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In preparing this book, [ was motivated by
the spreading interest in reforming this course,
primarily through efforts of the Introductory
University Physics Project (IUPP) sponsored by
the American Association of Physics Teachers
and American Institute of Physics. The primary
goals and guidelines of this project are 10:

* reduce course content following the
“less may be more” theme
incorporate contemporary physics
naturally into the course

organize the course in the context of

one or more “story lines”

+ wreat all student constituents equitably

guidelines sev-
and the many
involved i the

Recogniz a need for a textbook that could me
eral years ago, I studied the various proposed IUPP m
reports from IUPP commitiees. Eventually, I became a

review and planning of one specific model, initially o at the U8, Ai
Force Academy, entitled “A Particles Approach 1o wtory Physics.™ 1
spent part of the summer of 1990 a0 the Acaden ng with Colonel
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Preface

James Head and Lt. Col. Rolf Enger, the primary authors of the ITUPP model, and
other members of that department. This most useful collaboration was the starting
point of this project.

In my opinion, the IUPP model developed at the U.S, Air Force Academy, and
modified by a team of people over the last few years, was an excellent choice for
designing a reformed curriculum for several reasons:

* Itis an evolutionary approach (rather than a revolutionary approach),
which should meet the current demands of the physics community.
It deletes many topics in classical physics (such as alternating current
circuits and optical instruments), and places less emphasis on rigid body
motion, optics, and thermodynamics.
Some topics in 20th century physics are introduced early in the texthook
such as special relativity, energy and momentum quantization, and the
Bohr model of the hydrogen atom.
A deliberate attempt is made at showing the unity of physics.

CHANGES TO THE SECOND EDITION

A number of changes and improvements have been made in the second edition of
this text. Many changes are in response to comments and suggestions provided by
reviewers of the manuscript and instructors using the first edition. The following
II'IJI esent ll]l‘ "Ia.IUr Challgl'\ m |]1l' second ed

ganizafi The organization of the texibook is slightly different from that of the
first edition. Chapter 6 in the first edition has been deleted, and the sections dealing
with the fundamental forces in nature and the gr nal field are now incor-
porated in Chapter 5. The material on oscillatory motion and waves (Chapters 21,
22, and 23 in the first edition) is now covered earlier (Chapters 12, 13, and 14 in
the second editon), following mechanics. The two chapters in the first edition
covering interference and diffraction of light waves (Chapters 27 and 28) have been
combined and condensed into one chapte: itled Wave Optics (Chapter 27). The
section on polarization of light waves is now treated earlier in Chapter 24 entitled
Electromagnetic Waves. Finally, by popular demand, Chapter 15 entitled Fluid Me-
chanics is new to this edition.

Content In this second edition, a concerted effort was made 1o place more em-
phasis on critical thinking and teaching physical concepts. This was accomplished
by the addition of approximately 150 conceptual examples, called Thinking Phys-
ics, and 20() Conceptual Problems. Most of the Thinking Physics examples,
which include reasoning statements, provide students with a means of reviewing
the concepts presented in that section. Some examples demonstrate t
between the content of that chapter and other scientific disciplines. These examples
also serve as models for students to respond to the Conceptual Problems posed
in the te d end-of-<chapter conceptual questions. The answers to all Conceptual
Problems arc contained at the end of each chapter.

connection

Prefuce

Problems and Conceptual Questions A substantial revision of the end-ofchapter prob-
lems and conceprual questions was made in this second edition. Most of the new
problems that have been added are intermediate in level, and many of them are
problems that require students 1o make order-of-magnitude calculations or esti-
mates. All problems have been carefully edited and reworded where necessary.
Solutions to approximately 25 percent of the end-of-chapter problems and selected
conceptual questions are included in the Study Guide and Student Solutions M

ual. These problems and questions are identified by boxes around their numbers.

Significant Figures Significant figures in both worked examples and end-of-chapter
problems have been handled with care. Most numerical examples and problems
are worked out to three significant figures.

TEXTBOOK FEATURES

The textbook includes many featres which are intended o enhance its usefulness
to both the student and instructor:

Style 1 have attempted to write the book in a style that is clear, logical, and succinct.
At the same time, my relaxed writing style is meant to make the reading more
enjoyable and less intimidating.

Previews Most chaprers begin wi chapter preview, which includes a brief dis-
cussion of chapter objectives and content. This feature enables the student to better
understand how the topics covered in that chapter fit into the overall suructure and
objectives of the course.

Mathematical Level Calculus is introduced gradually, where it is needed, keeping
in mind that many students often take a course in caleulus concurrently. Most steps
are shown when basic equations are developed, and reference is made to ma
matical appendices provided at the end of the text. Vector products are covered
where they are needed in physical applications.

Conceptual Examples and Problems As mentioned earlier, one of the objectives of
this edition is to place more emphasis on critical thinking and conceptual under-
standing. To meet this objective, I ha wcluded many Thinking Physics examples
and Conceptual Problems throughout each chapter. The reasoning or responses
to all examples immediately follow the example statement, while the answers 1o all
conceptual problems are included at the end of each chapter. Ideally, the student
will use these features to better understand physical concept fore be

sented with quantitative examples and working homework prot

Worked Examples Every chapter includes several worked examples of varving dif-
ficulty which are intended to reinforce conceptual understanding and to serve as

models for solving end-of-chapter problems
Exercises Many examples are followed immediately by exercises with answers
Fhose exercises contained in an example box represent extensions of the worked

examples. Other related exercises with answers are incluc t the end of many
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Preface

sections. All exercises are intended (0 encourage students to practice problem solv-
ing for immediate reinforcement, and 1o test the smdent’s understanding of con-
cepts and problem-solving skills. Students who work through these exercises on a
regular basis should find the end-of-<chapter problems less intimidating.

2por St nts and Most important statements and definitions are
set in boldface wype for added emphasis and ease of review. Important equations
are highlighted with a tan screen for review or reference.

Hiustrations  The text m:leria.l worked examples, and end-of-chapwr questions
and problems are acee ied by figures, p graphs, and tables. Full
color is used to add clanty to the figures and w make the visual presentations as
realistic as possible, Three-di ional effects are produced with the use of color
airbrushed a areas, where appropriate, Vectors are color-coded, and curves in xy-plots
are drawn in color. Color photographs have been carefully selected, and their ac-
companying captions have been written to serve as an added instructional tool.

Margin Notes  Margin notes are used 1o help students locate and review important
statements, concepts, and equations,

Units  The imernational system of units (SI) is used throughout the text. The Brit-
ish engineering system of units is used only 1o a limited extent in chapters on
mechanics, heat, and thermodynamics.

Problem-Solving Strategies and Hints 1 have included general strategies and hints for
solving the types of problems featured in both the worked examples and in the
end-of-chapter problems. This feature will help students identify important sweps
and understand the logic for solving specific classes of problems,

Summaries  Each chapter contains a summary which reviews the important con-
cepts and equations discussed in that chaprer.

Questions A list of conceprual questions is provided at the end of each
chapter. These questions, which require verbal or written responses, provide the
student with 4 means of self-testing the concepts presented in the chapter. Others
could serve as a basis for initiating classroom discussions. Answers to selected ques-
tions, indicated by boxes around their numbers, are included in the Smudy Guide
and Student Solutions Manual.

End-of-Chapter Problems  An extensive set of problems is included at the end of each
chapter. Answers to odd-numbered problems are given at the end of the book;
these pages have colored edges for case of location. For the convenience of both
the student and the instructor, about two thirds of the problems are keved o spe-
cific sections of the chapter. The rem problems, labeled “Additional Prob-
lems,” are not keyed to spe s. There are three levels of problems ac-
cording 1o their level of diffi raightforward problems are numbered in black,
intermediate level problems are numbered in blue, and the most challenging prob-
lems are numbered in magenta.

S e ———————

Preface

Problems Most chapters include several spreadsheet problems follow-
ing the end-of<chapter problem sets. Spreadsheel ing of physical p
ena enables the student to obtain graphical of physical ph
and pn:rl'orm mu-nm:a! analyses without the hurd.en of having 10 learn a high-level
€0 dsheets are particularly useful in exploratory investiga-
uon:. "whal i quesuons can be addressed easily and depicted graphically.

The level of difficulty in the spreadsheet problems, as with all end-of-chapter
problems, is indicated by the color of the problem number. For the most straight-
forward problems (black), a disk with spreadsheet problems is provided, The stu-
dent must enter the pertinent data. vary the parameters, and interpret the results.
Intermediate level problems (blue) usually require students 1o modify an existing
template to perform the required analysis. The more challenging problems (ma-
genta) require students to develop their own spreadsheet templates. Brief instruce
tions on using the templates are provided in Appendix E.

Appendices and Endpapers  Several appendices are provided at the end of the text-
book, including the new appendix with instructions for problemsolving with
spreadsheets. Most of the appendix material represents a review of mathematical
techniques used in the text, including scientific notation, algebra, geomerry, trig-
onometry, differential calculus, and integral caleulus, Reference 1w these appen-
dices is made throughout the text. Most mathematical sections include worked
examples and exercises with answers, In addition to the mathematical reviews, the
appendices contain tables of physical data, conversion factors, atomic masses, the
SI units of physical quantities, and the periodic chart. The endpapers contain other
useful information including the color code used in the text, lists of fundamental
constants and physical data, conversions, and the Greek alphabet.

SAUNDERS CORE CONCEPTS IN PHYSICS CD-ROM

Saunders Core Coneepts in Physies CD-ROM applies the power of multimedia to the
calculus-based course, offering unparalleled fullmotion animation and yideo, en-
gaging interactive graphics, clear and concise text, and guiding narration, Saunders
Core Coneepts in Physics focuses on those concepts students typically find most diffi-
cult in the course, drawing from mechanics, thermodyr cs, electromagnetism,
and optics. The CD-ROM also presents step-bystep explorations of essential math-
ematics, problem-solving strategies, and animations of problems 1o promote con-
ceptual understanding and sharpen problem-solving skills. Problems on this CD-
ROM are tak narily from Serway's Principles of Physics, 2/ e, Available for Mac-
intosh and Windows.

