difficult—doing sit-ups with your knees
benr, or with vour legs straight our? Why?

26. Explain why a long pole is more beneficial 1o a ughtrope
walker if the pole droops.

><:£:::=-<

27. Why must you bend forward when carrying a heavy load
on your back?

28. Why is the wobbly motion of a single star an
indication thar the star has one or more planets orbiring
around it}

29. Why is it casier o carry the same amount of water in two
buckets, one in cach hand, than in 2 single bucker?

30. Nobody a: the playground wanes o play with the
obnoxious boy, so he fashions a seesaw as shown so he
can play by himself. Explain how this is done.

31. Where is the center of mass of Earth's atmosphere?

32. Using the ideas of torque and cenver of gravity, explain
why a ball rolls down a hill.

33. Why is it important to secure file cabinets to the Aoor,
especially cabiners with heavy loads in rop drawers?

34. How can the three bricks be stacked so that the top brick
has maximum horizontal displacement from the botrom
brick? For example, stacking them like the dotted lines
suggest would be unstable and the bricks would opple.
(Hint: Starr wath the top brick and work down. Ar every
interface the CG of the bricks above must not extend
beyond the end of the supporting brick.)

35. Describe the comparative stabilities of the three objects
shown in terms of work and porential encrgy.
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36. The centers of gravity of the three trucks parked on a hill
are shown by the Xs. Which truck(s) will tip over?

37. A long ack balanced like a scesaw supports a golf ball
and a more massive billiard ball with a compressed spring
berween the rwo. When the spring is released, the balls
mowve away from each other. Does the track tip clockwise,
up counterclockwise, or remain in balance as the balls
roll ourward? Whar principles do you use for your
explanation?

4

38. When a long-range ¢ ball is fired i the eq
from a hern {or southern) lativude, it lands west of it
“intended” longitude. Why? (#ime: Consider a flea jump-
ing, from parrway out to the outer edge of 3 rorarting
turntable.)

3. Anangcrona flar circular track needs fricnion berween
the tires and the track o maintain its circular mortion.
How much more friction is required for twice the speed?

40. Can an object move along a curved path if no force aces
on it! Defend your answer.

41. As a car speeds up when rounding a curve, does the cen-
wipetal force on the car also increase? Defend your
answer,

42, When vou are in the front passenger seat of a car turning
w the left, you may find yoursdlf pressed against the
right-side door. Why do you press againse the door? Why
does the door press on you? Does vour explanation
involve a centrifugal force, or Newton's laws?

43. Friction is needed for a car rnnm:l.ins a curve. B, if the
road is banked, friction may not be required ac all. Whar,
then, supplies the needed centriperal force? (Hine: Con-
sider vector components of the normal force on the car.)

“. Unliﬂ‘ wh‘( I:'I)I'Idil';nm CBI.IH a ﬁnﬂnuvins ar Il'main on
a banked track covered with slippery ice?

45. Explain why a centripetal force does nor do work on a cir-
cularly moving object.

46. The occupant inside a rotating space habirat of the futuse
feels thar she is being pulled by artificial gravicy against
the outer wall of the habitar (which becomes the "Roor™).
Explain what is going on in terms of Newrton's laws and
centripetal force.
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47. The skevch shows a coin at the edge of
a rurntable. The weighs of the coin is
shown by the vecror W. Two ather
forces act on the coin—the normal
force and a force of friction dhat pre-
vents it from sliding off the edge.
Draw in force vectors for both of these.

48. The skeech shows a conical pendulum. N
The bob swings in a circular path, The
tension T and w::!hl W are shown by
vectors, Deaw a parallelogram with these
vectors and show thae their resulrane lies
in the plane of the circle. (See the paral-

]rlo;ram rule in C]’uplu 5.) What s the
name of this resultant force?

49. A marorcyclist is able 1o ride on the vertical wall of a
bowl-shaped crack as shown. Fricuon of the wall on the
tires 15 shown by the vertical red vector, (a) How doces the
magnitude of this vertical vector compare with the weight
of the motorcycle and nder? (b) Does the horizontal red
vector represent the normal force acting on the bike and
rider, the centripetal force, both, or neither? Defend your

w

50. Consider a ball rolling around in a
cit(uh: PI"'I on &Iﬂ ;nnrr !I.I.I'f“! ﬂr]
cone. The weight of the ball is shown by
the vecror W, Withour fricion, only
one other force acts on the ball—a
normal force. (a) Draw in the vector for
the normal force the lengrth of the
vector depencds on the next siep, (b).

(b) Using the parallelogram rule, show thar the resultant of
the two vectorn is .‘lluns the radial direction of the balls
circular path. (Yes. the normal is appreciably larger than the
weight!)

51. You sit at the middle of 4 large turntable at an amusement
park as it is sex spinning and then allowed 1o spin freely.
When you crawl roward the edge of the mumrable, does
the rate of the rotanon increase, decrease, or remain
unchanged? Whar physics principle suppors your
answer?

52. A sizable quantiry of soil i
River and deposited in the Gulf of Mexico each year.
What effect does this tend w have on the length of a day?
{(Hint: Relare this to the previous exercise.)

53. If all of Earth's inhabi d ro the eq how
would this affect Earchs rorational inertia? How would it
affect the length of a day?

54. Strictly speaking, as more and more skyscrapers are buik
on the surface of Earth, doe the day tend 1o become
longer or shorrer? And, strictly speaking, does the falling
of autumn leaves rend 1o lengrhen or shonen the 24-hour
day? Whar physics principle supports your answers?

hed down the Mississi

55. If the world’s populations moved o the North Pole and
the South Pole, would the 24-hour day become longes,
shorter, or scay the same?

56. If the polar ice caps of Earth were to mels, the oceans
would be deeper. Sunictly speaking, whar effect would this
have on Earth’s rotation?

57. Why does a typical small helicoprer with a single main
rotor have 2 second small rotor on its wil? Describe the
consequence if the small rotor fails in Aighe.

)

)

58. A oy train is initally at rest on a track fastened 1o a bicy-
cle wheel, which is free to rotare. How does the wheel
respond when che train moves clockwise? When the rrain
backs up? Does the angular momentum of the
wheel-train system change during these maneuvers? How
would the resulting motions be affected if the train were
much morne massive than the track?® Or vice versa?

—_—

59. We belicve thar our galaxy was formed from a huge cloud
of gas, The onginal cloud was far larger than the present
size of the galaxy, was more or less spherical, and was
rotating very much more showly than the galaxy i now. In
this sketch, we see the original cloud and the galasy as it is
now (seen edgewise), Explain how the inward pull of
E'l\'i._" md ‘hf comr\'ali(m ﬂf ansul:u' momentum con-

wibute 1o the galaxy’s present shape and why it rotares
faster now than when it was a larger, sphencal cloud.

60. Earch is not spherical but bulges ar the equaror. Jupicer

bulges more. What is the cause of these bulges?
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PROBLEMS

1. The diameter of the base of a tapered drinking cup is 6 em.
The diameter of its mouth is 9 cm. The path of the cup
curves when you roll it on the top of a table. Which end,
the base or the mouth, rolls faster? How much faster®

—

Qe

Z.Tuti#lwnabnll.ym.lpm]lwirha force of 80 N at the end
of a wrench handle thar is 0.25 m from the axis of the bolt.
{a) What torque are you exerting? (b) IF you move your
hand inward to be only 0,10 m from the bolr, 10 achieve
the same torque show that you should exers 200 N of
force, {c) Do your answers depend on the direction of your
push relative to the direction of the wrench handle?

3. The rock and mererstick bakance at the 25-cm mark, as
shown, The meterstick has a mass of 1 kg, What must be
the mass of the mock?

O i >

4. Mary Beth uses a torque feeler thar consists of a meter-
stick held at the 0-cm end with 2 weight ng from
various positions along the stick (see Figure 8.17), When

the stick is held horizonsally, torque is produced when a
1-kg mass hangs from the 50-cm mark, How much more
torque is exerted when it is hung from the 75-cm mark?
The 100-cm mark?

5. An ice puck of mass m revolves on an icy surface in a cir-
e at speed ¢ ac the end of a horizonul suing of length L.
The rension in the stnng is 1

a. Write the equation for centniperal force, and substi-
ture the values T and L appropriately, Then with a bir
of clementary algebra, rearrange the equation so that
it solves for mass.

b. Show that the mass of the puck is 5 kg when the
length of the string is 2 m, string rension is 10 N, and
the rngential speed of the puck is 2 mis.

6. 1f a trapeze arviss rorates once each second while sailing
through the air and contracts to reduce her rotational
inertia to one-third of whar it was, how many rotations
per second will resule?

* 7. A small space telescope at the end of a tether line of
length L moves at linear speed » about a central space
STALHON.

a. What will be the linear speed of the telescope if the
length of the line is reduced to 0,33 L2

b, If the initial lincar speed of the telescope is 1.0 mis,
what is its speed when pulled in to one-third its initial
disance from the space station?
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Y Gravity

ASINOna
to Earth

1 Neil deGrasse Tyson emphasizes the universal nature of gravity in his standing-room-only

ex, 2 Contrary to whar most ]'i:'u-;‘ll think 1"‘.( g_'mrn.m.-ml torce on the Spacew .l”\'l-‘ll.:
r is nearly as strong as v is when ar Earth’s surface. So why doesnt the ascronaur fall
Well see in the next chapter that the astronaus

like all Earth sacellstes, continu

ally talls serosend Earth. 3 Tomas Brage uses 2 daseroom mode of a Cavendich apparatus o

mcasure Cr

coording to popular legend. [saac Newton was sit-

ting under an apple tree when the idea struck him
thar whae pulls apples from wees is the same force thar
k\-ciln the Moon ;ihl:ul; Earth. Newton didnt discover
gravity, as is commonly thought. Whar he discovered is
that gravity extends beyvond Earth—thar it is universal. It
pulls any comers of planets inward
to form spheres, pulls planes
toward the Sun, raises ocean tides,
and accounts tor the ‘h"i‘“ of
galaxies. However, since he was
very shy and sensitive to criicism,
NL\\ll}n !Il" I“\ “vllllll!'_\ .ll!l“ll
t:’-l\ v in a dl AWCT, I"l((l“L[l\'d I.;il
some 20 vears. As will be soon
L'h|‘|.lillu|< MNewton was |_n|ln.h|ul ||_1
a friend 1o publish his results

Once Newton published his findings, he did much
more than explain how the Sun pulls on planets and
lln\\- |1|.1|1-_‘I\ pu” an moons ."l\+ .ilnl muc Il maore ti’!.ln
solve the mystery of ocean tides. Newton took a giant
step further and showed thar natre plays by natural
rules and operates by natural laws—at a time when
rules and laws were decreed by kings and other high
officials. Newton's flllllllt!:\ went on to show that naw-
ul iau. (19 lh.'li.lu'l CAPricious nor nlah‘\.n]c:n —Nature 18
indifferent o the human condition. This was an enor-
mous break with established tradition, Knowledge of
nature's laws |\rulilil‘l| !!Iil,‘l‘ and l'li\;llr\lllnn L0 sCIcn-
tists, writers, artists, philosophers, and people of all
\\'3”-“ ol Ii?.\' .‘\'I.'\\'ll\lll\ way of l-mL\‘nf_: al nature l|t|n'lx‘\{
in the Age of Reason. The ideas and insights of Isaac
Newton truly changed the world and clevated the
human condition.




* The Newtonian Synthesis

me the time of Aristotle, the circular motion of heavenly bodies was regarded
as natural. The ancients believed thar the srars, the planets, and the Moon
moved in divine circles. As far as the ancients were concerned, this drcular motion
required no explanation. Isaac Newton, however, recognized thar a force of some
kind must act on the planers, whose orbits, he knew, were ellipses; otherwise, their
paths would be straight lines, Others of his time, influenced by Aristotle, suppased
that any force on a planet would be directed along its path. Newton, however, rea-
soned that the force on cach planet would be direcred roward a fixed ceneral
point—ioward the Sun. This, the force of gravity, was the same force that pulls an
apple off a tree. Newton's stroke of intuition, that the force between Earth and an
apple is the same toree that pulls moons and planets and everything else in our uni-
verse, was a revolutionary break with the prevailing notion that there were two sets
of natural laws: one for carthly events, and another, altogether different, for motion
in the heavens. This union of terrestrial laws and cosmic laws is called the Newton-
ian synthesis.

* The Universal Law of Gravity

To test his hypothesis that Earth gravity reaches to the Moon, Newton com-
pared the fall of an apple with dhe “fall” of the Moon. He realized thar the
Moaon falls in the sense that i« fiulls ascay from the senaight line it would follow if there
were ne forces acting on it. Because of uts tangential velocity, it "falls around” the
round Earth (more about this in the next chapter). By simple geometry, the Moon's
distance of [all per second could be compared with the distance that an apple or
anything that far away would fall in | second. Newron's calculations didn't check.
Disappointed, but recognizing that brute Fact muse always win over a beautiful
hypothesis, he placed his papers in a drawer, where, as mentioned carlier, they
remained for nearly 20 vears. During this period, he founded and developed the
field of optics, for which he first became famous,

Newton's interest in mechanics was rekindled with the advent of a spectacular
comet in 1680 and another 2 years later, He returned to the Moon problem at the
prodding of his astronomer friend Edmund Halley, for whom the second comet
was later named. He made corrections in the experimental data used in his earlier
method and obrained excellent results. Only then did he publish what is one of
the most far-reaching generalizations of the human mind: the law of universal

itation.'

Everything pulls on everything else in a beaurifully simple way dhat involves only
mass and distance. According o Newton, every body attracts every other body with
a force that, for any two bodies, is directly proportional to the product of their
masses and inversely proportional to the square of the distance separating them,
This statement can be expressed as

F __ mass, X massy
orce y .

"Thas is a dramanic example of the pansaking effort and cros-checking that go into the formulstian
of a schentific theory, Contras Newton's approach with the failure 1o “do ane’s homework.” the hasty
judgments, and the sbsence of cross-checking that so ofien characrenze the pronouncements of people
advocating les-than-scoxntific theoria

CHAPTER 9  GRAVITY 151

FIGURE 9.1
Could the gravitational pull on the
apple reach 1o the Moon?

The tangential velocity of a planet
or meon moving In acircle Is at
right angles to the force of gravity.

PhysicsPlace.com
Tutorial
Mation and Gravity
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FIGURE 9.2

The tangennial velocity of the Moon
about Earth allows it to fall around
Earth rather than direcdy inte ic. If
this tangential velocity were reduced
to zero, what would be the fare of the

Moon?

7

o

FIGURE 9.3

As the rocket gets farther from Easth,
gravirational strength between the
rocker and Earth decreases.

PhysicsPlace.com
Video

Von Jolly's Method of Measuring the
Attraction Between Two Masses

Expressed in symbol shorthand,

where m| and m; are the masses of the bodies and 4 is the distance between their
centers. Thus, the greater the masses m; and mny, l:hcgitam the force of attraction
berween them, in direct proportion 10 the masses.” The greater the distance of sep-
aration 4, the weaker the force of attraction, in inverse proportion to the square of
the distance berween their centers of mass.

— K TN

£

1. InFigure g.2,we see that the Moon falls around Earth rather than straight
into it If the Moon's tangential velocity were ze1o, how would it move?

2. According to the equation for gravitational force, what happens to the
force between two bodies if the mass of one of the bodies is doubled? if
both masses are doubled?

3. Gravitational force acts on all bedies in proportion to their masses Why,
then, doesn't a heavy body fall faster than a light body?

Check Your Answers

1. If the Moon's tangentsal velocity were zero, it would fall straight down and crash
into Earth!

2. When one mass is doubled, the force between it and the ather one doubles. If both
masses double, the force is 4 times as much,

3. The answer goes back to Chapter 4 Recall Figure 4.2, In which heavy and light
bricks fall with the same acceleration because both have the same ratio of weight
to mass. Newton's second law (a = F/m) reminds us that greater force acting on
greater mass does not result in greater acceleration

" The Universal Gravitational Constant, G

Thc proportionality form of the universal law of gravitation can be expressed as
an exact cquation when the constant of proportionality G is introduced. G is
called the unizersal gravisational constans. Then the equation is

F=G-

M|M1
&

The units of G make the force come out in newtons. The magnitude of G is the
same as the gravitational force berween two 1-kilogram masses that are | meter
apart: 0.0000000000667 newton.

G = 667 X 107" N+ mP/kg?

This is an extremely small number.” It shows thar graviry is a very weak force com-
pared with clectrical forces. The large net gravitational force we feel as wesght s
because of the enormity of atoms in planet Earch thar are pulling on us.

*Note the ditlenens role of mass here. Thas fae, we have treated mass ss 4 messure of inertia, which is
calledd sreresal man Nuwwtcmmuamnmﬂmmiwd force, which m this context iy called

i of maatin. It is expe Iy establichod that the two are oqual, and. & 9 marter of prini ple. the
u‘unl.rm.e of inertial and lr.nll.‘mun.d mass i the foundicion of Einsein’s general cheary of relatvay.
The numerical value of 7 depends entirely on the units of mesurement we choose for mass, distance,
and cime. The international system of choice is: for mass, the kilogram. for distance. the meter: and for
time, the sccond. Scientific notation i discussed 1n Appendin A at the end of this book.




Interestingly, Newton could calculate the product of & and Earth's mass, but not
either one alone. Calculating G alone was first done by the English physicist Henry
Cavendish in 1798, a century after Newton's time,

Cavendish measured G by measuring the tiny force between lead masses with an
extremely sensitive torsion balance, as Professor Brage shows in the opening photo
at the beginning of this chaprer. A simpler method was later developed by Philipp
von Jolly, who attached a spherical flask of mercury o one arm of a sensitive bal-
ance (Figure 9.4). After the balance was put in equilibrium, a 6-1on lead sphere was
rolled beneath the mercury flask. The gravirational force berween the two masses
was measured by the weight needed on the opposite end of the balance to restore
equilibrium. All the quantities. my, nry, F, and d, were known, from which the con-
stant (& was calculated:

F
G= 7y =667 X 107" Nkg¥m? = 667 X 107" N+ m?/kg?

ey
(%)

The value of 7 shows that gravity is the weakest of the presentdy known four fun-
damental forces, (The other three are the clectromagnetic force and two kinds of
nuclear forces.) We sense graviration only when masses like thar of Earth are
involved. If you stand on a large ship, the force of attraction berween you and the
ship is too weak for ordinary measurement. The force of attraction berween you and
Earth, however, can be measured. Itis your weight. Your weight depends not only on
your mass but also on your distance from the center of Earch. At the 1op of a moun-
tain, your mass is the same as it is anywhere else, but your weight is slightly less than
itis at ground level. That's because your distance from Earth's center is greater.

Once the value of ' was known, the mass of Earth was casily calculated. The force
that Earth exerts on a mass of 1 kg at its surface is 10 N (more precisely, 9.8 N),
The distance between the 1-kg mass and the center of Earth is Earch's radius,

6.4 X 10° m. Therefore, from F = c"’"{'f{ where m is the mass of Earth,

g = 1IN 22 — LB X M
98BN = 667 X 107'N-mihkg’ s
which leads w my = 6 X 10 kg.

In the 18th century, when 6 was firse measured, people all over the world were
excited about ir. That's because newspapers everywhere announced the discovery as
one that measured the mass of the planct Earch. How exciting that Newton’s for-
mula gives the mass of the entire planer, with all its oceans, mountains, and inner
parts vet to be discovered. (5 and the mass of Earth were measured when a great por-
tion of Earth’s surface was still undiscovered.

_&.I.'I.ELI"".'T

u
If there is an attractive force between all objects, why do we not feel
ourselves gravitating toward massive buildings in our vicinity?

Check Your Answer
Gravity certainly does pull us to massive buildings and everything else In the uni-
verse. The forces between buildings and us are relatwvely small because then
masses are small compared with the mass of Earth. The forces due to the stars are
extremely tiny because of thewr great distances from us These tmy forces escape
ourt notice when they are overwhelmed by the overpowering attraction to Earth
Physicist Paul A. M. Divac, 1933 Nobel Prize reci plent, put it this way: “Pick a flower
on Earth and you move the farthest start”
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Just as sheet music guides a
musician playmg mustc, equa-
tions guide a physics student to
understand how concepts are
conmected

=

FIGURE 9.4

Jolly's method of measuring €7, Balls
of mass ) and mry atcrace each other
with 2 force F provided by the
weights needed 10 restore balance.

Just as w relates circumference
and diameter for circles, G relates
gravitatsonal force to mass and
distance

You can never change only one
thing! Every equation reminds us
of this—you can't change a term
on one sde without affecting
the other side

I
_‘l
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PhysicsPla ® i * Gravity and Distance: The Inverse-Square Law
Video

Frvemse St Lowe Wc can better understand how gravity weakens with distance by consider-
ing how paint from a painr gun spreads with increasing distance {Figure
9.5). Suppose we position a paint gun at the center of a sphere with a radius of
1 meter, and a burse of paint spray travels 1 m 1o produce a square parch of paint
that is 1 mm thick. How thick would the patch be if the experiment were done
in a sphere with wice the radius? If the same amount of paint travels in straight
lines for 2 m, it will spread to a patch twice as rall and wice as wide. The paint
would then be spread over an arca 4 times as big, and its chickness would be only
1/4 mm.

4 units of distance
3 units of distance
=2 units of distance
1 unit D“_-l

dista

FIGURE 9.5
The inverse-square law. Paint spray Can ; /

‘ > paint /

Is radi fram the nozele /

::f. :I:t :an :ﬂ::i{t :uur:s Lih’:ugm- 1 :!T: unit |4 ;rela units( |l a;ela units|( [l ir;;nits
ity, the “strengeh” of the spray obeys Paint spray hyer myer layer layer
the inversc-square law, |_thick | “hick thick thick

Can you see from the higure thay, for a sphere of radius 3 m, the thickness of the
paint parch would be only 1/9 mm? Can you see the thickness of the paint decreases
as the square of the distance increases? This is known as the inverse-square law. The
inverse-square law holds for gravity and for all phenomena wherein che effect from a
localized source spreads uniformly throughout the surrounding space: the electric
held abourt an isolated eleciron, light from a match, radwanion from a picce of ura-
nium, and sound from a cricket.

Newton's law of gravity as written applics to particles and spherical bodies, as
well as to nonspherical bodies sufficiently far apart. The distance term o in Newrons
equation is the distance between the centers of masses of the objects. Note in Figure
9.6 that the apple that normally weighs 1 N ar Earth's surface weighs only 174 as
much when it is rwice the distance from Eardh's cenrer. The greater the distance

If an apple weighs 1 N ar Earths surface, it would weigh only
1/4 N twice as far from the center of Earth, Ar 3 ames the
distance, it would weigh anly 1/9 N, Gravitational force versus
distance is plotted in color. Whar would the apple weigh ar

4 rimes the distance? Five times the distance?




from Earths center, the less the weight of an object. A child who weighs 300 N ar
sea level will weigh only 299 N atop M. Everest. For greater distances, force is less,
For very great distances, Earth’s gravitational force approaches zero. The force
approaches zero, but never reaches zero. Even if you were transported to che far
reaches of the universe, the gravitatonal field of home would still be with you. It
may be overwhelmed by the gravitational helds of nearer and/or more massive bod-
ies, but it is there. The gravitational field of every material object, however small or
however far, extends through all of space.

_ﬁhﬂl'.umr

=
1. By how much does the gravitational force between two objects decrease
when the distance between their centers is doubled? Tripled? Increased
tenfold?
2. Consider an apple at the top of a tree that is pulled by Earth’s gravity with
a force of 1. If the tree were twice as tall, would the force of gravity be 1y
as strong? Defend your answer.

Check Your Answers

1 Itdecreases to1ig, 1/9, and vhoo the original value.

2. No,because an apple at the top of the twice-as-tall apple tree is not twice as far
from Earth’s center. The taller tree would need a height equal to the Earth's radius
(6,370 km)| for the apple’s weight at its top to reduce to 14 N Before its weight
decreases by 1%. an apple or any object must be raised 32 km—nearly 4 times the
height of Mt Everest. So,as a practical matter, we disregard the effects of everyday
changes in slavation

* Weight and Weightlessness

Thc force of graviry, like any force, can produce acceleration, Objects under the
influence of gravity accelerate toward cach other. Because we are almost always
in contact with Earth, we think of gravity as something that presses us against Earth
rather than as something that accelerates us, The pressing against Earth is the sensa-
tion we interpret as

Stand on a bathroom scale that is supported on a stationary floor. The gravita-
vonal force berween you and Earth pulls you against the supporting Hoor and the
scale. By Newron's third law, at the same time, the floor and scale push upward on
you. Located in berween you and the supporting floor are springs inside the bath-
room scale. Compression of the springs is read as your weight. If you repear this
weighing procedure in a moving elevator, your weight reading would vary—not
during steady motion, but during accelerated motion, If the clevator aceelerates
upward, the bathroom scale and floor push harder against your feet. So the
springs inside the scale are compressed even more. The scale shows an increase in
your weight. If the elevator accelerates downward, you sense a decrease in your
weight.

IEI‘Chap{cn 2 and 4, we treated the weight of an objece as the force due 1o gravity
upon it. When in equilibrium on a fiem surface, weight is evidenced by a support
force, or, when in suspension, by a supporting rope teasion. In either case, with no
acceleration, weight equals mg. Then, when we discussed rotating environments in
Chaprer 8, we leamed that a support force can occur withour regard to gravity. Soa
broader definition of the weight of something is the force it exerts against a sup-
porting floor or a weighing scale. According to this definition, you are as heavy as
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FIGURE 9.7

Acconding 1o Newton's equation, her
weight (not her muass) decreases as she
increases her distance from Earth’s
[€511(54

Support
force
FIGURE 9.8
When you step on a weighing scale,

wo forces act on it a downward
force of gravity, mg, and an upward
support force. These two forces are
equal and opposite when no accelera-
tion occurs, and they squeeze a
spring-like device inside the scale thar
is calibrared ra show your weight.

Hlyﬂcs?hn.mg
Videos

Apparent Weightlessness
Weight and Weightlessness

Astronauts inside an orbiting
space vehicle have no weight,
even though the force of grawity
between them and Earth Is only
slightly less than at ground level
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FIGURE 9.9

Your weight equals the force with
which you pres against the support-
ing floor. If the foor accelerates up or
down, your weight varies (even
though the gravitarional force mg
tili'l A On You remains lilf HI'IW!.

Normal
weight

FIGURE 9.10

I'hese astronauts are in free fall. They
feel wenghtless because they arent
pressed against anything thar would
provide 1 support force.

Greater than
normal weight

: I Less than
E:P 4.) normal weight

you feel; so, in an clevator that accelerates downward, the
supportng force of the floor is less and you weigh less. If che
clevator is in free fall, the reading on a weighing scale would
be zero. According ro the reading, you would be weightless
(Figure 9.9). Even in this weightless condition. however.
there is sall a gravitational force acting on you, causing your
downward acceleration. But gravity now is not felt as weight
because there is no support force.

Astronauts in orbit are without a support force, They are
in a sustained state of weightlesiness, which isn't the absence
of gravity, bur the absence of a support force. Astronauts
sometimes experience “space sickness” until they become

accustomed to a stace of sustained weightlessness. Astronauts in orbit are in a state

of conunual free fall.

The International Space Station in Figure 9.12 provides a weightless environ-
ment. The station facility and astronauts all accelerate equally toward Earth, at

somewhat less than | g because of cheir altitude. This acceleration is not sensed ar

all; with respect to the station, the astronauts experience () g. Over extended peri-
ods of time, this causes loss of muscle scrength and other detrimental changes in
the body. Future space travelers, however, need not be subjected wo weightlessness.
As mentioned in the previous chaprer, lazily rotating giant wheels or pods at the

FIGURE 9.11
Both are weightless,

FIGURE #.12

The nhabirants in this laboratory and dm‘kmg facility continually expenience \\tlshrl:u-
ness. They are in free fall around Earth. Does a force of gravity act on them?
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end of a tether will likely take the place of today’s nonrotating space habitars.
Rotation effectively supplics a support force and nicely provides weighe.

_m“FUTHT

Y
In what sense is drifting in space far away from all celestial bodies like

stepping down offa stepladder!

Check Your Answer
In both cases, you'd experience welghtiessness Drifting in deep space. you would
remain weightless because no discernable force acts on you Stepping froma
stepladder, you would be only momentarily welghtless because of a momentary
lapse of support force.

* Ocean Tides

cafaring people have always known that there is a connection berween the  _—@
ocean tides and the Moon, but no one could offer a satisfactory theory to  PhysicsPlace.com

explain the owo high rides per day. Newron produced rhe explanation: Ocean rides  Tutorial

are caused by differences in the gravitational pull berween the Moon and Earch on - Tides

oppaosite sides of Earth, Gravitational force between the Moon and Earth is stonger

on the side of Earth nearer to the Moon, and it is weaker on the side of Earth that is

farther from the Moon. This is simply because the gravitational force is weaker with

increased distance,

FIGURE 9.13
Ocean tides.

Low tide T High tide

To understand why these different pulls produce tides, let's look at a ball of Jell-O
(Figure 9.14). If you excried the same force on every part of the ball, the ball would
remain perfectly round as it accelerared. Bur if you pull harder on one side than
the other, the different pulls would stretch the ball. That's whart's happening o
this big ball on which we live. Different pulls of che Moon strerch Earth, most

notably in its oceans. This sirerch is evident in ocean bulges on opposite sides of

elongated.

FIGURE 9.15
"The twa tidal bulges produced by diff in gravitas
relative to the Moon, while Earth spins daily bencath them.

il senai ey i
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A ball of Jell-O stays spherical when
all parts are pulled equally in the

same direction. When one side is

pulled more than the other, it is
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FIGURE 9.16

A plot of gravitational force versus
distance (not to scale), The greater
the distance from the Sun, the
smaller the force £, which varies as
1/d”, and the smaller the difference

in gravitational pulls on oppesite
sides of a planet, AF.

FIGURE 9.17

When the arrractions of the Sun and
the Moon are lined up with cach
other, spring tides occur.

(o}
FIGURE 9.18
When the attractions of the Sun and
the Moon are about 90° apart (at the

time of a half Moon), neap wacdes
oCCur,

"
~
—

H

4

Earth. Hence we experience two sets of ocean tides per day—iwo high tides and
two low tides.

On a world average, the ocean bulges arc nearly 1 m above the average surface
level of the ocean. Earth spins once per day, so a fixed point on Earth passes beneath
both of these bulges cach day. This produces two sets of ocean tides per day. Any
part of Earth thar passes beneath one of the bulges has a high tide. When Earth has
made a quarter tum 6 hours later, the water level ar the same part of the occan
is nearly 1 m below the average sea level. This is low tide. The warer thar “isn't there”
is under the bulges thar make up the high tides. A second high ridal bulge is experi-
enced when Earth makes another quarter mum. So we have two high tides and two
low tides daily. Interestingly, while Earth spins, the Moon moves in its orbit and
appears at the same position in our sky every 24 hours and 50 minutes, so the two-
high-tide cyde is actually at 24-hour-and-50-minute intervals. Thart is why tides do
not occur at the same time every day,

The Sun also contributes to occan tides, but ic’s about half as cffective as the
Moon. Interestingly, the Sun pulls 180 times as hard on Earth as on the Moon.
Why arent rides due ro the Sun 180 rimes as large as rides due to the Moon?
Because of the Sun's great distance, the difference in gravitational pulls on opposite
sides of Earth is very small. 1 other words, the Sun pulls almost as hard on the far
side of Earth as it does on the near side. You'll understand tides more when you
tackle “Ocean Tides™ in the Conceprnat Physics Practice Book*

When the Sun, Earth, and Moon are aligned, the tides due to the Sun and the
Moon coincide. Then we have higher-than-average high tides and lower-than-
average low tides. These are called spring tides (Figure 9.17). (Spring tides have

\’/

coc
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nothing to do with the spring season.) You can tell when the Sun, Earth, and
Moon are aligned by the full Moon or by the new Moon. Whea the Moon is full,
Earth is berween the Sun and Moon. (Ifall three are exacrly in line, then we have a
lunar eclipse, for the full Moon passes into Earth's shadow.) A new Moon occurs
when the Moon is between the Sun and Earth, when the nonilluminated hemi-
sphere of the Moon faces Earth. (When this alignment is perfect, the Moon
blocks the Sun and we have a solar eclipse.) Spring tides occur at the times of a
new or full Moon.
All spring nides are not equally high because Earth-Moon and Earth=Sun
distances vary: the orbital paths of Earth and the Moon are elliprical rather than
circular. The Moon's distance from Earth varies by about 10% and is
A effect in raising rides varies by about 30%. Highest spring tides occus
~  when the Moon and Sun are closest 10 Earth,
i When the Moon is halfway beoween a new Moon and a full Moon, in
either direction (Figure 9.18), the tides due 1o the Sun and the Moon
N\ partly cancel cach other. Then, the high tides are lower than average and
the low tides are not as low as average low tides, These are called neap

tides.

*Rewton deduced cha differesce in tidal pulls decrease as the cudv of the distance berween the cencers of
the bodies. Hence, only relatively cose disances result in appreciable ides.




Another factor that affects the tides is the tilt of Earths axis (Figure 9.19), Even
though the opposite tidal bulges are equal, Earths tilt causes the two daily high udes
experienced in most parts of the ocean to be unequal most of the time.

Tides don't occur in ponds because no part of the pond is significantly closer to
the Moon or Sun than any other part. With no differences in pulls, no rides are pro-
duced. Similarly for the fluids in your body; any tides in your body Auids that are
caused by the Moon are negligible. You're not wll enough for ddes. What
microtides the Moon may produce in your body are only about one two-hundredch
the tides produced by a | -kg melon held 1 m above your head (Figuse 9.20).

Our trearment of tides is quite simplified here, for tides are actually more com-
plicated. Interfering land masses and friction with the ocean floor. for example,
complicate tidal motions. In many places, the tides break up into smaller “basins of
circulation,” where a tidal bulge travels like a circulating wave that moves around in
asmall basin of water that is tileed. For this reason, the high tide may be hours away
from an overhead Moon, In mid-occan, where the range between high and low tide
is usually about a meter, variations in range occur in different parts of the world.
The range is greatest in some Alaskan fjords and is most notable in the basin of the
Bay of Fundy, berween New Brunswick and Nova Scotia in castern Canada, where
tidal differences sometimes exceed 15 m. This is largely due to the occan floor,
which funnels shoreward in a V-shape. The tde often comes in faster than a person
can run. Don't dig clams near the water's edge at low tide in the Bay of Fundy!

_C.H.ELI'_UTH‘_

a
We know that both the Moon and the Sun produce our ocean tides. And
we know the Moon plays the greater role because it is closer Does its
closeness mean that it pulls on Earth's oceans with more gravitational
force than the Sun?

Check Your Answer

No, the Sun's pull 5 much stronger. But the difference in funar pulls is more than
the difference in solar pulls. So our tides are due primarily to the Moon

TIDES IN EARTH AND ATMOSPHERE

Earch is not a rigid solid but, for the most part, is a semimolien liquid covered by a
thin, solid, and pliable crust. As a result, the Moon=Sun tidal forces produce Earth
tides as well as ocean tides. Twice each day, the solid surface of Earth rises and falls
as much as 1/4 m! As a result, carthquakes and volcanic eruptions have a slightly
higher probability of occurring when Earth is experiencing an Earth spring tide—
that is, near a full or new Moon.