STUDENT ANCILLARIES

Study Guide and Student Solutions Manual by John R. Gordon. Ralph MeGrew, Steve

Van Wyk, and Ray Serway. The manual features detailed solutions 1o 25 percent of
the end-of-chapter problems and selected conceptual questions from the text
These are indicated in the text with boxed numbers. The manual also feamres a
skills section, important notes from key sections of the 1oxt, and a list of important

equations and concepts.

of NASA
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Preface
Spreadsheet Templates The Spreadsheet Templare Disk ¢ ins spreadsheet files
designed to be used with the end-of-chapter probl itled Spreadsheet Prob-

lems, The files have been developed in Microsoft Excel 5.0 for the Macintosh,
and in several formats for Windows and DOS users (see Appendix E). These
can be used with most spreadsheet programs including all the recent versions of
Lotus 1-2-3, Excel for Windows, Quattro Pro, and f(g) Schelar. Over 30 templates
are provided on the disk,

Spreadsheet Investigations in Physics by Lawrence B. Golden and James R. Klein. This
workbook with the accompanying disk illustrates how spreadsheets can be used for
solving many physics problems. The workbook is divided into two parts. The first
part consists of spreadsheet unorials, while the second part is a short introduction
1o numerical methods. The witorials include basic spreadsheet techniques and em-
phasize navigating the spreadshect, entering data, constructing formulas, and
graphing. The numerical methods include differentiation, integration, interpola-
tion, and the solution of differential equations, Many examples and exercises are
provided. Step-bystep instructions are given for construcling numerical
maoxlels of selected physics problems. The exercises and examples used to illustrate
the numerical methods are chosen from introductory physics and mathematics.

Pocket Guide by V. Gordon Lind. This 5% by 7" notebook is a section-by-section
capsule of the texthook that provides a handy guide for looking up important con-
cepts, formulas, and problem-solving hints

Mathematical Methods for Introductory Physics with Caleulus by Ronald C. Davidson.
This brief book is designed for students who find themselves unable to keep pace
in their physics class becanse of a lack of familiarity with the necessary mathematical
tools. Mathematical Methods provides an overview of those mathematical topics that
are needed in an introductory-level physics course through the use of many worked

examples and exercises.

So You Want to Take Physics: A Preparation for Scientists and Engineers by Rodney Cole.
This text is useful to these students who need additional preparation before or
during a course in physics. The book includes typical problems with worked solu-
tions, and a review of techniques in mathematics and physics. The friendly, suraight-
forward style makes it easier to understand how mathematics is used in the context
of physics.

Life Science Applications for Physics compiled by Jerry Faughn. This supplement pro-
vides examples, readings, and problems from the hiological sciences as they rel
1o physics, Topics include “Friction in H Joints,” "Physics of the Human Cir-
culatory System,” “Physics of the Nervous System,” and “Ultrasound and Its Appli-
cations.” This supplement is useful in those courses having a significant number of

pre-med students.

Physics Laboratory Manual by David Lovd supplements the learning of basic physical
principles wl introducing laboraiory procedures and equipment. Each chap-
ter of the laboratory manual includes 2 pre-laboratory assignment, a list of objec-
tives, an equipment list, the theory behind the experiment, the experimental

Proface

procedure to be followed, calculations, graphs, and questions. In addition, labo-
ratory report templates are provided for each experiment so the student can record
data, calculations, and experimental results,

INSTRUCTOR ANCILLARIES

Instructor’s Solutions Manual by Steve Van Wyk, Ralph McGrew, and Ray Serway. This
manual contains solutions o all of the problems in the text and provides answers
to even-numbered problems. All solutions have been carefully reviewed for accu-

racy.

Printed Test Bank by Myron Schneiderwent. This test bank offers over 1500 multiple
choice and conceptually oriented critical thinking questions.

ized Test Bank Available for the IBM PC (DOS and Windows) and Mac-
intosh computers, this computerized version of the printed test bank also contains
over 1500 questions. The test bank enables the instructor to create unique 1ests
and permits the editing of questions as well as addition of new questions.
The program gives answers to all problems and prints each answer on a separate
grading key.

Overhead Transparency Acetates A set of 175 transparencies with approximately 300
full-color figures from the text.

Instructor’s Manual to Accompany Physics Laboratory Manual by David Lovd. Each
chapter contains a discussion of the experiment, teaching hints, answers to selected
questions, and a postlaboratory quiz with short answer and essay questions. Also
included is a list of suppliers of scientific equipment and a summary of all the
equipment necded for the laboratory experiments in the manual.

Physics Demonstralions Videotape by ]. C. Sprott. This video features two hours of
demonstrations divided into 12 primary topi ach topic contains between four
and nine demonstrations for a total of 70 physics demonstrations.

‘ Saunders College Publishing may provide complimentary instructional aids and sup-

| plements or supplement packag

to those adopters qualificd under our adoption
N
I user you receive supplements you do not need, please retm

policy. Please contact your sales representative for more information. If as
| adopter or pote
them to your sales representative or send them o

Attn: Returns Department
Troy Warehouse

165 South Lincoln Drive
Froy, MO 63379

Gy Sawvage, Fhote Researchers, fne.
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TEACHING OPTIONS

1 sk

Although many topics found in traditi have been omitted from this
textbook, instructors may find that the current text still contains more material
than can be covered in a twosemester sequence, For this reason, I would like to
offer the following suggestions, If you wish to place more emphasis on contempo-
rary topics in physics, you should consider omitting parts or all of Chapters 15, 16,
17, 18, 24, 25, and 26. On the other hand, if you wish to follow a more wraditional
approach which places more emphasis on classical physics, you could omit (..haplcn
9, 11,28, 29, 30, and 31. Ell]wrappmachmnheum—d itk any loss in cc

Other teaching options would fall somewhere in between these two extremes by
omitting the sections labeled “Optional.”
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Too the Student

accuracy in solving problems, enhance your understanding of physical concepts,
eliminate initial panic or lack of direction in aproaching a problem, and organize
your work. One way to help accomplish these goals is 1o adopt a problem-solving
strategy. Many chapters in this text will include a section labeled "Problem-Solving
tegies and Hints" which should help you through the “rough spots.”

In developing problem-solving strategies, five basic steps are commonly
used, and are exemplified in the sample Example below.

1, Draw a suitable diagram with appropriate labels and coordinate axes if
needed.

2. As you examine what is being asked in the problem, identify the basic

physical principle (or principles) that are involved, listing the knowns and

unknowns,

Select a basie rel hip or derive an that can be used to find

the unknown, and solve the equation for the unknown symbolically,

4. Substitute the given values along with the appropriate units into the equa-
ton.

5. Obtain a numerical value for the unknown. The problem is verified and
receives a check mark if the following questions can be properly answered:
Do the units match? Is the answer reasonable? Is the plus or minus sign
proper or meaningful?

=

One of the purposes of this strategy is 10 promote accuracy. Properly drawn
diagrams can eliminate many sign errors. Diagrams also help o isolate the physical
principles of the problem. Symbolic solutions and carefully labeled knowns and
unknowns will help eliminate other careless errors, The use of symbaolic solutions
should help you think in terms of the physics of the problem. A check of units at
the end of the problem can indicate a possible algebraic error, The physical layout
and organization of your problem will make the final product more understandable
and easier o follow. Once you have developed an organized system for examining
problems and extracting relevant information, you will become a more confident
problem solver,

To the Student

EXPERIMENTS

Physics is a science based upon experimental observations. In view of this fact, [
recommend that vou try to supplement the text through various type of “hands-on”
experiments, either at home or in the laboratory. These can be used to test ideas
and models discussed in class or in the text. For example, the common “Slinky” toy
is excellent for studying traveling waves; a ball swinging on the end of a long string
can be used to investigate pendulum motion; various masses attached to the end
of a vertical spring or rubber band can be used to determine their elastic nature;
an old pair of Polaroid sunglasses and some discarded lenses and magnifyving glass
are the components of various experiments in optics; you can get an approximate
measure of the acceleration of gravity simply by dropping a ball from a known
height and measuring the time of its fall with a stopwatch. The list is endless. When
physical models are not available, be imaginative and uy to develop models of
your own.

THINKING PHYSICS AND CONCEPTUAL PROBLEMS

These new features are intended to develop your conceptual understanding of
physics. You should be able 1o answer all Conceptual Problems based on previous
content in the chapter. (Answers are provided at the chapier's end, but please try
to answer them on your own first.) Thinking Physics examples provide the model
for the form your answers should take. The answers (“Reasoning”) for Thinki
Physics are provided immediately for you because these examples often extend and
further develop the chapter content. They may, for instance, illuminate the con-
nection between physics and other scientific disciplines,

AN INVITATION TO PHYSICS

It is my sincere hope that vou too will find physics an exciting and enjovable ex-

) ) P! : 1jOy
perience, and that you will profit from this experience, regardless of your chosen
profession. Welcome to the exciting world of physics.

The saentist does not study nature becawse if is useful; he studies if because he delights
in it, and he dedights in it becanse it is beantiful. If nature were nof beautiful, it wosld

Tom Raymand,) Tony Stome

| Example not be worth knowing, and if nature wers wot worth fnowing, life would not be worth
=iy person driving in 1 speed of 20 m/s applies the v 2alx — x,) buing
brakes and stops in a distance of 100 m. What was the accel- A HENRI POINCARE
ation of the car? e b
| x)
y
Given: __Om/s) - 0m/E 46
2(100 m)
x=0m
= 100m Check units for consistency:
20 m/s m*/ m
0 m/s L id
a=?
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An Invitation to Physics

basic principles of the Universe, It is the foundation on which the other
physical sciences—astronomy, chemistry, and geology—are based. The
beauty of physics lies in the simplicity of its fundamental theories and in the
manner in which a small number of basic concepts, equations, and assump-
tions can alter and expand our view of the world.
All physical phenomena in our world can be described in terins of one
or more of the following theories;

Physi(x‘ the most fundamental physical science, is concerned with the

* Classical mechanics, which is concerned with the motion of objects
maoving at speeds that are low compared 1o the speed of light

* Relativity, which is a theory describing particles moving at any speed,
even those whose speeds approach the speed of light:

* Thermodynamics, which deals with heat, temperature, and the behav-
ior of large numbers of particles;

* Electromagnetism, which involves the theory of electricity, magnetism,
and electromagnetic fields;

*  Quantum mechanics, a theory dealing with the behavior of submicro-
scopic particles as well as the macroscopic world.

When a discrepancy be-
tween theory and experi-
ment arises in any of the
theones listed above, the
theories must be modified
and experiments must be
performed to test the pre-
dictions of the modified
theories. Many times a the-
ory is satisfactory under lim-
ited conditions; a more
general theory might be sae-
isfactory withowt such limi-

o White light directed through o
triangular gloss prism creates
“Pheaenomena of Colours” on
the manuseript of Isoac New-
ton's Opticks. (i Erich
Lessing. Magnum Photos]
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Pralogue

tations. A classic example is Newtonian mechanics, which accurately describes the
motions of objects at low speeds but does not apply to objects moving at speeds
comparable 1o the speed of light. The special theory of relativity developed by Albert
Einstein (1879-1955) successfully predicts the motions of objects at speeds ap-
proaching the speed of light and hence is a more general theory of motion.

Classical physics, developed prior to 1900, includes the theories, concepis, laws,
and experiments in classical mechanics, thermodynamies, and electromagnetism.
For example, Galileo Galilei (1564~1642) made significant contributions to clas-
sical mechanics through his work on the laws of motion with constant acceleration.
In the same era, Johannes Kepler (1571=1630) used astronomical observations to
develop empirical laws for the motions of planetary bodies.