We live ar the bottom of an ocean of air thar also experiences tides. Being at the bot-
tom of the armosphere, we don't norice these nides (just as crearures in deep water likely
don’t notice acean tides). In the upper part of the atmosphere is the lonosphere, so
named because it contains many ions—electrically charged atoms thar are the resule of
uleravioler light and intense cosmic ray bombardment. Tidal effects in the ionosphere
produce electric currents thar alter the magnetic field that surrounds Earth, These are
magnetic tides. They, in turn, regulate the degree to which cosmic rays penetrate into
the lower armosphere. The cosmic-ray penetration is evident in subele changes in the
behaviors of living things. The highs and lows of magnetic tides are greatest when the
atmosphere is having its spring tides—again, near the full and new Moon.

TIDAL BULGES ON THE MOON

There are two tidal bulges on the Moon for the same reason there are two tidal
bulges on Earth—the near and far sides of cach body are pulled differentdy. So the
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FIGURE 9.19

The inequality of the two high tdes
per day. Because of Earth's dly, a per-
son may find the tide nearest the
Moon much lower (or higher) than
the tde half a day later. Inequalitics
of tides vary with the positions of the
Moon and the Sun.

@-

FIGURE 9.20

The udal force difference due taa
1-kg body 1 m over the head of an
average hewght person is about

60 trillionthe (6 % 107"") Nikg.
For an overhead Moon, it is abour
0.3 erillionth (3 % 10 ') N/kg,
So holding a melon over your head
Pll'llllr.'u abnu.l 200 times as much
tidal effect in your body as the
Mooa does.

In addition to ocean tides, the
Meon and Sun make atmospheric
tudes—highest then lowest dur-
mg a full Moon Does this explain
why some of your frends are
welrd when the Moon is full?

L
F
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Exaggerated
Moon
on £ Lever arm
6T/ Torque exists
' when Maon's
; * long axis
- is not
M aligned with
Earth’s CM

FIGURE ». 2

Earth’s pull on the Moon at its center
of graviry produces a torque about
the Moon's center of mass, which
tends ro rotate the long axis of the
Moon into alignment with Earth’s
gravitational held (like 3 compass
needle that aligns with a magnetic
held). That's w'ly only one side of the
Moon faces Earth.

FIGURE 9.22
Field lines the gravitational

field about Earth. Where the ficld
lines are closer together, the held is
stonger. Farther away, where the
field lines are farther apare, the field
is weaker.

Moon is pulled slightly away from a spherical shape into a foothall shape, with its
long axis pointing toward Earth. But unlike Earth’s tides, the udal bulges remain in
fixed locations, with no “daily” rising and falling of Moon tides. Since the Moon
takes 27,3 days to make a single revolution about its own axis (and also about the
Earth-Moon axis), the same lunar hemisphere faces Earth all the time. This is nota
coincidence; it occurs because the elongated Moon's center of gravity is slighdy dis-
placed from its center of mass. So whenever the Moon’s long axis is not lined up
toward Earth (Figure 9.21), Earth exerts a small torque on the Moon. This tends 1o
twist the Moon toward aligning with Earch’s gravitational field, like the weque thar
aligns a compass needle with a magnetic field. So we see there is a reason why the
Moon always shows us its same face.

Interestingly enough, this “tidal lock™ is also working on Earth. Our days are get-
ting longer at the rate of 2 milliseconds per century. In a few billion years, our day
will be as long as a month, and Earth will always show the same face to the Moon.
How about that!

* Gravitational Fields

arth and the Moon pull on cach other. This is action ar a distance, because

Earth and Moon interact with each other without being in contact. We can
look ar this in a different way: We can regard the Moon as being in contact and
interacting with the gravitational field of Earth. The properties of the space sur-
rounding any massive body can be looked ar as altered in such a way that another
massive body in this region experiences a force. This alteration of space is a
gravitational field. [t is common 1o think of rockets and distant space probes heing
influenced by the gravitational field at their locations in space, rather than by Earth
and other planets or stars, The field concepe plays an in-between role in our think-
ing about the forces between different masses.

A gravitational field is an example of a force field, for any body with mass experi-
ences a force in the fiddd. Another force held, perhaps more familiar, is a magnetic
field. Have you ever seen iron filings lined up in pattemns around a magnee? (Look
ahead 10 Figure 24.2 on page 427, lor example.) The pactern of the hlings shows the
strength and direction of the magneric field ar different points in the space around
the magnet. Where the filings are closest together, the field is strongest. The direc-
tion of the filings shows the direction of the ficld at cach point,

The partern of Earth's gravitational field can be represented by field lines (Figure
9.22). Like the iron filings around a magnet, the held lines are closer together
where the gravitational ficld is stronger, At cach point on a field line, the direction
of the ficld is along the line. Arrows show the ficld dircction. A particle, astronaut,
spaceship, or any body in the vicinity of Earth will be accelerated in the direction
of the field line ar that location.

The screngeh of Earth's gravitarional field, like che strengeh of its force on objects.
follows the inverse-square law. || is strongest near Eardh’s surface and weakens with
increasing distance from Eareh.”

The geavitational field ar Earth's surface varies slightly from location 1o location.
Above large subterrancan lead deposits, for example, the field is slightly stronger
than average. Above large cavems, the field is shightly weaker. To predict wha lies
beneath Earth's surface, geologists and prospectors of oil and minerals make precise

measurements of Earth’s gravitational held.

“The strength of the gravitational field g at any poine is equal to the force F per unit of mass phced
there. So g = P, and its units are newtons per kilogeam (N/kg). The field g o equals the free-fall
accderation of graviey. The unis Nikg and m/s® are oquivalent.




GRAVITATIONAL FIELD INSIDE A PLANET®

The gravirational field of Earth exists inside Earth as well as outside. Imagine a hole
drilled completely through Earth from the North Pole to the South Pole. Forger
about impracricalities, such as the high-temperature molten interior, and consider
the motion you would undergo if you fell into such a hole. If you started at
the North Pole end. yuu'd fall and gain speed all the way down to the center, then
lose speed all the way “up” to the South Pole. Withour air drag, the one-way trip
would take nearly 45 minutes. If you failed to grab dlcodgcofdnhol:wlunyou
reached the South Pole, you'd fall back toward the center, and return to the North
Pole in the same rime.

Your acceleration, ., will be progressively less as you continue toward the center
of Earth. Why? Becausc, as you fall roward Earth's center, there is less mass pulling
you toward the center. When you are ax the center of Earth, the pull down is bal-
anced by the pu!l up, so the net force on you as you whiz with maximum spctdpast
Earth’s center is 2ero. Thar’s right: youd have maximum velocity and minimum
acceleration ar Earth's center! The yamanonal ficld of Earth at its center is zero!”

The composition of Earth varics, being most dense at its core and least dense ar
the surface. Inside a hypothetical planet of uniform density, however, the field
inside increases lincarly—that is, at a sweady rate—from zero ac its center 1o g ar the
surface. We won't go into why this is so, but perhaps your instructor will provide
the explanation. In any event, a plot of the gravitational field intensity inside and

ide asolid pl of uniform density is shown in Figure 9.24.
:
£
£
® FIGURE 9.24
,5 The gravitational field inten-
: 2R iR sity inside a planes of uniform
Distance density is directly proportional
to the radial distance from its

center and is maximum at its
surface. Oumide, it is inversely
propormional 1o the square of
the distance from its center.

Imagine a spherical cavern at the center of a planet, The cavern would be gravity-
ﬁc:bmuxofdkmcdh&mofgumnoulfouumnﬂyd:mwﬂ.ﬁmdﬁ
the size of the cavern doesn't change this fact—even if it constitutes most of the vol-
ume of the planer! A hollow planer, like a huge basketball, would have no gravita-
vonal ficld anywhere inside it. Complere cancellation of gravitational forces occurs
everywhere inside. To sce why. consider the particle in Figure 9.25, which is twice
as far from the left side of the as it is from the righ side. If graviry depended
only on distance, P would be atiracted only 1/4 as much 1o the left side as o the
right side (according to the inverse-square law), Burt graviry also depends on mass.
Imagine a cone reaching to the left from P to encompass region A in the figure, and
an equal-angle cone reaching to the right encompassing region B. Region A has
4 times the area and therefore 4 times the mass of region B. Since 1/4 of 4 s equalto 1,

*This secvian may be skipped for a beket treatment of gravitational helds.

Inwerescingly enough, dusing the fiest few kilometers berseath Eanbis surfuce, voud acnully gain sccder-
ation because the density of the compact center & much greaver than the densiry of the surface marerial,
So gravity would be dighaly stronger dusing the fiea part of a Ball, Farther in, gravitstion would decreas
and would diminish to nevo at Earth's center,
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FIGURE 9.23
As you fall faster and faster in a hole

the part of Earrh's mass bencarh you
becomes smaller and smaller. Less
mass means less arraction uniil, ar
the center, where you are pulled
equally in all directions, the net force
is zero and acceleration is zero.
Momentum carries you past the cen-
ter and against a growing acceleranion
10 the apposite end of the tunnel,
where acceleration is again g directed
back toward the center.

FIGURE 9.25

The gravitational held anywhere
inside a spherical shell of uniform
thickness and composition is zera,
because the ficld components from
all the particles of mass in the shell
cancel one another. A mass at point
P, for example, is anracred juse as
much to the larger but farther region
A as it is 1o the smaller bur doser

region B,
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PhysicsPlace.com
Videos

Gravitational Field Inside a Hollow Planet
The Weight of an Object Inside a Hollow
Planet but Not at its Center

(
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Nefl deGrasse Tyson nicely de-
scribes a falling through Earth
scenano on NOWA

Pis areracted o the farther but more massive region A with just as much force as it is
1o the closer bue less massive region B. Cancellation occurs. More thought will show
that cancellation will occur anywhere inside a planetary shell having uniform density
and thickness. A gravitational ficdd would exist within and beyond the shell. At its
outer surface and in the space beyond the gravitational field would be the same as if
all the mass of the planet were concentrated at its center. Everywhere inside the hol-
low part, the gravitational field is zero. Anyone inside would be weghtless. [ call this
“yum-yum” physics!

CHECK
a T
1. Suppose you stepped into a hole bored dear through the center of Earth
and made no attempt to grab the edges at either end Neglecting air

drag, what kind of motion would you experience?

2. Halfway to the center of Earth, would the force of gravity on you be less
than at the surface of Earth?

Check Your Answers

1. You would oscillate back and forth If Earth were an fdeal sphere of untform den-
slty and there were no air drag, your escillation would be what is called simple
Farmonic mation, Each round-trip would take nearly go minutes. Interestingly, we
will see in the next chapter that an Earth satellite in close orbit about Earth also
takes the same go minutes to make a complete round-trip. (This is no coincidence
If you study physics further, you'll keam that “back-and-forth” simple harmonic
motion is simply the vertical component of uniform crcular mation—mteresting
stuff]

2. Gravitational force on you would be less, because there Is less mass of Earth below
you. which pulls you with less force. If Earth were a uniform sphere of uniform
density, gravitational force halfway to the center would be exactly half that at the
surface But since Earth's core is 50 dense (about 7 times the density of surface
rock). gravitational force halfway down would be somewhat more than half
Bxactly how much depends on how Earth's density varies with depth, which is
infarmation that ts unknown today.

Although gravity can be canceled inside a body or berween bodies, it cannor be
shielded in the same way that electric forces can. In Chapter 22, we will see that
electric forces can repel as well as awrace, which makes shielding possible. Since
gravitation only artraces, a similar kind of shielding cannor occur. Eclipses provide
convincing evidence for this. The Mooa is in che gravitational field of both the Sun
and Earth. During a lunar eclipse, Earth is directly berween the Moon and the Sun,
and any shielding of the Sun’s field by Earth would result in a deviation of the
Moon’s orbit. Even a very slight shiclding effect would accumulate over a period of
years and show itsclf in the uming of subsequent eclipses. But there have been no
such discrepancics; past and future eclipses are calculated to a high degree of accu-
racy using only the simple law of gravitation. No shiclding effect in gravitation has
ever been found.

* Einstein’s Theory of Gravitation

ln the early part of the 20th century. a model for gravity quite unlike Newton's
was pre d by Einstein in his g | theory of relativity. Einstein perceived
a gravitational field as a geometrical warping of 4-dimensional space and time; he
realized that bodies put dents in space and time somewhat like a massive ball




placed in the middle of a large waterbed dents the 2-dimensional surface (Figure
9.26). The more massive the ball, the greater the dent or warp. [fwe roll a marble
across the top of the bed but well away from the ball, the marble will roll in a
straight-line path. But if we roll the marble near the ball, it will curve as ic rolls
across the indented surface of the waterbed. If the curve closes on iesclf, the marble
will orbit the ball in either an oval or a circular path. If you put on your Newtonian
glasses, so thar you see the ball and marble but not the bed. you might conclude
that the marble curves because it is arrracred to the ball. If you pur on your Ein-
steinian glasses, so thar you see the marble and the indented waterbed bur not the
“distant” ball, you would likely conclude that the marble curves because the sur-
face on which it moves is curved—in 2 dimensions for the waterbed and in
4 dimensions for space and time.* In Chapter 36, we will treat Einstein’s theory of
gravitation in more detail.

* Black Holes

Suppm you were indestructible and could travel in a spaceship ro the surface
of a star. Your weight on the star would depend both on your mass and the
star’s mass and on the distance berween the star's center and your belly button. If
the star were to burn out and collapse 1o half its radius with no change in its mass,
your weighe ar its surface, determined by the inverse-square law, would be 4 times
as much (Figure 9.27). If the star were 1o collapse to a tenth of its radius, your
weight ar its surface would be 100 times as much. If the star kepe shrinking, the
gravitational ficld at the surface would become stronger. It would be more and
more difficult for a starship to leave. The velocity required to escape, the escape
vefacity, would increase. If a star such as our Sun collapsed to a radius of less than
3 km. the escape velocity from its surface would exceed the speed of lighe, and
nothing—not even light—could escape! The Sun would be invisible. le would be a
black hole.

~—— Indestructible person

standing on a
e I—M.CII)N

shrinking star

The Sun, in fact, has wo litte mass o experience such a collapse, but when some
stars with greater mass—now estimated to be ar least 1.5 solar masses or more—
reach the end of their nuclear resources, they underge collapse and, unless rotation
is high cnough, the collapse continues until the stars reach infinite densities, Gravi-
tation near these shrunken stars is so enormous that light cannot escape from their
vicinity. They have crushed themselves out of visible existence. The results are black
holes, which are completely invisible,

10,000 N

*Dan't be discouraged # you cannat visualise 4-dimemional space-time. Finstein himself often wld his
triends, “Dont try. | can’t do it cther.” Perhaps we are st wo diferent From the grear thinkens around
Galileo who coubdnit visualize 3 moving Earth!
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FIGURE 9.26

Warped space-time. Space-time neas
a star is curved in 4 dimensions in a

way similar to the 2-dimensional sur-
face of 2 warerbed when a heavy ball
Tests on it

-

fvi

» Contrary to stores about black
holes. they're nonaggressive and
don't reach out and swallow inno-
cents at a distance Their gravita-
tional fields are no stronger than
the onginal fields about the stars
before collapse—except at dis-
tances smaller than the oniginal
star radius. Except when they are
too close, black holes shouldn't
worry future astronauts

FIGURE 9.27

If & star collapscs to half its radius
and there is no change in its mass,
gravitarion at its surface is muliplied
by 4.

\,—O "w
PhysicsPlace.com
Tutorial
Black Holes
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Anything thar falls into a black hole
is crushed our of aastence, Only
mass, angular momentum, and
electric charge are retaned by the
black hole.

A speculative wormhole may be the
portal w another part of our universe
or even o another universe.

A black hole is no more massive than the star from which i col-
lapsed, so the gravitational field in regions at and greater than the ongi-
nal star’s radius is no different after the star’s collapse than before. But, at
closer distances near the vicinity of a black hole, the gravitatonal ficld
can be enormous—a surrounding warp into which anything thar passes
oo close—light, dust, or a spaceship—is drawn. Astronauts could enter
the fringes of this warp and, if they were in a powerful spaceship, they
could sull escape. Afier a cerrain distance, however, they could not, and
they would disappear from the observable universe. Any object falling
into a black hole would be torn © pieces. No feaware of the object
would survive except its mass, its angular momentum (if any), and its
clectric charge (if any).

A theoretical entity with some similarity to a black hole is the
“wormhole™ (Figure 9.29). Like a black hole, a wormhole is an enor-
mous distortion of space and time. But instcad of collapsing toward an
infinitely dense point, the wormhole opens out again in some other part of the
universe—or even, conceivably, in some orher universe! Whereas the existence of
black holes has been confirmed, the wormhole remains an exceedingly speculative
notion. Some science buffs imagine that the wormhole opens up the possibility of
time travel.”

How can a black hole be detected if there is literally no way w “see” it? It
makes itself fele by its gravitational influence on nearby matter and on neighbor-
ing stars, There is now good evidence that some binary star systems consist of a
luminous star and an invisible companion with black-hole-like properties orbit-
ing around cach other, Even stronger evidence points to more massive black
holes at the centers of many galaxies. In a young galaxy, observed as a “quasar,”
the central black hole sucks in marter that emits great quantities of radiation as it
plunges to oblivion. In an older galaxy, stars are observed circling in a powerful
gravitational field around an apparently empry cenrer. These galactic black holes
have masses ranging from millions 1o more than 1 billion times the mass of our
Sun. The center of our own galaxy, although not so casy o sec as the centers of
some other galaxies, almost surely hosts a black hole. Discoveries are coming
fas:’« than textbooks can report. Check your astronomy web site for the latest
update,

* Universal Gravitation

Wr: all know that Earth is round. But why is Earth round? It is round because
of graviration. Everything artracts everything else, and so Earth has
antraceed wsell together as far as it can! Any “corners” of Earth have been pulled in;
as a result, every pare of the surface is equidistant from the center of graviry. This
makes it a sphere. Therefore, we see from the law of gravitation chat the Sun, the
Moon, and Earth are spherical because they have o be (although rotational effects
make them slighty ellipsoidal).

If everything pulls on everything else, then the plancts must pull on cach other.
The force that controls Jupiter, for example, is not just the force from the Sun; there
are also the pulls from the other planets. Their effect is small in comparison with

"Stephen Hawking, a pioneering expert on black boles. was one of the fint to speculate abour the
exinence of wormholes Bar, in 2003, ro the disnuy of muny science buffs, he announced his belief chac
they cannot exist
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FIGURE 9.30
Formanion of the solar system. A slighrly mnnng ball of interstellar gas (a) contracts due to
2 - 1

musual gr and (b) « ves g up. The increased
momentum of individual partscles and clusters of parnicles causes them (c) to sweep in
wider paths about the rotational axs, pm&nnn;momnlldukdup: The greater surface
area of the disk promotes cooling and condensation of marter in n-lrimgaﬁ:m—thr

the pull of the much more massive Sun, but it still shows. When Saturn is near
Jupiter. its pull disturbs the otherwise smooth path traced by Jupiter. Both planets
“wobble” in their orbirs. The interplanetary forces causing this wobbling are called
perturbations. By the 1840s, studics of the most recently discovered planct ar the
time, Uranus, showed that the deviations of its orbit could not be explained by
perturbations from all other known planets. Either the law of gravitation was failing
at this great distance from the Sun or an unknown cighth planct was perturbing the
arbit of Uranus. An Englishman and a Frenchman, J. C. Adams and Urbain Lever-
rier, each assumed Newton's law to be valid, and chey independently calculated
where an cighth planet should be. Ar about the same time. Adams sent a letter 1o
the Greenwich Observatory in England and Leverrier sent a letter to the Berlin
Observatory in Germany, both suggesting that a certain arca of the sky be searched
for a new planet. The request by Adams was delayed by misunderstandings at
Greenwich, but Leverrier’s request was heeded immediately. The planet Neprune
was discovered thar very night!

Subsequent tracking of the orbits of both Uranus and Neptune led to the pre-
diction and discovery of Pluto in 1930 ar the Lowell Observatory in Arizona.
Whartever you may have learned in your early schooling, astronomers now regard
Pluto as a diearf planet, a new category of certain asteroids in the Kuiper belt.
Regardless ol ies starus, Pluro takes 248 years 1o make a single revolurion about the
Sun, so no one will see it in ies discovered position again until the year 2178.

Recent evidence suggests that the universe is expanding and accelerating out-
ward, pushed by an antigravity dark energy that makes up some 73% of the uni-
verse. Another 23% is composed of the yet-to-be-discovered particles of exotic dark
matter. Ordinary matter, the stuff of stars, cabbages, and kings, makes up only
about 4%. The concepts of dark energy and dark matter are late-20th- and
21st-century discoveries, The present view of the universe has progressed apprecia-
bly beyond the universe as Newton perceived it.

Yet few theories have affected science and civilization as much as Newton's theory
of gravity. The successes of Newton's ideas ushered in the Age of Enlightenment.
Newron had demonstrated that, by observation and reason, people could uncover
the workings of the physical universe. How profound thar all the moons and plan-
ets and stars and galaxics have such a beaunifully simple rule to govern them,
namely,
ymy

F=G=p
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A sphere has the smallest surface
area for any volurme of matter.

-

fn

» Avidespread assumption is that
when Earth ceased to be reqarded
as the center of the umwverse, its
place and humankind were
demoted and no longer considered
special On the contrary, writings of
the time suggest most Europeans
viewed humans as filthy and sinful
because of Earth’s lowly position—
farthest from heaven, with hell at
its center Human elevation didn't
occur until the Sun, viewed posi-
tively took a center position We
became special by showing we're
not <o special

PhysicsPlace.com
Video
Discovery of Neptune
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The formulation of this simple rule is one of the major reasons for the success in sci-
ence that followed, for it provided hope that other phenomena of the world might
also be described by equally simple and universal laws.

This hope nurtured the thinking of many scientists, artists, writers, and philaso-
phers of the 1700s. One of these was the English philosopher John Locke, who
argued that observation and reason, as demonstrated by Newton, should be our best
judge and guide in all chings. Locke urged that all of nature and even society should
be searched ro discover any “narural laws” thar might exist. Using Newtonian
physics as a model of reason, Locke and his followers modeled a system of govern-
ment that found adherents in the thirteen British colonics across the Adantic, These
ideas culminated in the Declaration of Independence and the Constitution of the

United States of Amenica.

SUMMARY OF TERMS

Law of universal gravitation Every body in the universe
attracts every other body with a force tha, for two bodies,
is directly proportional ro the product of their masses and
inversely proportional 1o the square of the distance sepa-
taring them:

oy
F=0G—7"
d

Inverse-square law A law relating the intensity of an effect
to the inverse square of the distance from the cause,
Gravity follows an inverse-square law, as do the effects
of electric, magnenc, light, sound, and radiation
phenomena.

Weight The force thar an object exerts on a supporting surface
{or. if suspended, on a supporting string). which is often,
bur not always, due o the force of gravicy.

Weightless Being withour a support force, as in free fall.

Spring tides High or low tides thar occur when the Sun,
Earch, and the Moon are all lined up so that the tides
due 1o the Sun and the Moon coincide, making the high
tides higher than average and the low rides lower than
average.

Neap tides Tides that occur when the Moon is midway
berween new and full, in cither direction. Tides duc 0
the Sun and the Moon panly cancel, making the high
tides lower than average and the low tides higher than

average.

Gravitational field The influence thar a mussive body extends
o the space around itsclf, producing a force on another
muassive body. It is measured in newrons per kilogram
(Nikg).

Black hole A concentration of mass resulting from gravin-
tional collapse, near which gravity is so intense that not
even lighr can escape.

REVIEW QUESTIONS

1. Whar did Newron discover abou g’a\ﬂly
2. What is the Newtonian

The Universal Law of Gravity

3. In what sense does the Moon “fall™
4. State Newron's law of universal gravitarion in words.
Then do the same with one equation.

The Universal Gravitational
Constant, G

5. Whar is the magnitude of gravitational force b wo
1-kg baodies that are 1 m apare?

6. What is the magnitude of the gravitarional force between
Earthand a l—k;Hy?

7. Whar do we call the gravitational force berween Earth

and vour body?
8. When € was first measured by Henry Cavendish, news-
papers af the time hailed his exp as the “weighing

Earth experiment.” Why?

Gravity and Distance: The Inverse-Square Law

9. How does the force of graviry besween rwo bodies change
when the distance between them is doubled?
0. How does the thickness of paint sprayed on a surface
change when the spraver is held wice as far away?
11. Where do you weigh more—at the bortom of Death Val-
ley or atop one of the peaks of the Sierra Nevada? Why?

Weight and Weightlessness

IZ.Woqu\e' ‘,inl-ide bath scale be mare com-
P orlcﬂr afwuwughedymuu-lhnm
1 :l“l 1 I:C
3. Would the springs armclc a 2 bathsoom scale be more com-

Lor less comy 4 if you weighed yourself in an

devator that moved upward at consans eelociey? Down-
ward at comstant velocity?

14. When is your weight equal 1o myg?

15. Give an example of when your weight is more than mg.
Give an example of when ics zero,




Ocean Tides

16. Do tides depend more on the serength of gravitational
pull or on the difference in strengths? Explain,

17. Why do both the Sun and the Moon exert a greater gravi-
tational force on one side of Earth than the other?

18. Distinguish besween spring rides and neap vides.

Tides in Earth and Atmosphere

19. Do tides occur in the molten interior of Earth for the
same reason that rides oocur in the oceans?

20. Why are all tides greatese at the time of a full Moon or
new Moon?

Tidal Bulges on the Moon

21. Why is there a torque about the Moon's center of mass
when the Moon's long axis is not aligned with Earth’s
gravitational held?

22. Is there a wrque abour the Moon's center of mass when the
Moon's Iuns axis is n.l.lpwd with Earch’s sraritnimul feld?
Explain how this compares with 2 magneric compass.

Gravitational Fields
23, Whar is a gravitational ficld, and how can its presence be
detecred?

Gravitational Field Inside a Planet

24. What is the magnitude of the gravitational field ar Earth's
center?
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25, For a planet of uniform density, how would the magni-
wude of the gravitational field halfway ro the center com-
pare with the field ar the surface?

26. What would be the magnitude of the gravitational held
anywhere inside a hollow, spherical planec?

Einstein’s Theory of Gravitation

27. Newton viewed the curving of the path of a planer as
being caused by a force acting upon the planet. How did
Einstein view the curved path of a planes?

Black Holes

28. If Earth shrank with no change in its mass, what would
ha-]:cn to your weight at the surface?

29, What happens to the strength of the gravitational field at
the surface of a star that shrinks?

30. Why is a black hole nvisible?

Universal Gravitation

31, What was the cause of perrurbations disovered in the
orbit of the planet Uranus? Whar grester discovery did
this lead o?

32. What percentage of the universe is presendy speculated w
be composed of dark marter and dark energy?

PROJECTS

1. Hold your hands ounsererched in frone
of you. one twice as far from your cyes
as the other, and make a casual pudg-
ment as 10 which hand looks bigger.
Most peopk sce them o be abour the
same sixe, ol many we the
nearcr hand as slightly begges, Almose
a0 one, wpon casual inspection, sees
the nearer hand as 4 mes as big, but,
by the invense-square law, the newer
hand shoukd appear 10 be twice @ wall and rwice as wide and
cherefore seem to occupy 4 times as much of your visual field 2

the farther hand. Your belief thas your hands are the same sze is
so strong that you likely overnale this intormation. Now, if you
overhip your hands sightly and view them with one eye dosd,
you'll see the nearer hand as clearly bigger. This raises an iner-
esting question: Whar other illusions do you have that are not so
casily checked?

2. at the eyeballing experiment, anly this time use ewo dollar
:‘I—‘mr regular, Ed l{l‘:‘lﬂ‘)ﬂ folded along its middle kengrh-
wise, and again widthwse, so it has 1/4 the area. Now hold the
twa in frons of your eves. Where do you hold the folded one wo
that it looks the same size as the unfolded one? Nice?

PLUG AND CHUG

-l-l_
d*

1. Calculate the force of gravirty ona 1-kg mass ar Earth's
surface. The mass of Earth is 6.0 % 10°* kg, and ies radius
is6.4 % 10" m,

2. Caleulate the rnmcnrsﬂvityun the same |<l:; mass if it
were 6.4 % 10° m above Eardh’s surface (ctha is, if it were
twa Earth radii from Earth’s center).

3, Calculate the force of gravity berween Earth (mass =
6.0 % 10* kg) and the Moon (mass = 7.4 % 10™ kg).
The average Earth-Moon distance is 3.8 % 10 m.

F=G

4, Calculate the force of graviry besween Earth and the Sun
(the Sun’s mass = 2.0 X lﬂ'wk; average Easth-Sun
distance = 1.5 % 10! m),

5. Calculaze the force of graviry berween a newborn baby
(mass = 3 kg and the planct Mars (mass = 6.4 %
10+ lt.s] when Mars is at is dosest to Farth (distance =
5.6 % 10'"m),

6. Calculate the force of gravity between a newborn baby of
mass 3 kg and the obsterrician of mass 100 kg, who is
0.5 m from the baby, Which exerts more gravisational
force on the baby, Mars or the obstetrician? By how much?
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RANKING

1. The planet and its moon gravitationally attract each
other. Rank the force of antraction between cach pair
from greatest to least.

A

.dd
. d 2d

2. Consider the light of multple candle flames, cach of the
same brightnes. Rank from brightest to dimmest the
light that enters your eye for the following situations,
a. 3 candles seen from a distance of 3 m.
b. 2 candles seen from a distance of 2 m.
<. 1 candle seen from a distance of 1 m.

3. Pretend you fall into a hole bored complerely through
the Earth. Discounting friction and rotational effects,

rank, from most to lease, at positions A, B, C, and
D your

:.. speed of fall.
b. acceleration of fall,

4. Rank the average gravitational forces from grearest to least
between

a. Sun and Mars,
b. Sun and the Moon.
. Sun and Earth.
5. Rank the micronidal forces on your own body, from grear-
st 1o beast, produced by the
a. Moon,
b. Earth.
. Sun.

EXERCISES

1. Comment on whether or not the following label on a
consumer product should be cause for concern:
CAUTION: The mass of this product pulls on every other
mass in the untverse, wish an attracting force that &5 proper-
tional to the product of the masses and inversely proportional
to the square of the distance between them.

2. Gravinational force acts on all bodies in proportion o
their masses. Why, then, docsn't a heavy body fall faster
than a light body?

3. Whar would be the pach of the Moon if somehow all
gravitational forces on it vanished 1o zero?

4. Is the force of gravity stronger on a piece of iron than on
apin:ufmdifbolhl:mthcmmn’ﬂnfrndm

S. l: the fum of gravity d piece of
Eﬁrdunonamdcnnal pmofpapuihathunor

crumpled? Defend your answer.

6. What is the reladonship b
inverse-square law?

7. A friend says thar up above the atmosphere, in space shur-
tle territory, Earths gravitational field is zero. Explain how
your friend has a misconceprion, and use the equarion for
gravirational force in your explanation.

8. A fiiend says char, since Earth's gravity is so much

than the Moon’ . rocks on the Moon
could be dropped 1o Earch. What is wrong with chis
assumption?

force and distance in an

9. Another friend says that the Moon's gravity would pre-
vent rocks dropping from the Moon wo Earth, but thar if
the Moon's gravity somehow no pulled on its own
rocks, then rocks on the Moon would fall 1o Earth. Whar

nwmﬁ with this assumption?

10. A says that the | | S

nndnmﬂnf:h&boo&usbcynﬁlhcpullnﬂulhl
gravity. Correct your fnend’s misco

11. Somewhere between Earth and the Moon, sn\my from
these two bodies on a space pod would cancel. Is this
location nearer Earth or the Moon?

12. An apple falls because of the gravitational attraction to
Earth, How does the gravitational atrsction of Earth o
the apple compare? (Docs force change when you inter-
change s and my in the equation for gravity—m ym,
instead of mrym %)

13. Larry weighs 300 N at the surface of Earch. What is the
weight of Earth in the gravitational field of Larry?

14. Earth and the Moon are attracted to each other by gravi-
rational force. Does the more massive Earth areract the
less massive Moon with a force that is greaver, smaller, or
the same as the force with which the Moon artracts Earth?
{With an elastic band stretched berween your thumb and
forefinger, which is pulled more strongly by the band.
your thumb or your forcfinger?)

15. If the Moon pulls Earth as strongly as Easth pulls the
Moon, why doesnt Earth rotate around the Moon, or




why don't both rotate around a point midway berween
them?

16. |5 the acceleranion due ra graviey more or less atop
M. Everest than at sea level? Defend your answer.

17. An astronaut lands on a planet thae has the same mass as
Earth but rwice the diameter. How does the astronaut’s
weight differ from thar on Earch?

18. An astronaut lands on a planet that has twice the mass as
Earth and twice the diamerer. How does the astronaur’s

ight differ from that on Earch?

19, If Earch somehow expanded ro a larger radius, with no
change in mass, how would your wif:t be affected? How
would it be affected if Earch instead shrunk? (Hime: Let
the equation for gravitational force guide your thinking.)

20. The intensiry of light from a central source varies
inversely as the square of the distance. If you lived on a
planct only half as far from the Sun as our Earth, how
would Sun’s light intensity compare with chat on Earth?
How abour a planet 10 times farcher away than E.mh?

21. A small light source located 1 m in front of 2 1-m* open-
ing illuminares a wall behind. If the wall is 1 m behind
the opening (2 m from the light source), the illuminated
area covers 4 m’. How many square merers will be illumi-
nated if the wall is 3 m from the light source? § m? 10 m?

22. The planet Jupiter is more than 300 times as massive as
Earth, so it might scem thar a body on the surface of
it s0 happens thar a body would n:arccl_v weigh 3 times as
much on the surface of Jupiter as it would on the surface
of Earth. Can you think of an explanation for why this is
sof (Hine: Let the terms in the equarion for srmunnna]
force guide your thinking,}

23. Why does a person in free fall experience weighed
while a person falling at terminal velocity docs not?

24. Why do the passengers in high-altitude jet planes feel the
sensation of weight while passengers in an orbiting space
vehicle, such as a space shuctle, do not?

25. Is gravitational force acting on a person who falls off a
clitf On an astronaut inside an orbiting space shurde?

26. If you were in a car thar drove off the edge of a cliff, why
would you be momentanily weightless? Would gravity snll
be acting on you?

27. What two forces act on you while you are in 2 moving
elevator? When are these forces of equal magnitude and
when are they not?

28. If you were in a freely halling elevator and you dropped a
pencil, it would hover in frone of you. s there a force of

29, Why does a bungee jumper feel weightless during the
Jump?

30. Since your weight when standing on Earth is the gravita-
tional artraction berween you and Easth, would your
weight be greater if Earth gained mass? If the Sun gained
mass? Why are your answers the same or different?

31. Your friend says char the primary reason aswronauts in
orbir feel “I"Il‘.lﬂl is thar l}l!vul h!mnd the main ])ull
of Earchis gravity. Why do you agree or disagrec?

32. Explain why the fullomng reasoning is wrong. ~ The Sun
arcracts all bodies on Earth. At midnight, when the Sun is
directly below, it pulls on you in the same direction as
Earth pullson you; at noon, when the Sun is direcily
overhead, it pulls on you in a direction opposite to Earths
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pull on you. Therefore, you should be somewhar heavier
ar midnight and somewhar lighter at noon.”

33, When will the gravitanional force berween you and the
Sun be greater—today at noon, or tomorrow at mid-
nighe? Defend your answer.

“. I; I"IE mass Bt‘ FJ"*I inmamd. ’ﬂul’ “#Il “l-lld corre-
spondingly increase, Bur, if the mass of the Sun increased,
your weight would not be affected ar all. Why?

35, If somebody rugged hard on your shirt sleeve, it would
likely tear. But if all parts of your shirt were
equally, no tearing would occur. How does chis relare 1o
nidal forces?