The most important contributions to classical mechanics were provided by Isaac
Newton (1642-1727), who developed classical mechanics as a systematic I.hmr'_r
:ndwa-onenltheunglmlmuilhcmladunasa h ical wol. Alit
major developments in classical physics continued in the 18th century, lhermody\-
namics and electromagnetism were not developed until the laver part of the 19th
century, principally because the apparatus for controlled experiments was either
wo crude or unavailable. Although many electric and magnetic phenomena had
been studied earlier, it was the work of James Clerk Maxwell (1831-1879) that
provided a unified theory of electromagnetism, In this book we shall discuss the
various disciplines of classical physics in separate sections; however, we will see that
the disciplines of mechanics and electromagnetism are basic 1o all the branches of
classical and modern physics.

A major revolution in physics, usually referred to as modern physics, began near
the end of the 19th century. Modern physics developed in resp to the d; Y
that many physical phenomena could not be explained by classical physics. The two
maost important developments in this modern era were the theories of relativity and
quantum mechanics, Einstein’s theory of relativity completely revolutionized the
traditional concepts of space, time, and energy. Einstein's theory correctly de-
scribed the motion of objects moving at speeds comparable to the speed of light,
Newton's laws fail to make correct predictions for objects moving at such high
speeds. The theory of relativity also assumes that the speed of light is the upper
limit of the speed of an object or signal and shows that mass and energy are related.
Quanium mechanics was formulated by a number of distinguished scientists to
provide descriptions of physical phenomena at the atomic level,

Scientists continually work at improving our ding of fund. 1
laws, and new discoveries are made every day. In many research areas there is a

Introduction and Vectors

he goal of physics is to provide a quantitative understanding of certain

basic phenomena that occur in our Universe. Physics is a science based

on experimental observations and mathematical analyses. The main ob-
jeaimbchjndmchgtpeﬂmnumdmalymismdmtupmmﬁesﬂwtu-

the ph being studied and 1o relate those theories o other
embluhﬂlmmnes.l?mmly it is possible to explain the behavior of var-
:mpmmmwmmmmmmummmmm
dures require the expression of those laws in the lang; of

CHAPTER OUTLINE

1.1 Standards of Length, Mass,
and Time

1.2 Density and Atomic Mass

1.3 Dimensional Analysis

1.4 Conversion of Uniw

the tool that provides a bridge between theory and expe-nmem. In this chapter
we shall discuss a few mathematical concepts and techniques that will be used
throughout the book,

Because later chapters will be concerned with the laws of physics, it is
necessary to provide clear definitions of the basic quantities involved in these
laws. For example, such physical quantities as force, velocity, volume, and
acceleration can be described in terms of more fundamental quantities. In
the next several we will encounter three of the latter: length (L),
time (T), and mass (M). Later in the book we shall add units for two other
standard quantities to our list, one for temperature (the kelvin), the other for
electric current (the am-
pere). In our study of me-
chanics, however, we shall
be concerned only with the
units of mass, length, and
time.

Some physical quanti-
ties require the measure-

1.5 Order-ofMag
Calculations

1.6 Significant Figures

1.7 Coordinate Systems and
Frames of Reference

1.8 Problem-Solving Strategy

L9 Vectors and Scalars

1.10 Some Properties of Vectors

111 Components of 1 Vector and
Unit Vectors

great deal of overlap among physics, chemisuy, and biology. The many techno-
logical advances in recent times are the result of the efforts of many scientists, { __—-—‘—___—__"_—'——————NE“I ment of more than one
engineers, and technicians. Some of the most notble recent developments are - -—_‘*'—-.m——-__._lig_l_‘__ attribute.  For  example,

(1) unmanned space missions and manned moon landings, (2) mirmcilrcuifry and MIDWAY US A physical quantities that have
high-speed computers, and (3) sophisticated imaging techniques used in scientific KINSLEY. KANSAS both numerical and direc-
research and medicine. The impacts of such developments and discoveries on so- —__F_m___-—————__
ciety have indeed been great, and it is very likely that future discoveries and devel- l QA;N__—J*EM_

opments will be exciting, challenging. and of great benefit to humanity.

4 This photograph was taken in
Kinsley, Konsas, locoted mid-
way berween New York City
and Son Francisco.  [Mike &
Carol Werner/Comstock]
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Chapter 1 Introduction and Vectars

1.3 - DIMENSIONAL ANALYSIS

The word dimensian has a special meaning in physics, It usually denotes the physical
nature of a quantity. Whether a distance is measured in units of feet or meters or
furlongs, it is a distance. We say its dimension is length.

The symbols that will be used in this section to specify length, mass, and time
are L, M. and T, respectively. We will often use square brackets [ ] to denote the
dimensions of a physical quantity. For example, in this notation the dimensions of
velocity, v are written [¢] = L/T, and the dimensions of area, A, are [A] = L% The
dimensions of area, volume, veloc tion are listed in Table 1.6, along
with their units in the three common systems of measurement. The dimensions of
other quantities, such as force and energy, will be described as they are inroduced
in the book.

In many situations, you may be faced with having to derive or check a specific
formula. Although you may have forgotten the detils of the derivation, there is a
useful and powerful procedure called dimensional analysis that can be used as a
consistency check, to assist in the dervation, or 1o check vour final expression. This
procedure should always be used and should help minimize the rote memorization
of equations. Dimensional analysis makes use of the fact that dimensions can be
treated as algebraic quantities. That is, quantities can be added or subtracted only
if they have the same dimensions. Furthermore, the terms on both sides of an
equation st have the same dimensions. By following these simple rules, you can
use dimensional analysis to help determine whether or not an expression has the
correct form, because the relationship can be correct only if the dimensions on the
two sides of the equation are the same

To illust this procedure, suppose you wish to derive a formula for the dis
tance x traveled by a car in a o ¢ if the car starts from rest and moves with
CONSta tion & In Chapter 2 we shall find that the correct expression for
this spe = Lat®. Let us check the validity of this expression from a
dimensional analysis approach
the left side has the dimension of length, In order for the
ionally correct, the quantity on the right side must also have

1d accele

I'he quantity x ¢
equation 1o be dime
the d 1sion of length. We can perform a dimensional check by substituting the

basic dimensions for acceleration, L/T d time, T, into the equation. That is,
the dimensional form of the equation x = Jm"-' can be written as
1 2
{ = =L

The units of time cancel as shown, leaving the unit of length.

TABLE 1.6 Dimensions of Area, Volume, Velocity, and Acceleration

System Area (L)  Volume (L*)  Velocity (L/T)  Acceleration (L/T*)
| m* m? m/'s m/s*

ogs om?® oy cm/'s cm/s
British fi* it fi/s fr/s*

1.4 Conversion of Units 9

Example 1.2 Analysis of an Equation

Show that the expression v =, + af is di and the dimensions of acceleration are L/T%, the di
rect, where » and w, represent velocities, a is acceleration, ol af are
and £is a tim al.

[at] =

Solution Because
and the expression is dimensionally correct. However, if the
expression were glven as v = o, + a®, it would be dimen-
sionaily toerrert. Try it and see!

" 8 L
[+ = [w) = T

1.4 + CONVERSION OF UNITS

Sometimes il is necessary 1o convert units from one system to another. Conversion
factors between S and conventional units of length are as follows:

1 mile = 1609 m = 1.609 km 1fi=03048 m = 5048 cm

1m=5%.37in. = 3281 ft lin. = 0.0254 m = 2.54 cm
A more complete list of conversion factors can be found in Appendix A

Units can be weated as algebraic quantities thar can cancel each other. For
example, suppose we wish to convert 15.0 in. to centimeters, Because 1in, =
2.54 em (exactly), we find that

¢

150 .=~ (15.031) (2.54 ) = %81 cu
in.

(Laft)y Conver (K edom 1 hoth miles per hour

miles o kilometers,

r gives speed re:

kilomeiers per i v units for a few r he d I Sifvwrmare

chings
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Chapter 1 Tntroduction and Veclors

curacy in solving problems, enhance your understanding of physical concepis, elim-
inate initial panic or lack of direction in approaching a problem, and organize your
work. One way to help accomplish these goals is to adopt a problemesolving strategy.
Many chapters in this book will include a section labeled “Problem-Solving Suat-
egy,” which should help you through the rough spots.

The following steps are commonly used to develop a problem-solving strategy:

1. Read the problem carefully at least twice. Be sure you understand the nature
of the problem before proceeding further.

2. Draw a suitable diagram with appropriate labels and coordinate axes if
needed.

3. Imagine a movie, running in your mind, of what happens in the problem.

4. Asyou examine what is being asked in the problem, identify the basic physical
principle or principles that are involved, listing the knowns and unknowns,

A, Select a basic relationship or derive an equation that can be used to find the
unknown and symbolically solve the equation for the unknown.

6. Substitute the given values, along with the appropriate units, into the equa-
tion.

7. Obtain a numerical value with units for the unknown. You can have confi-
dence in your result if the following questions can be properly answered: Do
the units match? Is th swer reasonable? Is the plus or minus sign proper
or meaningful?

One of the purposes of this sirategy is 1o promote accuracy. Properly drawn
diagrams can eliminate many sign errors. Diagrams also help to isolate the physical
principles of the problem. Symbolic solutions and carefully labeled knowns and
unknowns will help eliminate other careless errors. The use of symbolic solutions
should help you think in terms of the physics of the problem. A check of units at
the end of the problem can indicate a possible algebraic error. The physical layout
and organization of your problem will make the final product more understandable
and easier 1o follow, Once you have developed an organized system for examining
problems and extracting relevant information, you will become we confident

problem solver.

1.9 - VECTORS AND SCALARS

Each of the physical quantities that we shall encounter in this book can be placed
in one of two categories: It is eith or. A scalar is a quantity that
is completely specified by a positive or negative number with appropriate units:

- a scalar or a ve

A scalar quantity has a positive or negative value and no direction. How-
ever, a vector is a physical quantity that must be specified by both magni-
tude and direction.

The number of apples in a basker is an example of a scalar quantity. If you are
told there are 38 apples in the basker, this comple on; no
specification of direction is required. Other examples of scalars are temperature,

*s the required inform

1.9 Veectors and Scalss

(Left) The number of apples in the basker is one example of a scalar quantity. Can you think of
other examples? { Supersiock)  (Right) Jennifer pointing in the right direction ells us to travel 5
blocks to the north o reach the courthouse. A vector is a physical quantity that must be speci-
fied by both magnitude and direction, (Phate by Raymond A. Serway)

volume, mass, and time intervals. The rules of ordinary arithmetic are used to ma-
nipulate scalar quanti

Force is an example of a vector quantity, To completely describe the force on
an object, we must specify both the direction of the applied force, the magnitude
of the force, and the location of the force. When the motion (velocity) of an object
is described, we must specify both the speed and the direction of its motion.
sher simple example vector quantity is the displacement of a particle,
defined as its change in position. Suppose the particle moves from some point O 1o
a point P along a straight path, as in Figure 1.3. We represent this displacement by
drawing an arrow from O 1o P, where the tip of the arrow represents the direction
of the displacement and the length of the arrow represents the magnitude of the
displacement. If the particle travels along some other path from O to F, such as the
broken line in Figure 1.3, s cisplacement is still OF. The vector displacement along
any indirect path from O 1o Pis defined as being equivalent o the displacement
represented by the direct path from 0 to P. The magnitude of the displacement is
the shortest distance between the end points, Thus, the displacement of a particle
is completely known if its initial and final coordinates are known. The path
need not be specified. In other words, the displacement is independent of the
path if the end points of the path are fixed

It is important to note that the distance wraveled by a particle is distincdy dif-
ferent from its displacement. The distance raveled (a sca

ar quantity) is the length
of the path, which in general can be much greater than the magnimde of the
displacement (see Fig. 1.3).

If the particle move

long the xaxis from position x
1.4, its displacement is given by x, — x,, (The indices i
ek letter delta (4) 1w denot

ssition x,, as in Figure

i frefer to the initial and

final values.) We use the Gr

1e change in a quantity

15

Figure 1.3 As a particle moves
from O to Palong the broken line,
its displacement vector is the amow
drawn from 10 P.

! —_— X
0 X, X

1.4 A particle moving

¢ x axis from 10 %
indergoes a displacement

A X
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28 Chapter 1

distance between the Sun and the nearest neighbor is
rypical

A rectangular parallelepiped has dimensions a, & and ¢ as
in Figure P1.52, (a) Obtain a vector expression for the face
diagonal vector R;. What is the magnitude of this vector?
(b) Obtain a vector expression for the hody diagonal vector
R.. Note that Ry, ¢k, and R, form a right triangle and prove

that the magnitude of Ry isy/ o° + & + &

Figure P1.52

2] Spreadsheet Problems

51 Spreadsheet programs are useful in examining data graph-

ically. Most spreadsheet programs can fit the best straight

line (a regression line) to a set of dati. The following table
gives experimental results for the measurement of the pe-
riod T ol a pendulum of len e congisient

with an equation of the fc

Cand n are
constants and n is not necessarily an integer.

Length Lim) Period Tis)
0.26 1.0
0.50 1.4
0.75 L35
1.00 2.00
1.50 2,50
2,00 2.80

ANSWERS TO CONCEPTUAL PROBLEMS

Introduction and Vectars

51 (a) Use the leastsquares or the regressionline procedure
of your spreadsheet program to find the best fit 1o the data
Because T = CL*, we see that

log T=log €+ nlog L

First calculate a column of log T values and another of log
L as the independent variable and log T as the dependent
variable. The least-squares fit finds the slope n and the in-
tercept log € (b) Which data points de most from a
straight line plot of T versus L*F (c) s the experimental
: of n found in part {a) consistent with a dimensional
analysis of T= C1*7
52 The period T and orbit radius £ for the motions of four
moons of Jupiter are

Io Europa Ganymede  Callisto

T (days ) 1.77 3.55 7.16 16.69
Rikm) 422000 671000 1070000 1 880 000

(a) These data can be fitted by the formula T = CR®, Follow
the procedures in Problem Sla wo find Cand s (b) A fifth
satell Amalthea, has a period of 0.50 days, Use
I'= CR" 1o find the radius for its orbit.

53 Use Spreadsheer 1.1 w find the wtal displacement corre-
sponding 1o the sum of the three displacement vectors:
A=30i + 405, B= -23i — 78, and C=5.0i — 20,
where the units are in meters. {a) Give your answer in com-

pswer in polar form. (¢) Find

a fourth displacement that remirns you 1o the origin,

ponent form, (b) Give your

No. The magnitudi vector A s equal to
VAL+ A%+ AL Therel
A cannot be zero,

A B. therefore the comy

any componcnt is noNzero,

ts of the wo vectors must

site signs and eq mides

negative, B, is pos \, is positive, B, i neg-

DIMPONEnts are 1

L. It is possible 1o have a situation in which one component of
a vector is equal o the magmitude of the vector, as long as

the ather ¢ ponent is zer. For example, a velocity vector
lving directly along the east direction has an eastward
component that i ual w0 the magnitude of the velocity
veclon

Motion in One Dimension

ynamics is the study of the motions of objects and the relationships of
those motions to such physical concepts as force and mass. Before
heg'ilm'mg our study of dynamics, however, it is convenient o describe
motion using the concepts of space and time, without regard 1o the causes of
the mation; this is a portion of mechanics called kinematics. In this chapter we
shall consider motion along a straight line —that is, one-dimensional motion.
Starting with the concept of displacement, discussed in Chapter I, we shall
define velocity and acceleration. Using these concepts, we shall proceed to
study the motion of objects undergoing constant acceleration. In Chapter 3
we shall extend our discussion to two-dimensional motion.
From everyday experience we recognize that motion represents continu-
ous change in the position of an object. The movement of an object through
space may be accompanied

by the rotation or vibration
of the object. Such motions
can be quite complex. How-
ever, it is sometimes possi-
ble to simplify matters by
temporarily neglecting the
internal motions of the
moving object. In many sit-
uations, an object can be

An opple and a feather,
released from rest in @ 4-fr
vacuum chamber, foll at the
same rate, regardless of their
masses. Negleeting air resis-
tance, all objects fall te Earth
with the same acceleration,

a = g, of magnitude 9.80 m/s?
as indicated by the violet
arrows in this multiflash photo-
graph. The velocity, v, of the
rwo objects increases linearly
with time, as indicated by the
series of red arrows.

2.1 Average Velocity

5 Ome-Dimensional Motion with

5 Freely Falling Objects

APTER OUTLIN

Instantaneous Yelocity
Acceleration

Motion Diagrams

Constant Acceleration

29
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Chapter 2 Motion in One Dimension

Ve pa— —_— —_—
(k) o = . e & ™ :._.J P
| A — — — —_— —_—

V  — — -
© (g o ‘e o ‘e e-tab-te
| B — — — — —

Figure 2.9 (a) Motion diagram for & car moving at constant velocity (zevo ae tion ).
(1) Motion diagram for a car
ity. The velocity vector at each instant is indicated by a
tarrow. () M

the direction agghosite the velocity a1 cach ins

m of which is in the di i of its veloe-
«d arvow, and the constant accelera
1 diagram for a car, the constant acceleration of which is in

cele

vector by av

an object is in motion. In order not 1o confuse these two vector quantities, we use
red for velocity vectors and violet fe i vectors as in Figure 2.9, The

celers

VeCtors sketched at several insiants during the motion of the object.

A stroboscopic photograph of 4 moving object shows several images of the
object, each image taken as the strobe light flashes. Figure 2.9 represents three sets
of strobe photographs of cars moving from left to right along a straight roadway.
The time intervals between Hashes of the siroboscope are equal in each diagram.
Let us describe the motion of the car in each diagram.

In Fi Ja, the images of the car are equally spaced—the car moves the
e in each time interval, Thus, the car moves with constant positive velocity

and has zero acceleration.

In Figure 2 9b, the images of the car become farther apart as time progresses.
In this case, the velocity vector increases in time because the car's displacement
1 adj L p
with a pesitive veloeity and a positive

esses. Thus, the car is movir

betw

w

eleration.

Figure 2.9¢, the car slows as it moves 1o the right because its displacement
between adjacent positions decreases as time progresses. In this case, the car moves
initially 1o the right with a constant negative acceleration. The velocity vector de-
creases in tme and evenmally reaches ze (This type of motion is exhibited by a

rapplying its b

ikes.) From this am we see that the

car that skids 1o a stop af

acceleration and velocity vectors are naf in the same direction.

L5  OneDimensional Motion with Constant Acceleration

2.5 + ONE-DIMENSIONAL MOTION WITH
CONSTANT ACCELERATION

If the acceleration of a particle varies in time, the motion can be complex and
difficult to analyze. A common and simple type of one-dimensional motion occurs
when the acceleration is constant or uniform. In this case the average acceleration
over any time interval equals the instantaneous acceleration at any instant of time
within the interval. As a consequence, the velocity increases or decreases at the
same rate throughout the motion.

If we replace a, with a, in Equation 2.4, we find that

a =-1—=
=4
Because we are dealing with mation in one dimension, we shall drop the boldface
notation for vectors and use a minus sign when the vector is in the negative x
direction. For convenience, let ¢, = 0 and I be any arbitrary time ¢ Also, let o, =
,y (the initial velocity at { = 0) and », = v, (the velocity at any arbitrary time ).
With this notation, we can express the acceleration as

or

Up = Uy + @l (for constant a,) [2.7]
This expression enables us 1o predict the velocity at any time 1 if the initial
velocity, acceleration, and elapsed time are known. A graph of position versus time
for this motion is shown in Figure 2.10a. The velocity-time graph shown in Figure
2.10b 1s a straight line, the slope of which is the acceleration, a,. This is consistent
with the fact that a, = dv,/dtis a constant, From this graph and from Equation 2.7,
we see that the velocity at any time { is the sum of the initial velocity, v, and the
change in velocity, a.b The graph of acceleration versus time (Fig. 2,10¢) is a straight
line with a slope of zero, because the acceleration is constant. Note that if the
acceleration were negative, the slope of Figure 2.10b would be negative.

Slope = v,

(a) by

Figure 2.10 A particle moving along the ¢ axis with constant acceleration a,; (a) the position—
time graph, (b) the velocity=time graph, and (c) the acceleration—time graph

Velocity as a function of time
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Chapter 2 Motion in One Dimension

Example 2.5 Watch Out for the Speed Limit

A car traveling at a constant speed of 30.0 m/s (=67 mi/h)
passes a trooper hidden behind a billboard. One second after
the speeding car passes the billboard, the trooper sets off in
chase with a constant acceleration of .00 m/s*. How long
does it take the trooper to overtake the speeding car?

Reasoning To solve this problem algebraically, we write an
expression for the position of each vehicle as a function of
time. It is convenient to choose the origin at the position of
the billboard and take ¢ = 0 as the time the rooper begins
moving. At that instant, the speeding car has already traveled
a distance of 30.0 m, because it travels at a constant speed of
30.0 m/s. Thus, the initial position of the speeding car is
% = 50.0 m.

Solution Because the car moves with constant speed, its ac-

celeration is zero, and apf Equation 2.10 gives

Xz = 30.0 m + (30.0 m/s)t

Note that at { = 0, this expression does give the car's correct
initial position, x. = x, = 30.0 m.