36. Most people roday know thar the ocean tides are caused
llim':ipally by the srzn'ur'um:l influence of the Moon,
and most people therefore think char the gravicational
pull of the Moon on Earth is greater than the gravita-
tional pull of the Sun on Earth. What do you think?

37, Would ocean tides exist if the gravitanenal pull of the
Moon (and the Sun) were somehow equal on all pares of
the world? Explain.

38. Why aren't high ocean tides exactly 12 hours apart?

39. With respect to spring and neap ocean tides, when are the
tides lowese? That is, when is it best for digging clams?

40, Whenever the ocean tide is unusually high, will the fol-
lowing low ride be unusually low? Defend your answer in
terms of “conservation of water.” (If you slosh wazer in a
rub so that it is extra deep at one end, will the other end
be extra shallow?)

41. The Mediterrancan Sea has very listle sediment churned
up and suspended in its warers, mainly because of the

of any sub il ocean tides. Why do you
suppose the Mediterranean Sea has pracrically no tdes?
Similarly, are there ndes in the Black Sea? In the Grear
Salt Lake? Your counry reservoir? A glass of warer?
Explain.

42. The human body is composed mostly of warer. Why does
the Moon overhead cause appreciably less tidal effectin
the fluid compartment of your body than a 1-kg melon
held over your head?

43. Does the fact that ane side of the Moon always faces
Earth mean that the Moon rotates about its axis (like a
top) or that it doesn’t rotate about irs axis? Defend your

answer.

44, What would be the effect on Earth’s tides if the diameter
of Earth were very much larger than it is? If Earth were as
it presently is, but the Moon were very much larger and
had the same mass?

5 “IK}I wnl.l!l:l | &K " id lﬂ wll.l
body, the Eanh the \1oon or the Sun? Why?

46. Exactly why do ndes occur in Earth’s crust and in Earthis
armosphere? 3

47. The value of g ar Earth’s surface is about 9.8 m/s”. What
is the value of g ar a distance of twice Earch's radius?

48. If Earth were of uniform density (same mass/volume
throughour), whar would the value of g be inside Earth ar
halfies radius?

49. If Earch were of uniform density, would your weight
increase or decrease at the botrom of a deep mine shafe?
Defend your answer.

50, It so happens thar an actual smerease in weight is found
even in the deepest mine shafis. Whar does chis rell us
about how Earth’s density changes with depth?
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51. Which requires more fuel—a rocker going from Earth o
the Moon or a rocker coming from the Moon to Earch?
Why?

52. If you could h | inside a uniform-density
star, would your weight increase or decrease? If, instead,
you somehow stood on the surface of a shrinking star,
would your weighr increase or decrease? Why are vour

54. If Earth were hollow but still had che ame mas and same
radius, would your weight in your present location be
more, less, or the same as it is now?

55. Some people dismiss thew:lhdnyofwxm:ﬁc theories by
saying that they are "only” theorics. The law of universal
gravity is a theory. Does this mean thar scientises sull
doubt its validity? Exphm

answers different? 56.Malu-upm leipl u-w. one that would
53. If our Sun shrank in size 10 become a black hole, show checkad ‘s unde g of the inverse-square

from the gravi | force equation that Earchis arbic law and another that would check a distinction berween

would nor be affected. weight and weightlessness.

PROBLEMS

1. Suppose you stood atop a ladder so rall thar you were
3 times as far from Earth’s center as you presentdy are.
Show that your weight would be one-ninth of its present
value.

2. Show that the gravi | force b n two pl s

T:tlmplediflhemmofhmh planets are doubled but
distance between them stays the same.

3. Show that there is no change in the force of graviry
berween two objects when their masses are doubled and
Space shuttle in orbit

{father from Earth's :entp!l

the distance berween
them is also doubled.

4. Find the change in the
force of gravity between
tance berween them is
decreased by 10.

5. Many people mistakenly
believe that the astro-
nauts that orbir Earth
are “above gravity.”
Calculate g for space
shuttle terricory, 200 km

above Earths surface, Earth’s mass is 6.0 X 10** kg, and
irs radius is 6.38 X lﬂ"m[(»}lﬂkm) Your answer is
w‘lutpm'rnugroflﬂmh

* 6. Newton's universal law nl"sn\f:ity tells us thar
F= ru:m Newron's second law rells us that a = iﬂ
a. Wich a bis of algebraic reasoning show lhny\mr;n\'-
itanonal acceleration toward any planer of mass M a
M
4’
b. How does this equacion rell you whether or not your
gravintional acceleration depends on your mass?

distance o from its center is a4 =
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1 Topographic globes thar show the relative heights of mountains and valleys are preatly
exaggerated. Truly scaled, the surface of Earth is as smooth as the globe that Emily
Abrams holds, And Earths armosphere & a small fraction of the width of her fingers, with
space shuttles orbiting abour the distance to her smallest fingernail' 2 In the dust-free
“clean room” of the Jer Propulsion Labosatory, Ben Thoma and Tenny Lim stand beside
the Mars Saence Laboratory Diescent Stage that is scheduled for 2 2011 launch o Mars

3 Tenny with a scale model of her design.

teacher’s influence knows no bounds. Our

influence on students goes beyond what feed-
back makes its way to us, When I'm asked about
which of my many students | take most pride in, and
whom | most infHuenced, my answer is quick: Tenny
Lim. In addition 1o being bright, she is arustc and
very dexterous with her hands. She was the top-scoring
student in my Conceprual Physics class in 1980 and
carned an AS degree in Dental Laboratory Technol-

ogy. With my encouragement and support, she

Lol

inued at Cliey (.n"r;u with courses in math and
science and decided to pursue an engincering carcer
[wao years later, she transferred 1o California Polyrech-
nic [nstitute in San Luis Obispo. While carning her

BS degree in mechanical engineering, a recruiter from
the Jet Propulsion Laboratory in [Pasadena was
impressed that she concurrently took art classes to bal-
ance her technical studies. When asked about this, she
replied that art was one of her passions, Whar the
recruiter was looking for was somconc talented in
both art and engineening for JPLs design team. Tenny
was hired and became part of the space program. Her
current project is the Mars Science Laboratary, where
she is the lead designer for the Descent Stage (sce
photo above). She also continues 1o pursue her arcand
has her work shown in local galleries

lenny's story exemplifies my advice to voung people:
l'.((fl at more |}'|-i|1 one Ihlng




172 PART ONE  MECHANICS

PhysicsPlace.com
Tutorial

Projectile Motion
Videos

Projectile Motion
More Project! le Motion

* Projectile Motion

Without gravity, you could ross a rock at an angle skyward and it would fol-
low a straight-line path. Because of gravicy. however, the path curves. A

d rock, a ¢ ball, or any object that is projected by some means and con-
tinues in motion by its own inertia is called a projectile. To the cannoneess of ear-
lier centuries, the curved paths of projectiles seemed very complex. Today these
paths are surprisingly simple when we look at the horizontal and vertical compo-
nents of velocity separarely.

ﬁ‘&_t__-_n
s * o o

FIGURE 10.1

(Abave risl:l] Roll a ball nlmls a level
surface, and its velocity is constant
because no component of gravita-
tional force aces horizonally. (Above)
Drop it, and it accelerates downward
and covers a greater vertical distance
each second.

The horizontal component of velocity for a projectile is no more complicated
than the honzontal velocity of & bowling ball rolling freely on the lane of a bowling
allcy. If the retarding effect of friction can be ignored, there is no horizontal force
on the ball and it velocity 1s constant. It rolls of its own inertia and covers equal dis-
tances in equal intervals of time (Figure 10.1, above right). The horizontal component
of a projectile’s motion is just like the bowling ball's motion along the lane.

The vertical component of motion for a projectile following a curved path is just
like the motion described in Chapter 3 for a freely falling object. The vertical com-
ponent is exactly the same as for an object falling freely straight down, as shown ar
the left in Figure 10.1. The faster the object falls, the greater the distance covered in
cach successive second. O, if the object is projected upward, the verucal distances
of tavel decrease with time on the way up.

The curved path of a projectile is 2 combination of horizontal and vertical
motion (Figure 10.2). The horizontal component of velocity for a projectile is com-
pletely independent of the vertical component of velocity when air resistance is
small enough tw ignore. Then the constant horizontal-velocity component is not
affected by the vertical force of gravity. Each component is independent of the
other. Their combined effects produce the trajectorics of projectiles,

‘,Vclocity of stone

Vertical

component of

stone's velocity
—

1‘ . Horizontal component
FIGURE 10.2 of stone’s velocity
Vertical and horizoneal
components of a stone’s
velociry. i

PROJECTILES LAUNCHED HORIZONTALLY

Projectile motion is nicely analyzed in Figure 10.3, which shows a simulated
multiple flash exposure of a ball rolling off the edge of a table. Investigare it care-
fully, for there’s a lot of good physics there. At the left we notice cqually timed
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sequential positions of the ball without the effect of gravity. Only the effect of
the ball's horizontal component of motion is shown. Next we see vertical morion
without a horizontal component. The curved path in the third view is best
analyzed by considering the horizontal and vertical components of motion sepa-
rately. Notice two important things. The first is that the ball’s horizontal compo-
nent of velocity doesn’t change as the falling ball moves forward. The ball travels
the same horizontal distance in vquat tumes berween each Hash. That’s because
there is no component of gravitational force acting horizontally. Graviey acis
only dewnward, so the only acceleration of the ball is downward. The second
thing to notice is that the vertical positions become farther apare with time, The
vertical distances traveled are the same as if the ball were simply dropped. Notice
the curvature of the ball’s path is the combination of constant horizontal
motion, and accelerated vertical motion

-“00000 ]_;.- '..3"...'
1 1 r . [ l]l-o—t—— 4
1 : (111
|
| - - e La__._._--.-__._._..[. I_n_ L
Horizontal mation Vertical motion only Combined horizontal Superposition of the
with no grawty with grawity and vertical motion preceding cases

FIGURE 10.3

Lzl

.\imuhlﬁl |‘}'\IJI(II-'JJP.?\! (il.‘l mu\'ing l'uﬂ l” lelrulml w ni‘. a .strutu’ iu

I'he wrajectory of a projecule thar accelerares only in the vertical direction while
moving at a constant horizontal velocity is a parabola. When air resistance is small
enough to neglect, as it is for a heavy object withour grear speed, the trajectory is
parabolic

_.I:J:ljﬂlvmm

At the instant a cannon fires a canmonball horizontally over a level range
another cannonball held at the side of the cannon is released and drops
to the ground Which ball, the one fired downrange or the one dropped
from rest, strikes the ground first?

FIGURE 10.4

e it

o A strobe-light photograph of two
golf balls rdeased simultancously
I'lonl a lk!(\]’l.lllinln liul .i”nl\ S one

- ~ ball to drop freely while the other is
projecred horizontally

/

Check Your Answer
Both cannonballs hit the ground at the same time, for both fall the same vertical

distance. Notxce that thep ics 15 the same as shown in Figuresiyozand 104 We

nother way by askingwhich one would hit the ground first if the

ed at an upward angle. Then the dropped cannan ball would hit

can reason tf

|

Mon were po

first, while the fired ball remains airborne, Now consider the canmon pointing
downward In this case, the fired ball hits firstSo projected upward, the dropped
e tired one hits firs

one hits first; downware Istheres

me angle at v

th ith hit at the same time? Can you see that this occurs

tal?

5 a dead heat, where

when the cannon 1s horize
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FIGURE 10.5

Chuck Stone releases a ball near the
top of a rack. H:s students make
measurements to predict where a can
on the floor should be placed to caich
the ball atver it rolls off the rable

A e e e

FIGURE 10.6

T'he vertical dashed line is the inr]r of

a stone d [‘1"\‘! from rest. The hon

sontal dashed line would be i path
if there were no gravity. The curved
solid line shows the resuln

g frajec
tory that combines hormontal and

verrical motion

PROJECTILES LAUNCHED AT AN ANGLE

In Figure 10.7, we see the paths of stones thrown ar an .ml;lc upward (le fi) and
downward (right). The dashed su
if there were no gravity. Notice that the vertical distance beneath the idealized
straight-line paths is the same for equal times. This vertical distance is independent

ght lines show the ideal rajectorics of the stones

of whar's happening horizontally

}.lg“rt' iI'H \I"““" ‘I‘\.‘\'lh\' 'l".'rtlk.ll ll'l‘r.i"kl'\ hll 4 Can l1l}|||5.\;1 ﬂh-‘\l‘ at an UI‘\\'J[d
angle. If there were no gravity the cannonball would follow the straight-line path
shown by the dashed line. But there is gravity, so this doesn't occur. What really
happens 1s that the cannonball continuously falls beneath the imaginary line unal it
hnally sinkes the ground. Note that the verncal distance w falls beneath any point
on lIII.' liA!hL'LI !Illl.' i\ l!ll.' same \t![l;.ll lilh'.ll!Ll.' 1 \v\\lulli ’-A“ l!. I were {Iflll"‘l_'tl !IIl’lll

rest JI!\i lldd l‘\.'t‘ll I.J”&rll: I.Ul [III.' SAme amount ilf‘(‘llll&'. I!II\ LI&\'JII[L'. As IIIHlitjllLL'\.i

in Chapter 3, is given by = 3 gr*, wherc £ is the elapsed time.
.
e ————— LI
'

L1

FIGURE 10.7

Whether launched at an angle upward or downward, the vertical distance of fall beneath

oh

¢ idealized straight-line pach is the same for equal times
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We can put itanother way: Shoot a projectile skyward at some angle and pretend
there is no gravity, After so many seconds ¢, it should be ar a cereain poinr along a
straight-line path. Bur, because of gravity, it isn't. Where is it? The answer is that it's
directly below this point. How far below? The answer in meters is ¢ (or, more pre-
ciscly, 4,927}, How about thar!

Note another thing from Figure 10.8 and previous figures. The ball moves equal
horizontal distances in equal nime intervals. Thar's because no acceleration takes place
horizontally. The only acceleration is verrical, in che direction of Farth’s graviry.

_Lﬂlﬂl'.mt

=
1. Suppose the cannonballin Figure 10.8 were fired faster. How many
meters below the dashed line would it be at the end of the 557
2. If the horizontal component of the cannonball's velocity is 20 m/s, how
far downrange will the cannonball be in 557

Check Your Answers

1. The vertical distance beneath the dashed line at theend of ssist2sm
{d = st = g(g)* = gfag] = 125 m]. Interestingly encugh, this dstance doesn't
depend on the angle of the cannon. If air drag s neglected, any projectile waill fall
gr* m below where it would have reached If there were no gravity.

2. 'With na air draq, the cannonball will travel a horzontal distance of too m
[d = # = (20 m/s)(s5) = 100 m). Note that. since gravity acts only vertically and
there is no acceleration In the horizontal direction, the cannenball travels equal
horizontal distances in equal times. This distance 15 simply 1ts horizontal compo-
nent of velocity multiplied by the time (and not 5%, which applies anly ta vertical
mation under the acceleration of gravity).

Practicing Physics: Hands-On Dangling Beads

ake your avm medel of projectile paths. Divide a ruler or a stick into five equal
spaces. At position 1. hang a bead from a string that is1cm long, as shown
At position 2. hang a bead from a string that is 4 cm long At position 3, do the same
with ag-cm length of string. At position 4, use 16 cm of string, and for position 5, use
25 cm of string. ITyou hold the stick harizontally, you will have a version of Figure 106,
Hoid it at a shght upward angle to show a version of Figure 107, left. Hold it at a downward
angle to show aversion of Figure 107, right.

PROJECTILE AND SATELLITE MOTION

FIGURE V0.8

With ao graviry, the projectile would
follow a straight-line path (dashed
line). Bur, because of graviry, the
projecrile falls benearh rhis line the
same vertical distance it would fall if
it were released from rest. Compare
the distances fallen with those given
in Table 3.3 in Chaprer 3, (With

£ = 9.8 m/s", these distances are
more precisely 4.9 m, 19.6 m, and
44.1 m.)
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r”_\tq In Figure 10.9, we see vectors representing both horizontal
R and vertical components of velocity for a projectile following a

\ parabolic trajectory. Notice that the horizontal component

everywhere along the trajecrory is the same, and only the verti-

FIGURE 10.9

imrenactve e}

The velocity of a projectile at various
points along its rajecrory. Note that

the vertical component changes and

thar the horizontal component is the
same everywhere

14 ®

N

g

b ]
Trajecrory for a steeper projection
angle.

FIGURE 10.70

FIGURE 10.12

Maximum range would be artained
when a ball is barted avan angle of
ﬂt'l.rl_\' 45"~ hut OI'IJ)' in the lb‘frﬁ.’f
of air drag.

resented by the vector that forms the diagonal of the recrangle

formed by the vector components. At the op of the wrajectory,

the vertical component is zero, so the velocity ar the zenith is
only the horizontal component of velocity. Everywhere else along the injectory,
the magnitude of velocity is greater (just as the diagonal of a recrangle is greater
than either of its sides).

Figure 10.10 shows the trajectory traced by a projectile launched with the same
speed at a steeper angle. Notice the initial velocity vector has a greater vertical com-
ponent than when the launch angle is smaller. This greater component resules in a
trajectory that reaches a greater height, But the horizontl component is less, and
the range is less.

Figure 10.11 shows the paths of several projectiles, all with the same initial speed
but different launching angles. The figure neglects the elects of air drag, so the wa-
jectories are all parabolas. Notice that these projectiles reach different alritdes, or
heights above the ground. They also have different berizonsal ranges, or distances
traveled horizontally. The remarkable thing to note from Figure 10.11 is that the
same range is obtained from weo different launching angles when the angles add up
0 90°! An object thrown into the air at an angle of 60°, for example, will have the
same range as if it were thrown at the same speed at an angle of 30°, For the smaller
angle, of course, the object remains in the air for a shorter time. The greatest range
occurs when the launching angle is 45°—when air drag is negligible.

- N cal component changes. Note also that the actual velocity is rep-

—p—r—

FIGURE 10.11

=
Sy 1 4 Ranges of a projectile shot at
\ o 3 the same speed at different
e 18 b projection angles.
_CHE§5.
OINT
L}

1, Abaseball is batted at an angle into the air Once airborne, and neglecting
airdrag. what is the ball's acceleration vertically? Horizontally?