For the trooper, who starts from the origin at ¢t = 0, we
have x, = 0, v,y = 0, and a, = 5.00 m/s*. Hence, the posi-

xp = jaft = {300 m/5*) ¢
The trooper overtakes the car at the instant that x; = x., or
1(3.00 m/5%)#* = 30.0 m + (30.0 m/s)t

This gives the quadratic equation
1506 ~ 30,01 — 30.0 = 0

the positive solution of which is £ = 21.0 s, Note that in this
time interval, the trooper has traveled a distance of about
B60 m.

EXERCISE 3 This problem can also be easily solved graph-
ically, On the same graph, plot the position versus time for
each vehicle, and from the intersection of the two curves de-
termine the time at which the rooper overtakes the speeding
car.

EXERCISE 4 A hockey puck sliding on a frozen lake comes
to rest after traveling 200 m. Its initial speed was 3.00 m/s.
(a) What was its acceleration if it is assumed to have been
constant? (b) How long was it in motion? (c) What was its
speed after raveling 150 m?

tion of the trooper as a function of time is Answer  {a) —225 X 1077 m/s® (b) 1335 (c) 1.50 m/s

2.6 + FREELY FALLING OBJECTS

It is well known that all objects, when dropped, fall toward the Earth with nearly
constant acceleration in the absence of air resistance. There is a legend that Galileo
Galilei first discovered this fact by observing that two different weights dropped
simultaneously from the Tower of Pisa hit the ground at approximately the same
time. Although there is some doubt that this particular experiment was carried out,
it is well established that Galileo did perform many systematic experiments on ob-
jects moving on inclined planes. Through careful measurements of distances and
time intervals, he was able to show that the displacement of an object starting from
rest is proportional to the square of the time the object is in motion. This obser-
vation is consistent with one of the kinematic equations we derived for motion
under constant acceleration (Eq. 2.10). Galileo's achievements in the science of
mechanics paved the way for Newton in his development of the laws of motion.
You might want to try the following experiment. Drop a coin and a crumpled-
up piece of paper simultaneously from the same height. In the absence of air re-
sistance, the two experience the same motion and hit the floor at the same time.
In a real (nonideal) experiment, air resistance cannot be neglected. In the idealized
case, however, where air resistance is neglected, such motion is referred to as free

2.6 Froely Falling Olbjects

Galileo Galilei (1564~ 1642},

faﬂ If this same experiment could be conducted in a good vacuum, where air
ible, the paper and coin would fall with the same acceleration,
r(-p;ardles». of the shape or weight of the paper, This point is illustrated convincingly
on page 29, in the photograph of the apple and feather falling in a vacoum. On
August 2, 1971, such an experiment was conducted on the Moon by astronaut David
Scott. He simultanecusly released a geologist’s hammer and a falcon’s feather, and
in unison they fell to the lunar surface. This demonstration surely would have
pleased Galileo!

We shall denote the freefall acceleration with the symbol g. The magnitude of
£ decreases with increasing altitude. Furthermore, there shi variations in the
magnitude of g with latimde. However, at the surface arth the magnitude
of g is approximately 9.80 m/s*, or 980 cm/s%, or 32 fi/s". Unless stated otherwise,
we shall use the value 9.80 m/s* when doing calculations. Furthermore, we shall
assume that the vector g is directed downward toward the center of the Earth.

When we use the expression fieely falling olbject, we do not necessarily mean an

object dropped from rest.

A frecly falling object is an object moving freely under the influence of
gravity only, regardless of its initial motion. Objecis thrown upward or
downward and those released from rest are all falling freely once they are

released

It is important 10 emphasize that any freely falling object experiences an accelera-
tion directed downward, as shown in the multiflash photograph of a falling billiard
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Figure 2.11 A multiflash photo-
graph of a falling billiard ball. As
the ball falls, the spacing between
successive images increases, indi-

cating that the ball acce s

downward. The motion diagram
shows that the ball's velocity (red

arrows) increases with dme,

whereas its acceleration (violet ar-
rows) remains constant, (© Richand
Megna 1990, F

andamental Photognphe

Chapter 2 Mation in One Dimension

ball (Fig. 2.11). This is true regardless of the initial motion of the object. An object
thrown upward (or downward) experiences the same acceleration as an object re-
leased from rest, Once they are in free fall, all objects have a downward accel-
eration equal to the free-fall acceleration.

If we neglect air resistance and assume that the gravitational acceleration does
not vary with altitude, then a freely falling object moves in one dimension with
constant acceleration. Therefore, the equations developed in Section 2.5 for objects
maoving with constant acceleration can be applied. The only modification that we
need o make in these equations for freely falling objects is to note that the mo-
tion is in the vertical direction (the y direction) rather than the horizontal direc-
tion (the x direction) and that the acceleration is downward and has a magnitude
of 9.80 m/s®. Thus, for a freely falling object we commonly take a, = —g=
—9.80 m/s*, where the minus sign means that the acceleration of the object is
downward.

Thinking NN

A skydiver jumps out of a helicopter, A few seconds later, another skydiver jumps out,
so that they both fall along the same vertical line. Ignore air resistance, so that both
skydivers fall with the same acceleration. Does the vertical distance between them stay
the same? Does the difference in their velocities stay the same? If they were connected
by a long bungee cord, would the tensic the cord become greater, less, or stay the
same?

Reasoning At any given instant of time, the velocities of the jumpers are definitely
different, because one had a head start. In a time interval after this instant, however,
h jumper increases his or her velocity by the same amount, because they have the
ceeleration, Thus, the difference in velocities remains the same. The first jumper
will always be moving with a higher velocity than the second. Thus, in a given tme
interval, the first jumper will cover more distance than the second. Thus, the separation
distance between them increases. As a result, once the distance between the divers
reaches the value at which the bungee cord becomes straight, the tension in the bungee
cord will increase as the jumpers move apart. Of course, the bungee cord will pull
nd jumper and upward on the first, resulting in a force in ad-
dition 1o gravity, which will affect their motion, I the bungee cord is robust enough,

P

s

downward on the

this will result in the separation distance of the divers becoming smaller as the cord
pulls them wgether.

CONCEPTUAL PROBLEM 4

A child throws a ball into the air with some initial velocity. Another child drops a toy at the
same instant. Compare the accelerations of the two objects while they are in the air.

CONCEPTUAL PROBLEM 5

A ball is thrown upward. While the ball is in the air, (a) what happens to its velocity?
{b) Does jis a

eration increase, decrea W remain constant

2.6 Freely Falling Objects

Example 2.6 Try to Catch the Dollar

Emily challenges David to catch a dollar bill as follows, She
holds the bill vertically, as in Figure 2.12, with the center of
the bill between David's index finger and thumb. David must
catch the hill after Emily releases it without moving his hand
downward, Who would you bet on?

Reasoning Place your bets on Emily. There is a time delay
between the instant Emily releases the bill and the time David
reacts and closes his fingers. The reaction time of most peo-
ple is at best about 0.2 s. Because the bill is in free fall and
undergoes a downward acceleration of 9.80 m/s, in 0.2 s ut
falls a distance of g = 0.2 m = 20 cm. This distance is
about wice the distance between the center of the bill and
its top edge (= 8 cm). Thus, David will be unsuccessful. Y
might want to uy this on one of your friends,

Figure 2,12 (Example 2.6)

45

Example 2.7 Not a Bad Throw for a Rookie!

A stone is thrown from the top of a building with an initial
velocity L0 m/s straight upward. The building is 50.0 m
high, and the stone just misses the edge of the roof on its way
down, as in Figure 2,13, Determine (a) the time needed for
the stone to reach its maximum height, (b) the maximum
height, (¢} the time needed for the stone to return o the
level of the thrower, (d) the velocity of the stone at this in-
stant, and (e) the velocir
5.00 5.

: necessary to reach the maxi-
use Equation 2.7, v = n, + a L noting that
v, = ) at maximum height:

Solution (2) To And the tir

200 m/s + (980 m/s )y = 0
2000 m/s _—
b= 9BomE - S0

(b) This value of ime can be substituted into Equation 2.10,
¥y = ugf + e @ 1o give the maximum height measured from
the position of the thrower:

= (20,0 m/s) (2

) + 4980 m/s*) (2.04 5)°

Vornan
204 m
{c) When the stone is back at the height of the thrower, the

i : Le
(Eq. 2.10), with y = 0, we obtain the expression

wrdinate is zero. From the expression y =

20000 = 4907 =0

I'his is a quadratic equation and has two solutions for ¢ 1

=0, 39=0

and position of the stone at ¢ Uiy = 20 mi/]

-
-
|

L e W

equation can be factored 1o give Figure 2,13  (Examj
for a freely falling particle ini
1200 4,900 0 iy o, 20 m/s. (Not drawn

=408y
y=0
iy
= 20 m

25 m

5} m-q'_% W, .:_h_l m/s
g

L=58s
Y 50 m
2T m/s

nd v

rown upward with a veloc-

City Versus time
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Motion in One Dimension

By John Hart

Your WELL IS
& SECONDS DEER

13,1415, 16,

Figure Q2.14 See Question 14,

13. A rapidly growing plant doubles in height each week. At the
end of the 25th day, the plant reaches the height of the
building. At what time was the plant one fourth the height
af the building?

EA pebble is dropped into a water well, and the splash is
heard 16 s later, as illustrated in the cartoon strip, What is
the approximate distance from the rim of the well o the wa-

15. The motion of the Earth’s crustal plaves is described by a
model referred 1w as plate fectonie motion. Measurements in-
dicate that coastal portions of southern California have

PROBLEMS

=2

northward plate tectonic motions of 2.5 cm per year, Esti-
mate the time it would ke for this motion to carry southern
California o Alaska,

. A heavy object falls from a height & under the influence of

gravity. It is released at ¢ = 0 and strikes the ground at time
L lgnore air resistance. (a) When the object is at height
0.5 h, is the ime earlier than 0.5 ¢, later than 0.5 ¢, or equal
w 0.5 ¢ (b) When the time is 0.5 ¢ is the height of the
object greater than 0.5 A less than 0.5 4 or equal o
0.5 ke

Section 2.1 Average Velocity

I The position of a pinewood derby ear was observed at vari-
summarized in the table. Find the
average velocity of the car for (a) the first second. (b) the
last 3 seconds, and (c) the entire period of observation

x{m) 0 23 82 20.7 368 575
() 0 1.0 20 3.0 4.0 50
A motorist drives north for 350 minutes at 85.0 km/h and

then stops for 15.0 minute
eling 130 km 2,00 h. (a
(13} What is

hen continues north, trav-
vat is his total displacement?

s average veloc

Boxed

intermet

fiate level problems and magent

i The displacement versus time for a certain particle moving

along the x axis is shown in Figure P2.5, Find the average
velocity in the time intervals {a) 0 10 25, (b) 0 t0 45,
(c) 25t ds (d) 4510 Ts, (c) Dw Bs.

1A person walks first at a constant speed of 5.00 m/s along

a straight line from point A o point B and then back along
the line from B w A at a constant speed of 3.00 m/s.
(a) What is her average speed over the entire rip? (b) Her
average velocity over the entire wrip?

A person first walks at a constant speed v along a straight

e full solutions available in the Student Solutions Man
mbers indicate more challenging problems

line from A s Band then back along the line from Bio A
at a constant speed . (a) What is her average speed over
the entire trip? (b) Her average velocity over the entire

and Study Guide. Cyan numbers indicate

x( ) |

Section 2.2 Instantaneous Velocity

6. At t = 1,003, a particle moving with constant velocity is lo-
cated at x = =3.00 m, and at 1 = 6.00 s the particle is lo-
cated at x = 5.00 m. (a) From this information, plot the
position as a function of time. (b) Determine the velocity
of the particle from the slope of this graph.

\7- /A position=time graph for a particle moving along the x
axis is shown in Figure P2.7. (a) Find the average velocity
in the time interval £ = L5 s to { = 4.0 s. (b) Determine the
instantaneous velocity at t = 2.0 s by measuring the slope of
the angent line shown in the graph. (c) At what value of
is the velocity zero?

—— e Hs}

™)

Problems 49

% (a) Use the data in Problem 1 to construct a smooth graph
of position versus time. (b) By constructing tangents 1o the
x(#) curve, find the instantaneous velocity of the car at sev-
eral instants. {c) Plot the instantancous velocity versus time
and, from this, determine the average acceleration of the
car, (d) What was the initial velocity of the car?

d the instantaneous velocity of the particle described in
Figure P23 at the following times: (a) t= 105, (b) 1=
30s, (e)t=45s and (d) r= 75s

Section 2.3 Acceleration

10. A particle is moving with a velocity v, = 60.0i m/s at

t = 0. Between £ = 0 and t = 15.0 5 the velocity decreases
uniformly to zero. What was the acceleration during this
15.0-s interval? What is the significance of the sign of your
answer?

. A Blg superball waveling at 25.0 m/'s bounces off a brick
wall and rebounds at 22.0 m/s. A highspeed camera re-
cords this event. If the ball is in contact with the wall for
3.50 ms, what is the magniiude of the average acceleration
of the ball during this time interval? (Note: 1 ms = 10-%s.)

. Avelocity—time graph for an object moving along the xaxis
is shown in Figure P2.12, (a) Plot a graph of the accelera-
tion versus time. (b) Determine the average acceleration of
the object in the time intervals =55 to =155 and
t=0tt=20s

A particle moves along the x axis according 1o the equation
x =20 + 3.0¢ — 1%, where xis in meters and 1is in seconds.
At t= 3,00 5, find (a) the position of the paricle, (b) is
velocity, and (c) its acceleration

. When struck by a club, a golf ball initially at rest acquires a
speed of 31.0 m/s. If the ball is in contact with the club for
1.17 ms, what is the magnimde of the average acceleration
of the ball?
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15. Figure P2.15 shows a graph of v versus  for the motion of
a motorcyclist as he starts from rest and moves along the
road in a straight line. (a) Find the average acceleration for
the time interval §, = 0 1o §; = 6.0 5, {b) Estimate the time
at which the acceleration has its greatest positive value and
the value of the acceleration at that instant. (€) Whmudu
acceleration uro’ (d) Estimate the maximum
wﬂuedmemknummﬂ:emeztwhwhnm

vim/g)

o= e

i =N

6 1=} ElliE

4 I i 4

2 ! | T
R

Section 24 Motion Diag

Section 2.5 One-Dimensional Motion with
Constant Acceleration

Section 2.6 Freely Falling Objects

16. A truck wravels 40.0 m in 850 s while uniformly slowing
down to a final speed of 280 m/s. Find (a) its original
speed and (b) its acceleration.

fﬂ:\ hady moving with uniform acceleration has a velocity of
12,0 cm/s in the positive x direction when its x coordinate
is 3.00 cm. If its x coordinate 2.00 s later is —5.00 cm, what
15 the magnitude of its acceleration?

18. The new BMW M3 can accelerate from 0 to 60.0 mi/h in
5.00 5. (2) What is this acceleration in m/s*? (b) How long
does it take this car to go from 60.0 mi/h to 130 mi/h?

19. The minimum distance required to stop a car moving at
35.0 mi/his 40.0 fi. What is the minimum stopping distance
for the same car moving at 70.0 mi/h, assuming the same
rate of acceleration?

20. A drag vacer starts her car from rest and accelerates at
10.0 m/s* for the eniire disance of 400 m :} mile).
(a) How long did it take the race car to travel this distance?
(b} What is the speed of the race car at the end of the run?

jet plane lands with a speed of 100 m/s and can accelerate
at a maximum rate of —5.00 m/s* as it comes 10 rest

(a) From the instant the planc wuches the runway, what is

the minimum tme needed belfore it can o o rest?

b} Can this plane land on a small wropical island airport
where the runway is (.800 km long

Mation in One Dimension

22 A locomotive slows from a speed of 26.0 m/s to 0 in

18.0 5. What distance does it wavel?

24, The driver of a car slams on the brakes when he sees a ree
hlocking the road. The car slows uniformly with accelera-
tion =560 m/s* for 4.20 s, making skid marks
624 m long. With what speed does the car then sirike the
wee?

24, .@iwqmwmuwmmm

under with the

B u..t.andz—:o.oflhczquldnnllﬂedium!l
the first does not involve x = x,: the second does not con-
1ain a,; the third omits v,; and the last does not contain &
To complete the set, there should be an equation not in-
volving v, . Derive this equation from the others. Use it 1o
solve Problem 23 in one step.

[25.]Until recently, the world's landspeed record was held by

Col. John P. Stapp, USAF. On March 19, 1954, he rode a
rocket-propelled sled that moved down a wack at
632 mi/h. He and the sled were safely brought 1o rest ln
1.40 5. Determine {a) the negative acceleration he

enced and (b) the distance he traveled during this negative
acceleration.

26. An electron in a cathoderay-tube (CRT) accelerates from
200 x 10* m/s to 6,00 X 10° m/s over 1.50 em. (a) How
long does the electron take o wavel this 1. 50 cm? (b) What
is its acceleration?

A student throws a set of keys vertically upward to her so-

rority sister, who is in a window 4.00 m above. The keys are
caught 1.50 s later by the sister’s ourswrewched hand.
(a) With what initial velocity were the keys thrown?
(b) What was the velocity of the keys just before they were
caught?

25 A ball is thrown directly downward, with an initial speed of
£00 m /s, from a height of 30.0 m. After what interval does
the ball strike the ground?

126 A baseball is hit so that it travels straight upward after being

struck by the bat. A fan observes that it takes 3.00 s for the
ball 1o reach its maximum height. Find (a) its initial velocity
and (b) the height reached by the ball, Ignore the effects
of air resistance,

A hot-air balloon is traveling vertically upward at a constant
speed of 5.00 m/s. When it is 21.0 m above the ground, a
package is released from the balloon. (a) For how long after
being released is the package in the air? (b) What is the
velocity of the package just before impact with the ground?
(€) Reg a) and (b) for the case of the balloon descend-
ing at 5.00 m/s

EA daring stunt woman sitting on a tree limb wishes 1w drop

vertically onto a horse galloping under the wee. The speed
af the horse is 10.0 m/s, and the distance from the limb to
the saddle is 5.00 m, (a) What must be the horizontal dis-
tance bevween the saddle and limb when the woman makes
her move? (b) How long is she in the air?

Figure P2.30 Hot air balloon over Carefree, Aricona, (Kusel!
Schiepman)

! A ball is thrown vertically upward from the ground with an

initial speed of 15.0 m/s. {a) How long does it take the ball
o reach its maximum altimde? (b} Find its maximum ali-
tude. (c) Determine the velocity and acceleration of the hall

A ball accelerates at 0500 m/s* while moving down an in-
clined plane 9.00 m long. When it reaches the bottom, the
ball rolls up another plane, where, after moving 15.0 m, it
comes to rest. (a) What is the speed of the ball at the bottom
of the first plane? (h) How long does it take 1o roll down
the first planc? (c) What is the acceleration along the sec

ond plane? (d) What is the ball's speed 8.00 m along the
second plane?

The height of a helicopter above the ground is given by

k= 3.00¢, where & is in meters and (s in seconds. After
2,00 s, the helicopter releases a small mailbag. How long
after its release does the mailbag reach the ground?

Speedy Sue driving at 30,0 m/s enters a one-lane wnnel

She then observes a slow-moving van 155 m ahead rraveling

at 5.00 m/s. Sue apphes her brakes but can decelerae onl

at 2,00 m /5" because the road is wet, Will there be a colli-

rmine how far into the mnnel and at wha
time the collision occurs. IF no, determine the distance of

sion? If ves

closest approach between Sue's car and the van

Problems 51

Additional Problems

A motorist is traveling at 18.0 m/s when he sees a deer in
the road 38.0 m ahead. (a) If the max
celeration of the vehicle is —4.50 m/s*, what is the maxi-
mumn reaction time, Al of the motorist that wall allow him
wid hitting the deer? (b} If his reaction time is
0.300 5, how fast will he be traveling when he his the deer?
Another scheme to catch the roadrunner has failed and a
safe falls from rest from the top of a 25.0-m high cliff toward
Wile E. Coyote, who is standing at the base. Wile first notices
the safe after it has fallen 15.0 m, How long does he have
to get out of the way?
A rocket is fired vertically upward with an initial velocity of
800 m/s. Itaccelerates upward at .00 m/s* until itreaches
an altitude of 1000 m. At that point, its engines fail and
the rocket goes into free flight, with an acceleration of
—980 m/s". (a) How long is the rocket in motion?
(b) What is its maximum mce? (c) What is its velocity
just before it collides with the Earth? {Hint: Consider the
maodion while the engine is operating separate from the
free-fall mouon. )
JIn a 100-m race, Maggie and Judy cross the finish line in a
dead heat, both taking 10.2 s. They both accelerated uni-
formly, and Maggic wok 2,00 5 and Judy 3.00 5 to anain
maximum speed, which they maintained for the rest of the
race, (a) What was the accelera of each sprinter?
(b) What were their respective  maximum  speeds?

()} Which sprinter was ahead at the 6.00s mark and by how
much?