2. Atwhat part of its trajectory does the baseball have minimum speed?

3. Consider a batted baseball following a parabolic path on a day when the
Sun is directly overhead. How does the speed of the ball's shadow across
the field compare with the ball’s horizontal component of velocity?

Check Your Answers

1. Vertical acceleration is g because the force of gravity s vertical Horizontal acceler-
ation is zere because no honzontal force acts on the ball

2. A ball's minimum speed occurs at the top of its trajectory. i it is launched verti-
cally. 1ts speed at the top 15 zero. If launched at an angle, the vertical component of
velocity s zero at the top, leaving anly the horizortal component. So the speed at
the top 1s equal to the horizontal component of the ball's welacity at any point
Doesn't this make sense?

. They are the same!
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Without the effects of air, the maximum range for a bascball o7 it 1
would occur when it is batted 45° above the horizontal. Without 37— bt
air drag, the ball rises just like it falls, covering the same amount / B W ldeal
of ground while rising as while falling. But not so when air drag / . \path
slows the ball. Its horizontal speed at the top of its path is less /r'z \ ,
than its horizontal speed when leaving the bat, so it covers less / Actual path =, b, %
ground while falling than when rising. As a resulr, for maxi- / \ \
mum range the ball must leave the bar with more horizontal i‘3 \
speed than verrical speed—ar abour 25° 1o 34", considerably —— —
less than 45°. Likewise for golf balls. (As Chaprer 14 will show, FIGURE 10.13
spin of the ball also affects range.) For heavy projectiles like javelins and the shot,  prommemTe®
air has less effect on range. A javelin, being heavy and presenting a very small cross (00 sl £ e
section 1o the air, follows an almost perfect parabola when thrown. So does a shot, “-,im,;,). of a high-speed projectile
Aha, but launching speeds are not equal for heavy projectiles thrown at different  falls short of the idealized parabolic
angles. In throwing a javelin or putting a shot, a significant part of the launching  path.
force goes into lifting—combating gravity—so launching ar 45° means less launching
speed. You can test this yourself: Throw a heavy boulder horizontally, then at an
angle upward—you'll find the horizontal throw to be considerably faster. So maximum mm.""‘._mw;

range for heavy projectiles thrown by humans is artained for angles of less than 45°—
and not because of air drag.

When air resistance 1s small enough to be negligible, a projectile will rise to s
maximum height in the same time it takes to fall from that height 1o its initial level
(Figure 10,14). This is because its deceleration by gravity while going up is the
same as its acceleration by gravity while coming down. The speed it loses while
going up is therefore the same as the speed gained while coming down, So the pro-
jectile arrives at its initial level with the same speed it had when it was initially
projected.

Bascball games normally take place on level ground. For the short-range projec-
tile motion on the playing field, Earth can be considered 1o be Hat because the Hight
of the bascball is not affected by Earch’s curvature. For very long-range projectiles,
however, the curvature of Earth’s surface must be taken into account. We'll now see
that if an object is projected fast enough, it will fall all the way around Earth and
become an Earth satellite,

20mise "'l.'mmfs

FIGURE 10.74

Without air drag, speed lost while
going up equals speed gained while
coming down: Time going up equals

_C.H.E.C%T.T

= :
The boy on the tower throws a ball 20 m downrange, as shown in Figure
1045, What is his pitching speed?

FIGURE 10.15

Check Your Answer
The ball is thrown herizontally, so the pitching speed Is harizontal distance divided
by time. A horizontal distance of 20 m is given, but the time is not stated However,
knowing the vertical drop is § m, you remember that a §-m drop takes 15| From
the equation for constant speed (which applies to horizontal motion), v = dit =
(20 m)/(15) = 20 m/s. It is interesting to note that the equation for constant
speed,v = d/t, guides our thinking about the crucial factor in this problem—
the time

time g L
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Hang Time Revisited

nChapter 3, we stated that alrborne time during a jump  against the ground (and the ground
is independent of horizontal speed Now we see whythis  pounding against the feet in
is sc—harizontal and vertical components of motion are inde-  action-reaction fashion], so hang
pendent of each other The rules of projectile motion apply to time for a running jump can exceed
jumping. Once one's feet are off the ground, only the force of hang time for a standing jump. But

gravity acts on the jumper [neglecting air resistance). Harg again foremphasis: Once the run-
time depends only on the vertical component of lift-offveloc-  ner’s feet are off the ground. only the
ity. It so happens, however, that the action of running can vertical companent of lift-off velooty
rnake a difference When runming, the lift-off force during determineshang time

jumping can be apprecably increased by pounding of the feet

* Fast-Moving Projectiles—Satellites

(um‘ida the basehall pitcher on the tower in Figure 10.15. If gravity did not
act on the ball, the ball would follow a straight-line path shown by the dashed
line. But graviry does act, so the ball falls below this straight-line path. 1n face, as
just discussed, 1 s after the ball leaves the pircher’s hand it will have fallen a vertical
distance of 5 m below the dashed line—whatever the pitching speed. It is impor-
tant to understand this, for it is the crux of sarellire mortion.

FIGURE 10.18

If you throw a ball ar any
ipmll 1 5 larer it will have
fallen 5 m below where it
would have been withour
graviry.

An Earth satellite is simply a projectile that falls @rosnd Earth rather than sne
it. The speed of the satellite must be great enough to ensure chac its falling distance
matches Earch’s curvature. A geometrical fact about the curvarure of Earth is thar its
surface drops a vertical distance of 5 m for every 8000 m tangent 1o the surface
(Figure 10.17). If a baseball could be thrown fast enough to travel a horizonal dis-
tance of 8 km during the 1 s it takes to fall 5 m, then it would follow the curvature
of Earth. This is a speed of 8 km/s. If this doesnt seem fase, convert it w kilometers
r per hour and you get an impressive 29,000 km/h (or 18,000 mi/h)!

e FIGURE 10.17
5m Earth’s curvature—nor to scake!
-
\‘. ;’ \\i
! i At this speed, armospheric friction would burn the baseball—or even a piece of
% K iron—to a crisp. This is the fate of bits of rock and other metcorires chat enver

Earth’s atmosphere and burn up, appeaning as “falling stars,” Thar is why sacellites,

Earth's curvature, dropping § m
for each B.km tangent, means
that if you were floating in a calm
ocean, you'd be able to see only
the top of a 5-m mast on a ship

8 km away.

FIGURE 10.18 such as the space shuttles, are launched 1o alticudes of 150 km or more—10 be
If the speed of the stane is great above almost all of the atmosphere and to be nearly free of air resistance. A common
cnoush. the stone may become a rl‘liscbm‘qltion is that satellires ﬂfbiling at higl‘l altitudes are free from gﬂ\'il:_\'. Noth-

sarellite. ing could be further from the truth. The force of gravity on a satellite 200 km above
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Earth's surface is nearly as strong as it is at the surface.
T'he high altitude s to position the satellite beyond
Earth’s atmosphere, where air resistance is almost rotally
absent, but not beyond Earth's graviey.

Satellite motion was understood by Isaac Newron,
who reasoned thar the Moon was simply a projectile
circling Earch under the avtraction of gravity. This con-

cepr is illustrated in a drawing by Newron (Figure

10.19). He compared the motion of the Moon 10 a
cannonball fired from the top of a high mounmin. He
imagined thar the mountaintop was above Earth's atmosphere so
that air resistance would not impede the motion of the cannonball.
If fired with a low horizontal speed, a cannonball would follow a
curved path and soon hit Earth below. If it were fired faster, its
path would be less curved and it would hit Earth farther away. [f
the cannonball were fired fast enough, Newton reasoned. the
curved path would become a circle and the cannonball would circle
Earch indefinitely. It would be in orbir.

Both cannonball and Moon have tangendal velocity (parallel 1o
Earths surface} sufficient 10 ensure motion areund the Earth
rather than fnee it If there is no resistance 1o reduce its speed, the
Moon or any Earth satellite “falls™ around and around the Earch
indefinitely. Similarly, the plancts continuously fall around the
Sun n closed paths. Why don't the planets crash into the Sun?
They don't because of their tangential velocities, What would hap-
pen if their rangential velocities were reduced 1o zero? The answer
is simple enough: Their falls would be straight roward the Sun,
and they would indeed crash into it. Any objects in the solar sys-
tem without sufficient tangential velociries have long ago crashed
into the Sun. What remains is the harmony we observe.

_-Lhi_ﬁl'_ow T
One of the beauties of physics is that there are usually different ways
to view and explain a glven phenomenon. Is the following explanation

valid? Satellites remain in orbit instead of falling to Earth because they
are beyond the main pull of Earth's gravity.

Check Your Answer
No, no, a thousand times no! If any moving abject were beyond the pull of grawnty
1 would move in a straight line and would not curve around Earth Satellites
remain inorbit because they are being pulled by gravity, not because they are
beyond it For the altitudes of most Earth satellites, Earth’s gravitational field is

only a few percent weaker than it is at Earth’s surface

* Circular Satellite Orbits

n 8-km/s cannonball fired horizontally from Newton's mountain would fol-
low Earth’s curvature and glide in a circular parh around Earth again and again
(provided the cannoneer and the cannon got out of the way). Fired ata slower speed,
the cannonball would strike Earth’s surface; fired ar a faster speed, it would overshoor
a circular orbit, as we will discuss shortly. Newton calculated the speed for circular
orbit, and because such a cannon-muzzle velocity was clearly impossible, he did not

FIGURE 10.19

“The greater the veloaity . .. with
which (a stone) is projecred, the far-
ther it goes before it falls to the
Earth. We may therefore suppose the
velocity to be so increased. that in
would describe an arcof 1, 2, 5, 10
100, 1000 mules befare it arrived ar
the Earth, till ar last, exceeding the
limies of the Earth, it should pass
into space without touching.” —
Isaac Newton, System of the Wordd

FIGURE 10.10

A space shutde is a projectile in a con
stant stare of free fall, Because of irs
Iangcnlul l‘rh!.‘ln'. 13 flu.\ lﬂ’uﬂd ‘I‘K
Earth rather than vertically into it.

PhysicsPlace.com
Tulorial

Orbital Motion
Video

Circular Orbits
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Fired fast enough, the cannonball
will go into orbir.

Whart speed will allow the ball 1o
clear the gap?

IS
&

The initial vertical chmb gets a
rocket quickly through the denser
part of the atmosphere.

the rocket must
acquire enough tangential speed
to remain m orbit without thrust,
50 it must it until its path is
parallel to Earth's surface

.

=

foresee the possibility of humans launching satellites (and likely didn’t consider
multistage rockets).

Note that, in circular orbit, the speed of a satellite is not changed by gravity:
Only the direction changes, We can understand this by comparing a satellite in cir-
cular orbir with a bowling ball rolling along a bowling lane. Why doesn't the gravity
thar acts on the bowling ball change its speed? The answer is thar graviry pulls
straight downward with no component of force acting forward or backward.

Bowiing alley above the
~— atmosphere

(a)
FIGURE 10.22
(a) The force of gravity on the bowling ball is at 90" w s direction of motion, so it has
no component of force 1o pull it forward or backward. and the ball rolls ar constant speed.
{b) The same is true even il the bowling alley is lager and remains “level” with the
curvarure of Earth,

Consider a bowling lane that completely surrounds the Earth, elevared high
enough to be above the atmosphere and air resistance. The bowling ball will roll ar
constant speed along the lane. 1f a part of the lane were cur away, the ball would roll
ofl its edge and would hit the ground below. A faster ball encountering the
would hit the ground farther along the gap. Is there a speed at which the ball will
clear the gap (like a motorcyclist who drives off a ramp and clears a gap to meet a
ramp on the other side)? The answer is yes: 8 km/s will be enough to clear any
gap—even a 360° gap. The ball would be in circular orbit.

Note that a satellite in circular orbit is always moving in a direction perpendicu-
lar to the force of gravity that acts upon it. The satellite does not move in the direc-
tion of the force, which would increase its speed. nor does it move in a direction
against the force, which would decrease its speed. [nstead, the satellite moves ar
right angles to the gravitational force that aces upon it. No change in speed occurs—
only a change in direction. So we see why a satellite in circular orbit sails paralld wo
the surface of the Earth ar constant speed—a very special form of free fall.

For a satellite close o Earth, the period (the time for a complete orbit about
Earth) is abour 90 minutes. For higher altitudes, the orbiral speed is less, dis-
tance is more, and the period is longer. For example, communication satellites
located in orbit 5.5 Earth radii above the surface of Earth have a period of
24 hours. This period matches the period of daily Earth rotation. For an orbit
around the equator, these satellites always remain above the same point on the
ground. The Moon is even farther away and has a period of 27.3 days. The
I'nghcr the orbn of a satellite, the less its speed, the longer its path, and the longer
its period.’

Emng a sarellite into Earth orbit requires control over the speed and direction
of the rocket that carries it above the atmosphere. A rocket initially fired vertically is
intentionally tipped from the vertical course. Then, once above the resistance of che
atmosphere, it is aimed horizontally, whercupon the satellite is given a final thrust
to orbital speed. We see this in Figure 10.24, where, for the sake of simplicity, the

'ﬁcwﬂdauﬂhcnmtﬂumupuuhyt- Vf“'"mdthspunddmuliumn
gven by 7= 2V 4, where G is the univenal gr I {see g Chagter 9, M is
lhmdl’ulﬁluﬂhmuhndyd\emﬂhuohul andd o ia the dutance of the ssellise rom the
center of Earth or other parent body.
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satellite is the entire single-stage rocket. With the proper tangenial veloairy, it falls
around Earth, rather than into it, and becomes an Earth satellite,

—““‘. Kot
1. True or false: The space shuttle orbits at altitudes in excess of 150 km to
be above both gravity and Earth’s atmesphere.
2. Satellites in close circular orbit fall about § m during each second of orbit.
Why doesn't this distance accumulate and send satellites crashing into
Earth's surface?

Check Your Answers

1. False.\What satellites are above is the atmesphere and air resistance—not gravity!
It'simportant to note that Earth's gravity extends throughout the universe in
accord with the Inverse-square law.

2. Ineach second, the sateflite falls about § m below the straxght-bne tangent #t would
have followed If there were no gravity Earth's surface also curves s m beneath a
straight-line 8-km tangent. The process of falling with the curvature of Earth
continues from tangent Ime totangent line. o the cuved
path of the satellite and the curve of Earth’s surface “match” 8 km
all theway around the planet Satelites do, in fact, crash to & knmy
Earth’s surface from time totime when they encounter alr
ressstance in the upper atmosphere that decreases their
orbital speed

&
£

* Elliptical Orbits

ll'a projectile just above the resistance of the
atmosphere is given a horizontal speed
somewhar greater than 8 km/s, it will overshoot
a arcular pach and trace an oval path called an
ellipse. An ellipse is a specific curve: the dosed
path taken by a poine that moves in such a way
that the sum of its distances from two fixed
points (called focr) is constant. For a sarellite
orbiting a planct, one focus s ar the center of
the planet: the other focus could be internal or
external 1o the planer. An ellipse can be casily
constructed by using a pair of tacks (one at each
focus), a loop of string, and a pencil (Figure
10.25). The closer the foci are to cach other, the
closer the dlipse is 10 a circle. When both foci
are ogether, the ellipse i a circle, So we can see
that a curdle is a special casc of an cllipse.

PROJECTILE AND SATELLITE MOTION

FIGURE 10.24

The initial thrust of che rocker
pl.uhn it up above the ammlﬂwn.
Another thrust w a tangential speed
of ar least 8 ks is required if the
rocket is 1o fall around rather than
into Earth.

FIGURE 10.25
A simple method for constructing an
ellipse,

The shadows cast by the ball from
each llmp in the room are all dllpm,
The poine ar which the ball makes
conract with the table s the common

focus of all three ellipscs.
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Whereas the speed of a satellite is constant in a circular orbit, speed varies in an
elliptical orbit. For an inirial speed greater than 8 km/s, the satellite overshoots a cir-
cular path and moves away from Earth, againse the force of gravity. It therefore lases
speed, The speed it loses in receding is regained as it falls back toward Earth, and it
finally rejoins its original pach with the same speed it had initially (Figure 10.27).
The procedure repearts over and over, and an ellipse is traced each cycle.
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(a) (0] le)
FIGURE 10.27
Elliptical orbit. An Earth sarcllite that has a speed somewhat greater than § kmJ's over-
shoos a circular orbit (a) and ravels away from Earth. Gravitation slows it to a poinr
where it no longer moves farther from Earch (b). It falls coward Earth, gaining the speed it
lost in receding (c), and follows the same path as before in a reperitious cyde.

"
L

L}
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Interestingly enough, the parabolic pach of a projectile, such as a tossed baseball
or a cannonball, is actually a tiny segment of a skinny ellipse that extends within
and just beyond the center of Eardh (Figure 10.28a). In Figure 10.28b, we sce sev-
eral paths of cannonballs fired from Newton's mountain. All these ellipses have the
center of Earth as one focus. As muzzle velocity is increased, the cllipses are less
eccentric (more nearly circular); and, when muzzle velocity reaches 8 km/s, the
cllipse rounds into a circle and does not intereept Earth’s surface, The cannonball
coasts in circular orbit. At greater muzzle velocities, orbiting cannonballs race the
familiar external ellipses.

FIGURE 10.28

{a) The parabolic path of the cannonball s
part of an ellipse that extends wathin
Earth. Earth’s center is the far focus.

{b) Al paths of the cannonball are cllipses.
For less than orbiral lpadl. the center of
Earth is the far focus; for a circular orbir,
both foci are Earth's center: for greater
speeds, the near focus is Earth’s cenrer.

The orbital path of a satellite is shown in the

sketch. Inwhich of the marked positions A

through D does the satellite have the greatest A C
speed? The lowest speed?