0. The posidon of a softball wssed vertically upward is de

scribed by the equation y = 7.00r — 4.90¢%, where 3 is in
meters ane | in seconds. Find (a) the mitial speed », a
t, = 0, {b) the velocity at = 1.26 s, and (c) the accelera-
tiom of the ball

A hard rubber ball, releascd al chest height, falls w the
pavement and hounces back to nearly the same heig
When it is in contact with the pavement, the lower side of
the ball is temporarily flatened. Before this dent in the hall

pops ou

suppose that its maximum depth is about 1 cen-
Make an order-of-magnimde estimate of the max-
cceleration of the ball. State your assumptions, the

quantities you estimate, and the values you estimate for
them.

A teenager has a car that accelerates at 3.00 m/s” a
celerates at —4.50 m/s". On a trip to the store, he a

ates from rest o 120 m /s, d
5.00 4, a
He ther
fior 20.0 5, deceleraes for 2

es at a constant speed
| then comes Lo @ sntary stop at the cornes

accelerates o 18.0

s, drives at a consant speed

he continues for 4.00 s at

this speed and then comes 10 stop. (a) How long does the
trip take? (b) How far has he taveled
it the trip? (d) How long would it take towalk

back if he walks e 1.50 m/s?

What is his av

erage speed

to the store
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Chapter 2

|An inquisitive physics student and mountain climber climbs
2 50).(-m cliff that overhangs a calm pool of water. He throws
wo stones vertically downward, 1,00 s apart, and observes
that they cause a single splash. The first stone has an initial
speed of 2,00 m/s, (1) How long after release of the first
stone do the two stones hit the water? (b) What initial ve-
locity must the second stone have if they are to hit simul-
taneously? (c) What is the speed of each stone at the instant
the two hit the water?

In the first hour of travel, a train moves with a speed v, in
the next half hour it has a speed Su, in the next 90.0 min it
ravels with a speed /2, and in the final 200 h it wavels
with a speed v/, {a) Plot the specd-time graph for this
trip. (b) How far does the wain travel in this trip? () What
is the average speed of the rain over the entire wip?

A rock is dropped from rest into a well. (a) 1If the sound of
the splash is heard 2.40 s later, how far below the op of the
is the surface of the water? The speed of sound in air
{for the ambient lemperature) is 336 m/s. (b) If the travel
time for the sound is neglected, what percentage error is
introduced when the depth of the well is calculated?

A car and train move together along parallel paths at
uniform acceleration
50 m/s* because of a red light and comes to rest. Ir
remains at rest for 45.0 s, then accelerates back to a speed
of 25.0 m/s ai a rate of 250 m/s*, How far behind the train
is the car when it reaches the speed of 250
that the speed of the train has remained

wel

7 e

147 |Kathy Kool buys a sports car that can accelerate at the rate

=

! In order to protect his food from hungry bear

of 4.90 m/<*. She decides 10 test the car by dragging with
another speedster, Stan Speedy. Both t from rest, but
experienced Stan leaves the starting line 1.00 s before
Kathy. If Stan moves with a constant acceleration of
3,50 m/ and  Kathy maintins an i
490 m/s", find (a) the time it takes Kathy
(b} the distance she ravels before she catches him, and
(€) the speeds of hoth cars at the instant she overtakes him.

. In a 100-m lincar accelerator, an electron is aceelerated o

100% the speed of light in 40.0 m before it coasts 60,0 m
10 A target ation during
the first 40.0 m? (b) How long does the total flight take?

2 Boy Scout
raises his food pack. of mass m, with a rope that is thrown
over a tree limb at height A above his hands. He walks away
from the vertical rope with constant velocity w,, holding the
free end of the rope in his hands (Fig. P2.49). (a) Show
t the velocity v of the food pack is x(x® + B~ Vi,
where xis the distance he has walked away from the vertical
b} Show that the acceleration a of the food pack is
)%y, (c) What values do the acceleration and
velocity whave shortly after the Boy Scout leaves the vertical
r () What values do the velocity and aceeleration ap-
is the distance x continues 1o increase:

(a) What is the electron’s acce

Motion in One Dimension

Figure P2.49

50. In Problem 49, let the height, k, equal 6.00 m and the speed,
. equal 2.00 m/s. Assume that the food pack starts from
rest. (a) Tabulate and graph the speed-tme graph.
(13) Tabulate and graph the acceleration—time graph, (Let
the range of time be from 0 1o 5.00 s and the tme intervals
be 0.50 5.)

[51.] Two objects, A and B, are connected by a rigid rod that has

a length L. The objects shide along perpendicular guide
rails, as shown in Figure P2.51. It A slides o the left with a
constant speed v, find the velocity of Bwhen a = 60.0°.

Figure P2.51

1 Spreadsheet Problems

51. Use Spreadsheet 2.1 to plot position and velocity as fune-
tions of time for one object traveling at constant velocity
and another traveling with constant acceleration. Choose a
variety of velocity and acceleration values, and view the

graphs. Be sure o investigate zero and negative values. Note.

There are two graphs associated with Spreadsheet 2.1, one
for position versus time and one for velocity versus time.
$2. Spreadsheer 2.2 models the sport of drag racing. Two drag-

sters can have different accelerations Al and A2 as well as
different maximum speeds V1 and V2, Both cars start from
rest at the same starting position. However, a time delay £
in starting times may be inroduced if the cars are quite
different. Enter the following data:

Maximum
Acceleration Speed Delay Time
(Fi/s*) (ft/s) 1 (s)
Car 1 5 300 o
Car 2 (] 250 05

ANSWERS TO CONCEPTUAL PROBLEMS

Answers to Conceptual Problems 53

ur

i Modify Spreadsheet 2.1 10 solve this problem. The police
set up a “speed ap” on the highway. From a police
idden behind a billboard, an officer with a radar gun
measures a motorist’s speed (o be 35.0 m/s. Three seconds
later, she alers her partner, who is in another police car
100 m down the road, The second police
rest accelerating at 2,00 m/s* in pursuit of the speeder
200 5 after receiving the alert. (a) How much tme elaps
before the speeder is overtaken® (b) What is the police car’s
speed when it overtakes the speeder? (c) How far does the
second palice car travel before overtaking the speeder?

car starts from

1. If the particle moves along a line without changing direction,
the displacement and distance over any time interval will be
the same. As a result, the magnitude of the average velocity
and the average speed will be the same. If the particle re-
verses direction, however, then the displacement will be less
than the di In wrn, the magnitude of the average
velocity will be smaller than the average speed.

2. Yes. This occurs when a car is slowing down, so that the di
rection of its acceleration is opposite (o its direction of mo-
tion.

3, For an accelerating particle 1o stop at all, the velocity and
acceleration must have opposite signs, so that the speed is
decreasing. Given that this is the case, the partcle will even-
tually come o rest. If the acceleration remains constant, how-
ever, the particle must begin to move again, opposite o the

direction of its original motion. If the particle comes to rest

and then stays at rest, the acceleration has disappeared at

the moment the motion stops. This is the case | braking
car—the acceleration is negative and goes to zero as the car
comes to rest.

. Once the objects leave the hand, both are freely falling ob-
Jecis, and both experience the same downward acceleration
equal to the free-fall acceleration of magnitude 9.80 m/s".

. ) As i ravels upward, its speed decreases by 9.80 m /s dur-
ing each second of its motion. When it reaches the peak of
its motion, its speed becomes zero. As the ball moves down-
ward, its speed increases by %.80 m/s each second. (b) The
aceeleration of the ball remains constant while it b5 in the

-fall acceler

-

air. Its magnide of its acceleration is the
ation, g = 9.80 m/s.
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CHAPTER OUTLINE
3.1 The Displacement, Velocity.
and Acceleration Vectors

3.2 TwoDimensional Motion with

Constant Ac

1.3 Projectile Me

3.4 Uniform Circular Motion

3.5 Tangential and Ra
Acceleration

Motion 1n Two
Dimensions

which is two-dimensional motion. Some common examples of motion
in a plane are the motion of projectiles and satellites and the motion
of charged particles in uniform electric fields. We begin by showing that
displacement, velocity, and acceleration are vector quantities. As in the
case of onelimensional motion, we derive the kinematic equations for two-
dimensional motion from the fundamental definitions of displacement,

In this chapter we deal with the kinematics of a particle moving in a plane,

A mubtiflash photograph of a B
popular lecture demonstration
in which o projectile is fired at
@ target that is being held by o
magnet in the device at the top
right of the photegraph. The
conditions of the experiment
are that the gun is aimed ot the
target and the projectile leaves
the gun at the instant the tar-
get is released from rest. Under
these conditions the projectile
will hit the target, independent
of the initinl spoad of the pro-
jectile. The reason is that they

hence the velocities of the pro-
jectile and target change by the
sama amount in the same fime
interval. Note that the velacity
of the projectile (red arrows)
changes in direction and mag-
nitude, whereas its downwerd
occaleration violet orrows) re-
mains constant.  (Canirol Scien:
tific Company]

3.1 The Displacement, Velocity, and Acceleration Vectors

velocity, and acceleration. As special cases of motion in two dimensions, we then
treat constant-acceleration motion in a plane and uniform circular motion.

3.1 - THE DISPLACEMENT, VELOCITY,
AND ACCELERATION VECTORS

In Chapter 2 we found that the motion of a particle moving along a straight line is
completely known if its coordinate is known as a function of time. Now let us extend
this idea 1o motion in the xy plane. We begin by describing the position of a particle
with a pmimm vector ¥, drawn from the origin of some reference frame 1o the parti-
cle located in the xy plane, as in Figure 3.1. At time t,, the particle is at the point
P, and at some later time, &, the particle is at @, where the indi and frefer o
initial and final values. As the particle moves from P to @ in the time interval
At = = t, the position vector changes from r, to r,. As we learned in Chapter 2,
the displacement of a particle is the difference between its final position and initial
position. Therefore, the displacement vector for the particle of Figure 3.1 equals
the difference between its final position vector and its initial position vector:

:11'51'!—?, [3.1]

As we see |

The direction of Ar is indicated in Figure 3.1
nitude of the displacement vector is less than the distance tr

path.

n the figure, the mag-
reled along the curved

We define the average velocity of the particle during the time interval A¢
as the ratio of the displacement to that time interval:

[3.2]

V=

Ar
At

Because displacement is a vector quantity and the time interval is a scalar quan-
tity, we conclude that the average velocity is a vector quantity directed along Ar. Note
that the average velocity between points Pand Q is independent of the path between
the two points. This is because the average velocity is proportional w the displace-
ment, which in um depends only on the initial and final position vectors and not
on the path taken between those two points, As we did with one-dimensional mo-
tion, we conclude that if a particle starts its motion at some point and returns o
this point via any path, its average velocity is zero for this trip, because its displace-
ment is zero. Consider again the motion of a particle between two points in the xy
plane, as in Figure 3.2,

As the time intervals over which we observe the motion

become smaller and sn

ller, the direction of the displacement approaches that of
the line tangent to the path at the point P.