Check Your Answer

The satellite has its greatest speed as it whips around position A and has its low-
est speed at position C. After passing C. it gains speed as it falls back to A to repeat

its cycle
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* Kepler’s Laws of Planetary Motion

ewton’s law of

gravitanon was preceded by three important discoveries about

plancrary motion by the German astronomer Johannes Kepler, who started
as 2 junior assistant to the famed Danish astronomer Tycho Brahe. Brahe directed
|!I(' WOr ]ll 1 !."\! l:ll’.l[ i?ll'\\l\-lllil Y. in l)lillllvlti\. just i'('l”f\' lIIL' advent of l.iIL' lL'IL"
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still valid today, Brahe entrusted his daa o Kepler. After Brahe's death, Kepler con-
verted Brahe's measurements 1o values that would be obuined by a stationary
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Johannes Kepler (1571-1630)

~

FIGURE 10.29

Equal arcas are sweprt out in equal
intervals of time

With Kaplers third law, you can
cakulate the radius of a planet’s
orbit from (s orbital perod

fyi

s In 2009, 400 years after Calileo
mvented the telescope, the United
States launched an orbiting tele
scope named Kepler, spectfically to
cee Earth-like planets obscured by
the light of their sun

The path of each planet around the Sun is an ellipse with the Sun

at one fO('I.II‘

Kepler also found that the planets do not revolve around the Sun at a uniform
speed but move faster when they are ncarer the Sun and slower when they
are farther from the Sun. They do this in such a way that an imaginary line or spoke
joining the Sun and the planct sweeps out equal areas of space in equal umes. The
riangular-shaped arca swepe our during a month when a planet is orbiting far from
the Sun (triangle ASB in Figure 10.29) is equal to the wiangular area swept out
during a month when the planet is orbiting closer to the Sun (triangle CSD in
Figure 10.29). This is Kepler's second law:

The line from the Sun to any planct sweeps out equal arcas of space in equal
time intervals.

Kepler was the first to coin the word satellite. He had no clear idea as to why the
planers moved as he discovered. He lacked a conceprual model. Kepler didnt see
that a satellite is simply a projectile under the influence of a gravitational force
directed toward the body that the sarellice orbits. You know thac if you toss a rock
upward, it goes slower the higher it rises because ir's moving against gravity. And
you know that when it returns, it's moving with gravity and its speed increases
Kepler didn't see that a satellite behaves in the same way. Going away from the Sun,
it slows. Going toward the Sun, it speeds up. A satellite, whether a planct orbiting
the Sun or one of today’s satellites orbiting Earth, moves slower against the gravita-
tional ficld and faster with the ficld. Kepler didn't see this simplicity and instead fab-
ricated complex systems of geomernical figures to find sense in his discoveries. These
systems proved to be futile.

After 10 years of searching by trial and ervor for a connection between the time
it takes a planet to orbir the Sun and its distance from the Sun, Kepler discov-
cred a third law. From Brahe's dara, Kepler found that the square of any planet’s
period (1) is directly proportional to the cube of its average orbital radius (#), Law
three is:

The square of the orbital period of a planet is direcly proportional 1o the
cube of the average distance of the planct from the Sun (77 ~ » for all
planets).

This means that the ratio 7%/»* is the same for all planets. So. if a planet’s period is
known, its average orbiral radial distance is casily calculared {or vice versa).

Itis interesting to note that Kepler was familiar with Galileo's ideas about inertia
and accelerared motion, but he failed to apply them 1o his own work. Like Aristode,
he thought that the force on a moving body would be in the same direction as the
body’s motion. Kepler never appreciated the concept of inertia. Galileo, on the
other hand, never appreciated Kepler's work and held o his conviction thar
the planets move in circles.” Further understanding of planctary motion required
someone who could integrate the findings of these two great scientists.” The rest is
history, tor this task fell to Isaac Newton.

“It 1 not easy 0 look ar familias chings through the new insights of othen. We tend 1© see only what we
have karned o see or wish 1w see. Galilen reported that many of his col leagues were unable or refused 1o
see the mooms of Jupieer when they peered skepeically through bis selocopes, Galideos relescopes were a
boon 1o sstoaomy, but more important than an impreved instrament o see things dearer was 4 new
way of undertanding what is seen. Is this sill mue wday?

'|'|'rh,||1\ your instructor will show tha Kq-l.-n third law results when Newton's VTR -] AT formula

for gravitasonal force & equated o centripetal force, and how T equaks a constant that depends anly

on (s and M, the mass of the bady about which odwong eccun. Intriguing stuf!
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* Energy Conservation and Satellite Motion

ccall, from Chapter 7, that an object in motion possesses kinetic encrgy (KE)

due o its motion. An abject above Earth’s surface possesses porential energy
(PE} by virtue of its position. Everywhere in irs orbit, a sarellite has both KE and
PE. The sum of the KE and PE is a constant all chrough the orbit. The simplest case
occurs for a satellite in circular orbir.

In a circular orbit, the distance between the satellite and the center of the attracting
body does not change, which means that the PE of the satellite is the same everywhere
in its orbit. Then, by the conservation of energy, the KE must also be constant. So a
satellite in circular orbit coasts at an unchanging PE, KE, and speed (Figure 10.30),

In an elliptical orbit, the situation is different. Both speed and distance vary, PE
is greatest when the sacellite is farthest away (ar the apoger) and least when the satel-
lite is closest (at the periger). Note that the KE will be least when the PE is most, and
the KE will be most when the PE is least. Acevery point in the orbit, the sum of KE
and PE is the same (Figure 10.31).

At all points along che elliprical orbit, except at the apogee and the perigee, there
is a component of graviational force parallel o the dircction of motion of the satel-
lite. This component of force changes the speed of the satellite, Or we can say that
(this component of force) X (distance moved) = AKE. Either way, when the satel-
lite gains altitude and moves against this component, its speed and KE decrease,
The decrease continues to the apogee. Once past the apogee, the sarellite moves in
the same direction as the component, and the speed and KE increase. The increase
continues until the satellite whips past the perigee and repears the cyde.

*&.H.Ltl'_m,r

W
1. The orbital path of a satellite is shown in the sketch. In which marked
positions A through D does the satellite have the greatest KE? The
greatest PE} The greatest total energy?
2. Why does the force of gravity change the speed of a satellite when it is in
an elliptical orbit but not when it fs in a arcular orbit?

C

Check Your Answers

1. KE ismaximum at the perigee A; PE is maximum at the apogee C; the total energy
& the same everywhere in the orbit.

2. Incircularorbit. the gravitational force is always perpendicular to the orbital path,
With necompanent of gravitational force along the path, only the direction of motion
changes—not the speed. In elliptical orbit, however, the satellte moves in directions
that are not perpendicular to the force of gravity Then components of force do exist
along the path, which change the speed of the satellite A component of force along
(paralle to} the direction the satellite moves does work to change its KE

PROJECTILE AND SATELLITE MOTION

FIGURE 10.30

The force of graviry on the sarellite is
always toward the center of the body
it orbits. For a satellite in circular
orbit, no component of force acts
along the direction of motion. The
spead and thus the KE do not change.

KE -

FIGURE 10.30

The sum of KE and PE for a sasellite is
2 constant a¢ all points along ics orbir.

This component of
force docs work
on the satellite

In elliptical arbit, a component of
force exists along the direcnion of the
satellite’s movion. This

changes the speed and, thus, the KE.
.1

[ml r L}
changes only the direction.)
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FIGURE 10.33

1f Superman tosses a ball 8 km/s
horizontally from the top of 2 moun-
tain high enough to be just above air
resistance (a), then about 90 minures
later be can turn around and catch it
(neglecting Earth’s rotation). Tossed
shightly faster (b), it will take an ellip-
tical orbit and recurmn in 2 slightly
longer time. Tossed at more than
11.2 ks (), it wall escape Earth.
Tossed at more than 42.5 km/s (d), it
will escape the solar system.

i
A
54"

‘Wouldn't Newton have relished
seeing satellite motion in terms

of energy—a concept that came
much later)

MECHANICS

* Escape Speed

We know chat a cannonball fired horzontally at 8 km/s from Newton's moun-
rain would find itselt in orbir. Bur whar would Iuppcn if the cannonball
were instead fired ar the same 1pm.‘d wﬂlrdh'r’ It would rise to some maximum
heighe, reverse direction, and then fall back 10 Earth. Then the old saying “What
goes up must come down” would hold true, just as surely as a stone rossed skyward
will be returned by gravity (unless, as we shall see, its speed is great enough).

In today’s spacefaring age, it is more accurate 1o say, “What goes up muay come
down,” for there is a critical starting speed that permits a projectle to outrun grav-
ity and to escape Earth. This critical speed is called the escape speed or, if direction
is involved, the escape velocity From the surface of Earth, escape speed is 11,2 km/s,
1f you launch a projectile ar any speed greater than char, it wdl leave Earth, traveling
slower and slower, never stopping due to Earth’s gravity. * We can understand the
magnitude of this speed from an energy point of view.

How much work would be required 1o lift a payload against the force of Earths
gravity 1o a discance very, very fau' (“infinitely far") away? We might think chat the
change of PE would be infinite because the distance is infinive. Bur gravity dimin-
ishes with distance by the inverse-square law. The force of gravity on the payload
would be strong only near Earth. Most of the work done in launching a rocket
occurs within 10,000 km or so of Earth. It turns our thar the change of PE of a 1-kg
body moved from the surface of Earth to an infinite distance is 62 million joules
(62 M]). So, to put a payload infinitely far from Earth’s surface requires at least
62 M] of energy per kilogram of load. We won't go through the calculation here,
but 62 M] per Iulogram corresponds to a speed of 11.2 km/s, whalem the total
mass involved. This is the escape speed from the surface of Earth.

If we give a payload any more energy than 62 M| per kilogram ar the surface of
Earth o, equivalendy, any more speed than 11.2 limu‘s. then, neglecting air drag, the
payload will escape from Earth, never 1o retam. As it continues ourward, its PE
increases and its KE decreases. s speed becomes less and less, though it is never
reduced to zero. The payload outruns the gravity of Earth. It escapes.

The escape speeds from various bodies in the solar system are shown in Table
10,1, Note that the escape speed from the surface of the Sun is 620 km/s. Even at a
150.000,000-km distance from the Sun (Earths distance), the escape speed to break
free of the Sun’s influence is 42.5 km/s—considerably more than the escape speed
from Earth. An object projected from Earth at a speed greater chan 11.2 km/s but
less than 42.5 ks will escape Earth but not the Sun. Rather than recede forever, it
will occupy an orbit around the Sun.

The first probe to escape the solar system, Pioneer 10, was launched from Earch in
1972 with a speed of only 15 km/s. The escape was accomplished by directing the
probe to pass just behind giant Jupiter, It was whipped about by Jupiter's grear grav-
irarional ficld, picking up speed in the process—similar to the increase in the speed of
a bascball encountering an oncoming bat (but without physical contact). Its speed of
departure from Jupiter was increased enough o exceed the escape speed from the
Sun ar the distance of Jupiter. Pioneer 10 passed the orbit of Pluto in 1984, Unless it
collides with another body, it will wander indefinitely chrough interstellar space. Like
a boule cast into the sea with a note inside, Pioneer 10 contains informarion abour

“Escape speed from any planee or any body & given by & = V5% whete 6 is the universal gravitation-
al constant, Af is the mass of the arracting body. and 4 i the distance from its center. (As the surtace of
the body, o would simply be the radius of the body ) For a bit more mathemanscal msighe, compare this
fowmuls with the ane for orbial speed in footoee | o few pages back

“Interestingly enough, this might well be called the mexmmm fallng speed. Any objecr, however far from
Eanthe released from rest and allowed 1o fall co Earth only under the influence of Earchis gravity, would
oot exceed 11,2 km/s. (With air frictson, it would be les)
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Escape Speeds at the Surface of Bodies in the Solar System

Astronomical Mass Radius Escape Speed
Body [Earth masses) (Earth radii) (krmi/s)
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SUMMARY OF TERMS

Projectile Any object thar moves through the air or through
space under the influence of graviey.

Parabala The curved path followed by a projectile under the
influence only of constant gravicy.

Satellite A projectile or small celestial body thae orbits 2 larger
celestial body.

Ellipse The oval pach followed by a satellite, The sum of the
distances from any point on the path w two poins called
foct is 2 constant. When the foci are together at one
point, the ellipse is a circle. As the foci get farther apart,
the ellipse becomes more “eccenimic.”

Kepler's laws Law 1: The path of each planet around the Sun
is an ellipse with the Sun ar one focus.
Law 2: The line from the Sun o any planet sweeps out
areas of in equal time intervals,
wj: msqipua:t“uflhcj orbital period of a planet is
directly proportional w the cube of the average distance
of the planct from the Sun (7% ~ 7' for all plancrs).
Escape speed The speed thar a projecrile, space probe, or sim-
tlar object must reach 1o escape the gravitational infiuence
of Earth or of another celestial body o which it is
attracted.

REVIEW QUESTIONS

1. Why must a horizontally moving projectile have a large
speed 1o become an Earth satellire?

Projectile Motion
2. What exactly is 4 projecrile?

Projectiles Launched Horizontally

3. Why does the vertical component of velocity for a projec-
tile change with time, whereas the hormonral component
of velocity doesnt?

Projectiles Launched at an Angle

4. A stone is thrown upward at an angle. Whas happens to the
i component of its velociry as it rises? As it falls?
5. A stone is thrown upward at an angle. Whar happens to
the verrical component of its velocity as it rises? As in falls?
6. A projectile falls beneath the strasghe-line path it would
follow if there were no graviry. How many meters does it
fall below this line if it has been traveling for 1 & For 2 ¢
7. Do your answers to the previous question depend on the
angle at which the projectile is launched?
8. A projectile is launched upward at an angle of 75°
from the hotizontal and serikes the ground a certain
distance downrange. For what other angle of launch
at thcmnnpudwuld‘hhproimtilcﬂndiunaifu

away?

9. A projectile is launched vertically ar 100 m/s. If air resise-
ance can be neglected, at what speed will it return 1o its
initial level?

Fast-Moving Projectiles—Satellites

10. How can a projectile “fall around the Earth™

11. Why will a projecrile thar moves horizonrally at 8 km/s
follow a curve that marches the curvature of the Earth?

12. Why is it important chat the projectile in the previous
question be above Earth’s atmphﬂr."

Circular Satellite Orbits

13. Why doesn't the force of gravity change the speed of 2
satellice in circular orbic?

14. How much time is taken for a complete revolution of a
sarellice in close orbic about the Earth?

15. For orbits of gr Ititude, is the period longer or
shorter?

Elliptical Ovbits

16. Why does the force of gravity change the speed of 2
satellice in an ellipacal orbic?

Kepler's Laws of Planetary Motion

17. Who gathered the dara thar were used 1o show thar the
planets travel in elliprical paths around the Sun? Who
discovered elliptical orbirs? Who explained them?

18. What did Kepler discover abour the periods of planets
and their distances from the Sun? Was this discovery
aided by thinking of satellires as projectiles moving under
the influence of the Sun?

19. In Kepler's thinking, what was the direction of the force
on a planer? In Newton's thinking, what was the direction
of the force?

Energy Conservation and Satellite Motion

20. Why is kinetic energy 2 constant for a satellite in 2 circu-
lar orbir bur not for a sarellire in an elliprical orbie?
21. Is the sum of kinetic and potential energies a constant
{:l ‘;:tdhm in circular orbits, in elliprical orbies, or in
3

Escape Speed

22. We talk of 11.2 km/s as the escape speed from Earth. Is 1t
possible 1o escape from Earth at half chis speed? At one-
quarter this speed? If so, how?
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RANKING

1. A ball is thrown upward at velociries and angles showa.
From greatest 1o least, rank them by their

0&*‘
\, s v
A B C D

a. vertical components of velociry.

b. horizontal components of velocity.

¢, accelerations when they reach the top of cheir paths.
2. A ball is tossed off the edge of a cliff with the same speed

but ar different angles, as shown, From greatess 1o least,

3. The dashed lines show three circular orbits about Earth.
Rank the following quantities from greatest 1o least,

A B - c-“..
.- ‘i ] ’
P - ' i [
i % r
i . '
A "
: S v | "
. : \ ¢ ' .
i ‘-..f » .

a. Their orbiral speed
b. Their time 1o orbit Earth

4, The positions of a satellice in elliptical orbit are indicared.
Rank these quantiries from greatest to least.

rank the D

. C

-
8
A
a. initial PEs of the balls relarive to the ground below:. a. Gravitational force e PE
b initial KEs of the balls when wossed. b. Speed f. Tousl energy (KE + PE)
¢. KEs of the balls when hitting the ground below. . Momentum g Acceleration
d. times of fight while airborne. d KE
EXERCISES

1. In synchronized diving, divers remain in the air for the
same time. With no air drag, they would fall rogecher. Bug
ia‘;lrldﬂg is appreciable, so how do they remain rogether in

4

2. Suppose you roll a ball off a tabletop. Will the time o
hir the floor depend on the speed of the ball? (Will a fast
ball rake a longer nme 1o hit the loor?) Defend your

ANSWET.

3. Suppose you roll a ball off a tblerop. Compared with a
slow roll. will a faster-moving ball hir the floor with a
higher pevdl? Defend vour answer.

4. 1f you toxs a hall vertically upward in a uniformly moving
train, it recurns to its searcing place. Will ie do the same if
the train is accelerating? Explain.

5. A heavy crare accidentally falls from a high-flying airplane
just as it flics disectly above a shiny red Porsche smartly
parked in a car bot. Relative to the Porsche, where will the

crate crash?
:; ¥
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6. Suppose you drop an object from an airplane traveling at

11

12.

13.

14.

. At what point in ies ¢

constant velocity, and further suppose thar air resistance
doesnt affect the falling object. Whar will be its falling
path as observed by someane at rest an the ground, not
directly below but off to the side where chere’s a dlear
view? What will be the falling path as observed by vou
looking downward from the airplane? Where will the
ohject strike the ground, relative to you in the airplane?
Where will it strike in the more realistic case in which air
lt‘.li}‘ﬂﬂc( (jl!‘ Jﬂu‘ ‘h‘ l:lll_?

. Fragmens of fireworks beautifully illuminate the night

skey. (a) What specific path is ideally rraced by each frag
ment? (b) Whart paths would the fragments trace in a
gravity-free region?

. In the absence of air resistance, why does the horizontal

component of a projectile’s motion not change, while the
vertcal component does?

ectory does a barted baseball have
its minimum speed? 1 air drag can be Mg|m:n:d. how
does this compase with the horizontal component of i
velocity ar other poines?

A friend claims that bullees fired by some high-powered
"l'lﬂ Il]\tl rﬂr many meter in a ‘H'ltghl 'II ne p]!’h lw'k‘ll‘.
they start to fall. Another friend dispures this claim and
states that all bullets from any rifle drop beneath a
suraight-line pach a vertical distance given by ygr * and
that the curved path is apparent for low velocities and less
apparent for high vdocites. Now ir's your tumn: Will all
fired bullets drop the same vertical distance in equal
times? Explain.

For maximum range, a foothall should be punted at abour
45" to the horizontl—somewhar less duc o air drag. Bur
punts are often kicked at angles greater than 45°, Can you
think of 2 reason why?

When a nfle is being fired ar a distant carger, why isnt the
barrel aligned so that it points exactly at the targee?

Two golfers cach hit a ball ar the same speed, bur one at
60" wath the honzoneal and the other ar 30°. Which ball
goes farther? Which hirs the ground firse? (Ignore air
resistance. )

A park ranger shoots a monkey hanging from a branch of a
tree with a tranquilizing dare. The ranger aims directly a¢
the monkey, not realizing thac the dare will follow a para-
bolic path and thus will fall below the monkey. The mon-
key, however, sees the dart beave the gun and lets go of the

15.

16.

17.

18.

19.

24.

25.

branch 1o avoid being hit. Will the monkey be hit anyway?
Dwes the velocity of che darr affect your answer, asuming
thar it is great enough to rravel the horzontal disrance o
the tree before hitting the ground? Defend your answer.

\

A projectile is Ared seraight upward ar 141 m/s. How fast is
it moving ar the instant it reaches the top of its ajectory?
Suppose that it were firned upward at 45° instead. Then is
horizantal component of velocity is 100 m/s, What would
be the speed of the projectile ar the wp of its wajecrory?
When you jump upward, your hang time is the time your
feet are off the gnmnd_ Dioes lun!: time rl.qlcnd on your
vertical component of velocity when you jump, vour hor-
wontal compoenent of velogity, or both? Defend your
Wnswer.

The hang time of a baskerball player who jumps a vertical
distance of 2 feer (0.6 m) is abour § second. Whar will be
the hang time if the player reaches the same heighe while
jumping 4 teer (1.2 m} honzonrally?

Since the Moon is gravitationally artracted to Earth, why
doesn't it simply crash into Earth?

Which plancts have a more-than-one-Earth-year period,
planets nearer than Earth to the Sun. or planets farther
from the Sun than Earth?

. \\:-'1|cn [l'll.’ space ll'll.ll'[lc COASES IN 3 Lll'('l.lllr "l‘l‘il at con-

stant speed abour Earth, is it accelerating? If so, in whar
direction? If not, why not?

- Docs the spead of a falling object depend on its mass?

Does the speed of a satellite in orbit depend an its mass?
Defend your answers,

« On which does the speed of a circling satellite no¢ depend:

the mass of the sacellite, the mass of Easth, or the distance
of the satellite from Earth.

A circularly moving object requires a centripetal

force. What supplies this force for satellites that orbit
Earh?

If you have ever watched the launching of an Earth satel-
lite, you may have noticed thar the rocker stars vertically
upward, then departs from a vertical course and continves
irs climb ar an angle. Why does it starr vertically? Why
does it not continue verncally?

N{il’i hl‘ Il\"ut .J, 'I'lf mass u*‘ h"lh. l‘ ."[]n were some-
how positiened into the same arbit as Earch’s, how would
its time o circle the Sun compare with Earth’s? (Longer,
shorter, or the same?)

. IF a cannonball is fired from a wall mountain, Eravicy

changes its speed all along its trajecrory, Bun if it is fired
fast enough o go into circular orbat, graviry does not
change its speed at all. Explain

« A sarellite can orbit ar § km above the Moon, but not ar

5 km above Earth, Why?
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28. In 20002001, NASA's Near Earth Asteroid Rendezvous
{NEAR) spacecraft orbited around the 20-mile-long
asteroid Eros. Was the orbiral speed of this spacecratt
greater or less than 8 km/s? Defend your answer.

29. Would the speed of a satellite in close circular orbic abour
Jupiter be greater than, equal to, or less than 8 km/s

30. Why are sarcllites normally sent into orbit by firing them
in an eastetly direction, the direction in which Earth spins?

31. When a satcllite in circular orbit slows, perhaps due to the
finng of a “retro rocker,” it ends up gaining more speed
than it had inicially, Why?

32. Earth is closer 1o the Sun in December than in June. In
which of these two manths is Earth moving faseer around
the Sun?

33. Of all the Unired States, why is Hawaii the most efficient
launching site for lar savellives? (Hinr: Look at the
spinning Earth from above cither pole and comparc itw 4
spinning rntable.)

34. Two plancts are never seen at midnight. Which mwo, and

why?

35. Why does a savellite burn up when it descends into the
atmosphere when it docsn't bum up when it ascends
through the stmosphere?

36. Neglecting air resistance, could a satellite be put into
orbit in a circular runnel beneath Earth’s surface? Discuss.

37. In the skewch on the lefi, a
ball gains KE when rolling
down a hill because work is
done by the componens of
weight (F) thar acts in the h- 1
direction of motion. Skerch WT \
in the similar component
of gravitatsonal force that does work to change the KE of
the sarellite on the righr.

”.Wi:wrk(bmllytheﬁmnfm“nankuhl
when it moves from one part of an elliptical orbic o
another, but not when it moves from onc part of 2 arcu-
las arbit to another?

39. What is the shape of the orbit when the velocity of the
saredlire is everywhere I‘d«rupcnd-mlu w the force of graviey?

40, 1f a space shuttle ci Earth ar a distance equal to the
Earth-Moon distance, how long would i take for it to make
a complete orbit? In other words, what would be s penod?

41. Can a satellite coast in a stable orbit in apl:nc that
docsntintersect the Earth’s center? Defend your answer.

42.Cana ite maintain an orbit in the plane of the Arcric
Circle? Why or why not?

43. You read in an article about astronauts in a major maga-
zine thar “abour 62 miles up, the armosphere ends and
gravity becomes very weak. . . " What error is made here?

44, A mhmnom I:Ania satellite can remain nearly

but not in San Francisco.

W‘Ily.’

45. When an Earth satellite is placed into a higher orbit, what
happens to its period?

46. 1 a Right mechanic drops a box of wols from a high-flying
jumbeo jex, it crashes to Earch, In 2008 an astronaut on the
orbiting space shurtle accidentally dropped a box of 1wols.
Why did the wols not crash o Earth? Defend yvour answer.

47. How could an astronaut in a space shutte “drop” an
object vertically to Earch?

48. A high-orbiting spaceship travels at 7 km/s with respect 1o
Earth. Suppose it projects 3 capsule rearward at 7 km/s
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with respect to the ship. Describe the path of the capsule
with respect 1o Earch.

49, A sarellire in circular arbir abour the Moon fires a small
probe in a direction opposite to the velocity of the satel-
lire, If the speed of the probe relanive to the satellive 15 the
same as the satellite’s speed relative to the Moon, describe
the motion of the probe. If the probe’s relative speed is
ewice the speed of the sitellite, why would it pase a dan-
ger 1o the sarellive?

50. The orbital velocity of Earth about the Sun is 30 km/x. If
Earth were suddenly stopped in its rracks, it would simply
fall radially into the Sun. Devise a plan whereby a rocker
loaded with radicactive wastes could be fired into the Sun
for permanent disposal. How fast and in what direction
with respect to Earch’s orbit should the rocket be fired?

51. If you stopped an Earth satellive dead in its tracks, i
would simply crash intw Earth. Why, then, don't the com-
munications satellites that “hover mouonles” above the
same spos on Earth crash inco Earth?

52. In an accidental explosion, a satellite breaks in half while
in circular orbir about Easth. One half is br
momencanly to rest. What is the fate of the half brought
to rest? Whar happens to the other half

53, A giant rotating wheel in space provides antificial gravity
for its occupants, as discussed in Chapeer B, Instead of 2
full wheel, discuss the idea of a pair of capsules joined by
a tether line and rotating about each other. Can such an
arrangement provide artificial gravity for the occupanis?

54. What is the advantage of launching space vehicles from
high-flying aircraft instead of from che ground?

55. Which requires less fuel, hum:!lins a rocker to escape
speed from the Moon or from Earth? Defend your answer.

56. What is the maximum possible speed of impact upon the
surface of Earth for a faraway body initially at rest thar
falls to Earth lryvmofEanhnganry ndy’

57. As part of their training before going into orbit, astro-
naun apmmw;hdmmuwhm riding in an air-
planc thar is flown along the same parabolic trajectory asa
frecly falling projecule. A dassmate says that gravirational
forces on everything inside the plane during this mancu-
ver cancel to zero, Another classmate looks to you for
confirmation. What is your response?

58. At which of the indicated posi- B
tions does the satellite in gl.hp
uml udm cupmmc the grea-

force? Have A
l:hc greatest speed? The greatest
velocity? The greatest momen- [1}
wum? The greatest kinetic energy? The greatest gravira-
uonal potential encrgy? The greatest 1otal energy? The
grearest angukir momentum? The grearest acocleration?

59. At what point in its elliptical orbit about the Sun is the
accelerarion of Earth roward the Sun ar a maximum? Ax
what point is it at 2 minimum? Defend your answers,

60, A mﬁ‘ t consts in an elliptical orbit around Earch. To
attain the t amount of KE for escape using a given

wnwi! should it fire its engines to accclerate for-
ward when it 1s at the apogee or at the perigee! (Hine: Let
the formula Fd = AKEbe your guide to thinking. Sup-
pose the thrust F is brief and of the same duration in
cither case. Then consider the distance o the rocker would
wravel during this brief burst ar the apogee and ar the
perigee)
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PROBLEMS

1. A ball is thrown horizontally from a iff at a speed of
10 m/s. You predict that its speed 1 s later will be dighdy
greater than 14 m/s. Yous friend says it will be 10 mi/s,
Show wha is correct.

2. You're in an awrplane that fies horizontally with speed
1000 km/h (280 m/s) when an enginc falls off. Neglecr-
ing air resistance, asume it takes 30 s for the engine 1o hit
the ground.

2. Show that the airplane is 4.5 km high.
b. Show thar the horizontal distance thar the aireraft
engine falls is 8400 m.
¢. If the airplane somehow continues 1o fly as if nothing
had happened, where is the engine relarive to the air-
at the moment the engine hits the ground?

3. A cannonball shot with an inimal velocity of 141 m/s ar an
angle of 45° follows a parabolic pach and hies a balloon ar
the top of its mrajectory. Neglecring air resistance, show
that the ¢ hall hiss che balloon at a speed of 100 m/s.

4. Students in Chuck Stone's lab (Figure 10.5) measure the
speed of a steed ball to be 8.0 m/s when launched horzon-
tally from a 1.0-m high tabletop. Their objective is 10
place a 20-cm 1all coffee can on the foor to catch the ball.
Show thar they score a bull's-cye when the can s placed
3.2 m from the base of the table.

5. At a particular point in orbit a sacellite in an elliprical
orbit has a gravitational petential encrgy of 5000 M| with

respect o Earth's surface and a kinetic encrgy of 4500 M].

Later in its orbar, the satelliee’s potenual encrgy is 6000 M].
What is its kinetic energy at thas point?

6. A certain satellive has :Enctit encrgy of § billion joules
at perigee (the point at which it is closest ro Earth) and

5 billion joules at apogee (the point ar which it is farthest
from Earth). As the satellite cravels from apogee 10
pengee, how much work does the gravitational force do
on ie? Does its potential energy increase or decrease dur-
ing this time, and by how much?

7. Calculate the hang rime of a person who moves horizon-
tally 3 m dunnga 1.25-m high jump. What 1s the hang
time when moving 6 m horizontally during this jump?

= 8. A honzontally moving tennis ball barely cdears the net, 2
distance y above the surface of the courr. To land within
the tennis court the ball must not be moving too fast.

-

-—— | ——-

a. To remain within the cournt’s border, a horzoneal dis-
tance # from the bottom of the net, show thar the
h:ll.l miﬂl“m I!!Ed over ‘h net i.I

|~

r=
J

V

b. Suppose the height of che net is 1.00 m, and the
court’s border 15 12,0 m from the bottom of the net.
Use g = 10 m/fs’ and show thar the maximum speed
of the horzontally moving ball clearing the net is
abour 27 m/s (about 60 milh).

¢. Does the mass of the ball make a difference? Defend

VOUT aNywer.
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PART ONE MULTIPLE-CHOICE PRACTICE EXAM

Choose the BEST annver 10 the following:

1. The linguage of science i
(a) mathematics.
(b) Latin.
(c) Chinese,
(d) Arabic.
2. Somecbady who savs, “that’s only & theory” likely docsnt know
that 3 scientific theory is
(a) n educated gues.
(b) a hypothess.
(c) a vase synthesis of well-tested hypotheses and faces
(d) Nome of these.
. The foice necded w keep a ball rolling along & bowling alley is
(a) due to graviry.
(b) an incrrial force.
(c) a dighs breeze.
{d) Noac of thew.
4.1;1]|uqui5hriumhir. ZF = 0, applics 10 obpects
(a) st rest.
(b

e

% ﬂ‘xmhmtbehmmﬂkuﬁ-a&dy Earth
would continue moving in
(a) a curve.
(b) 4 seraigha line.
k:]anmtwulhpirll.
(d) an inward spiral
. The average speed of 2 gazelle traveling a distance of 2 km in a
time of one-half hour is
(a) 1 km/h.
(b) 2 ke/h.
(c) 4 km/h.
(d) more than 4 kmih.
7. An object in free fall undergoes an increase in
(a) speed.
(b) acceleratson.
(¢) both speed and acceleration.
8. Ifa falling object gains 10 m/s cach second it falls. its
] (LY
(a) 10 m/s. (b) 10 m/s per second. () Borh. (d) Neither.
9. An object with a huge mass also muse have 2 huge
(a) werght. (b) volume. (<) size. (d) surface arca,
10. Why the accckeration of free fall is the sume for all masses i
by Newton's
(a) first Lawe. (b} sccond law. (<) third law. (d) law of gravicy.
".mmlﬂmdr‘wuﬂﬁ-NMqundmg
ly at ¢ y is
Ia]lrudunﬂt"l
(b) 0.8 N.
(<) mowe than 0.8 N.
(d) dependent on the orientation of is body.
12. When a cannonball is fired from 3 cannon, buch the cannonball
and the cannon experience equal
(a) amounts of force. (b) acockerations. (<) Both. (d) Neither.
13. The team that wins in a tug-of war is the team that
{a) produces more tension in the rope than the opponcnt.
(b) pushes hardest on the ground.
() Both.
(d) Neither.
14. An sirplanc with iss nose norch with an airspeed of
40 km/h in 2 30-kmih crosswind (at night angles) has 2

oundspeed of
rl] 30 km/h. (b) 40 kev/h. (c) 50 km/h. (d) 60 ken'h.

15. The impud elationship is a direcs resule of
Newton's
(a) fiese law. (b) second lawe. (c) thied law. (d) law of graviey.
16 Ah;ﬁmmw-dwdbmnmﬂ&humm
after hunch, the fattened big fish has a change in
(a) spead. (b) momentum. (c) Bath. (d) Neither.
17. The work done on a 100-ky crate thas i hoisted 2 m in a time
of4sis
(a) 200]. (b) 500). (c) 800 ). (d) 2000).
18, The power required 1o raise & 100-kg crate a verical distance of
2momnavimeofdsis
19, A model car with 3 timies 23 much speed as anocher has a kinetic

«l
mm (b) twice, (<) 3 rimes. (d) None of these,
20, Lifta 100-N crare with an ideal system by pulling 4 rope
downward with 25 N of force. Fntmyl -m length of rope
down. rthe crace rises
a) 25 am. (b) 25 m. (c) S0 em. (d) None of these.
21, When 100 ] are put into a device that puts out 40 | of uscful
work. the efficiency of the devace is
(a) 40%. (b) 50%. (c) 60%. (d) 140%.
22, A machine cannot multiply
(a) forces. (b) distances. () energy. (d) None of these.
23, When a tin can is whirled in 2 hotizoneal circle, the et force on

can acts
(a) inward. (b) ovtward. (c) upward. (d) None of these.
24, A rorque is a force
() like any other torce.
(b) multiplied by a lever arm.
(<) char is fictithous.
(d) that accelerates things.
25, The rotasonal incrtial of an object is greater when maost of the
(a) near the mrational axis.
(b) away from the axis.
(<) on the rotational axic
(d) off center.
26. 1f the Sun were twice as massive, its pull an Mars would be
(a) unchanged.
(b) ewice as much.
(<) balf as much.
(d) 4 cinsex as much.
27, The highest ocean tides ocour when the Earth and Moon are
(a) lined up with the Sua.
(b) ar right anghes to the Sun,
(c) at any angle to the Sun.
() lined up during spring.
28. The component of velocity that can remain constant for 3 osed
baschall is
(4) horizonzal.
(b) vertical
(c) Either of these.
(d) None of thes.
29, The magnitude of gravitational force on a satellite is constane if
the orbit is
(a) parabolic. (b) arcular. (c) elliprical. (d) All of chese.
30, J\;.nl‘lne in Earth orbit is above Earch's
() ar
e T
(<) Boch.
(d) Neither.

Afrer you have made thoughtiul choices, and discussed them with
your friends, find the answers on page 681,
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