I'he instantaneous velocity, v, is defined as the limit of the average ve-
locity, Ar/At, as At approaches rero:

55

Figure 3.1 A panticle moving in
the xy plane is located with the po-
sition vector 1 drawn from the ori-
gin to the particle. The displace-
ment of the particle as it moves
from Fto in the time interval
At =t = t,is equal o the vecior
At =r;—rx;

Definition of average velocity
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P

Figure 3.6 11
wrrofag

locity of whic

The vector v

ent of the projec

iy were absent, ar

is its vertical displacemen

tisplacement ves

Chapter 3 Motion in Tuo Dimensions

(Left) This mulriflash photograph of two balls released simultaneously illustrates both free fall
{red ball) and projectile motion (yvellow ball). The vellow ball was projected horizontally,
whereas the red ball was released from rest. Can you explain why both balls reach the floor
simultancously? (@ Richard Megwa 19%), § (Right) Mu
tennis plaver executing @ backhand swing. Note that the ball follows a pars

lash exposure of o

ath character

istic of a projectile. Such photwographs

be used 1o study the quality of sports equipment §

the | nance of an athlete. (© Zin FIG Internintion

T'he vector expression for the position vector of the projectile as a function of
time follows directly from Equation 3.9, with a = gz

r=w,t+ gt

T'his expression gives the same information as the combination of Equations 3.12
and 5.13 and is ploted in Figure 3.6, Note that this expression for r is consistent

33 Projectile Motion

with Equation 3.13, because the expression for r is a vector equation anda = g =
— gj when the upward direction is taken to be positive.

It is interesting to note that the motion of a particle can be considered the
superpasition of the term v, ¢, which would be the displacement if no acceleration
were present, and the term 5;.'3'. which arises from the acceleration due to gravity.
In other words, if there were no gravitational acceleration, the particle would con-
tinue to move along a straight path in the direction of v,. Therefore, the vertical
distance $gt* through which the particle “falls” off the straight-path line is the same
distance a freely falling body would fall during the same time interval. We conclude
that projectile motion is the superposition of two motions: (1) constant veloc-
ity motion in the initial direction and (2) the motion of a particle freely falling
in the vertical direction under constant acceleration.

Horizontal Range and Maximum Height of a Projectile Let us assume that a
projectile is fired from the origin at £ = 0 with a positive v, component, as in Figure
3.7. There are two special points that are interesting to analyze: the peak that has
Cartesian coordinates (R/2, h) and the point having coordinates (R, 0). The dis-
tance R is called the horizomtal range of the projectile and h is its maximum heght,
Let us find hand R in terms of w,, 8, and g

We can determine 4 by notng that at the peak v, = (. Therefore, Equation
3.11 can be used to determine the time § it takes to reach the peak:

Ty sin fy
yh=—
g
Substituting this expression for f into Equation 3.13 and replacing y with A
gives kin terms of v, and 6,:

5 T Sin Ty Sin )\ 2
h = (u, sin 8 e ie (“7)
g g
? sin 4
prm 0 3.17]
£
I'he range, K, is the horizonal distance traveled in twice the time it akes wo
reach the peak —that is, in a time 2¢, . (This can be seen by setting y = 0 in Equation
3.13 and solving the quadratic for £ One solution of this quadratic is ¢ = 0, and
the other is ¢t = 21,.) Using Equation 3.12 and noting that x = R at t = 21, we
find that

23, sin 8, * sin #; cos 8,

R = (w, cos 8,)26 = (1 cos B)
g 4
n 8 cos #, R can be written in the most compact form

Because sin 26 = 2
2" sin 28,

e [3.18]

I

Keep in mind that Equations 3,17 and 3.18 2

e useful for calculating b and R only
if v, and #, are known and only for a symmetric path, as sk n in Figure 3.7 (which

means that only ¥, has to be specified). The general expressions given by Equa

ns

3.10 through 3.13 are the more important results, becauss v give the coordinates

and velocity components of the projectile at any time ¢
You should note that the imum value of R from Equation 3,18 is given by

. This result follows from the fact that the maximum value of sin 26,

63
¥
o= 0
I
E)
h
I L
R— -

Figure 3.7 A projeciile fired from
the origin at ¢ = 0 with an initial
velocity v, The maximum height
of the projectile is b and its hori-
zontal range is R At the peak of
the trajectory, the y component of
its velociry is zero and the projec-
tile has coordinates (£, 4)
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74 Chapter 3

for (b} the velocity vector v versus time and (<) the aceel-
eration vector a versus time. (d) Find the x and y coordi-
nates of the golf ball at ¢ = 3.00 s. Using the unit vectors i
and j. write expressions for (¢) the velocity v and (f) the
acceleration a at the instant § = 3.00 5.

The coordinates of an object moving in the xy plane
vary with time according w0 the equations x=
—(5.00 m) sin(f) and 3= (4.00m) — (5.00 m) cos(s),
where ¢ is in scconds. (a) Determine the components
of velocity and components of acceleration at =05,
(b} Write expressions for the position vector, the velocity
vector, and the acceleration veclor at any time > 0.
(c) Describe the path of the object in an xy plot.

ion 3.2 Two-Di ional Motion
with Constant Acceleration

Al ¢ = 0, a particle moving in the sy plane with constant

acceleration has a velocity of v, = (3.008 — 2.00§) m/s a

the origin. A1 (= 3.00s the particle's velocity is v =

(9.008 + 7.009) m/s. Find (a) the acceleration of the par-

ticle and (b) its coordinates at any time &

. The vector position of a particle varies in tme according
1o the expression r = (3.00i — 6.00£§) m. (a) Find expres-
stons for the velocity and acceleration as functions of tme.
(b) Determine the particle’s position and velocity at ¢ =

__1.00s

UA fish swimming in a horizontal plane has velocity v, =

(4:008 + 1.00§) m/s when its displacement from a certain
rock is r, = (1008 = 4.00§) m. After the fish swims with
constant acceleration for 20005, i velocity is v =
(20,08 — 5.00§) m/s. (a) What are the components of the

(b) What is the direction of the aceelera

tion with respect 1o unit vector i7 (c) Where is the fish at

t = 250 s and in what direction is it moving?

A particle initially located at the origin has an acceleration

of a=300fm/s and an init velocity of w,

1. (08 & Find (4) the vector position and velocity at any

time ¢and (b) the coordinates and speed of the particle ar

t=200s

=

=

accelerar

*

Section 3.3 Projectile Motion
(Neglect air resistance in all problems. Use g = 9.80 m/s".)

9.]1n a local bar, a customer slides an empty beer mug on the
counter for a refill. The bartender is momentarily distracted
and does not see the mu hich slides off the counter and

strikes the floor 1.40 m fic base of the counter. If the

height of the counter is 0860 m, (1) with what velocity did
the mug leave the counter, and (b) whar was the direction
I the mug’s velocity just before it hit the foor?

A
fro

nt decides to measure the muzzle velocity of a pellet
un. He points the gun horizontally. He places a

Motion in Twe Dimensions

target on a vertical wall a distance xaway from the gun. The
peller hits the target a vertical distance y below the gun.
(a) Show that the position of the pellet when traveling
through the air is given by y = Ax®, where A is a constant.
(b) Express the constant A in terms of the initial velocity
and the freedall acceleration. (¢) If x = 3.00 m and y =
0.210 m, what is the initial speed of the peller?

11. A golfer wants 1w drive a golf ball a distance of 310 yards

(283 m). If the fourwood launches the ball at 15.0° above
the horizontal, what must be the initial speed of the ball 1o
achieve the required distance?

2 One strategy in a snowhall fight is 1o throw a snowball at a
high angle over level ground. While your opponent is watch-
ing the first one, you throw a second snowball ata low angle
timed 1o amive before or at the same time as the first one,
Assume  both snowballs are thrown with a speed of
25.0 m/s. The first one is thrown at an angle of 70.0° with
respect 1o the horizontal. (a) At what angle should the sec-
ond snowball be thrown to arrive at the same point as the
first? (h) How many seconds later should the second snow-
ball he thrown after the first 1o arrive at the same time?

15 A wnnis plaver stancing 12.6 m from the net hits the ball
at 3.00° above the horigontal. To clear the net, the ball muse
rise at least 0.330 m, If the ball just clears the net atthe apex
of ns trajectory, how fast was the ball moving when it left
the racker?

14, An artillery shell is fired with an i velocity of 300 m/s
at 55,0 above the horizontal. It explodes on a mountainside
42,0 s after firing. What are the x and y coordinates of the
shell where it explodes relative 10 its firing point?

15. An astronaut on o srange planet finds that she can

jump a maxmum horizonal distance of 15.0 m if her inital
speed is 300 m/s, What is the free-dall aceeleration on the
planet?
A ball is tossed from an uppersiory window. The ball is
given an initial velocity of 800 m/s at an angle of 20.0°
below the horizontal. It strikes the ground 3.00 s laer.
{a) How far horizontally from the base of the building docs
the hall strike the ground? (b) Find the height from which
the ball was thrown. {¢) How long does it take the ball w
reach a point 10.0 m below the level of launching?

17. A ball is thrown horizontally from the top of a building
35.0 m high. The ball strikes the ground at a point 80.0 m
from the base of the building. Find (a) the ume the ball is
in flight, (b) its initial velocity, and (c) the xand y compo-
nents of velocity just before the ball strikes the ground.

= A cannon with a muzzle speed of 1000 m /s is used 1o destroy

a target on a mountain top. The target is 2000 m from the

cannon horizontally and 800 m above the ground. At what

_angle, relative wo the ground, should the cannon be fired?

A placekicker must kick a football from a point 36.0 m

{about 40 vards) from the goal and the ball must clear the

hich is 5 m high. The ball leaves the grour

when kicked with a speed of 20.0 m/s at an angle of 53.0°

crosshar

20,

23

to the horizontal. (a) By how much does the ball clear or
fall short of cearing the crossbar? (b) Does the ball ap-
proach the crossbar while still rising or while falling?

A fireman, 50.0 m away from a burning building, dirccts a
stream of water from a fire hose at an angle of 30.0° above
the horizontal. If the speed of the stream is 40.0 m/s, at
what height will the stream of water sirike the building?
The speed of a projectile when it reaches its maximum
height is one half of its speed when it is at half its maximum
height. What is the initial projection angle of the projectile?

- A soccer player kicks a rock horizomally off a 40.0-m-high

cliff inte a pool of water. If the plaver hears the sound of
the splash 3.00 s later, what was the initial speed given 1o
the rock? Assume the speed of sound in air o be 343 m/s.
During the 1968 Olympics in Mexico City, Bob Beamon ex-
ccuted a record long jump. The horizontal distance he
achieved was 8.90 m, His center of gravity started at an el
evation of 1.00 m, reached a maximum height of 1.90 m,
and finished at 00150 m. From these daa determine
{a) his ime of flight, (b) his horizontal and vertical velocity
components at the wkeofl ime, and (c) his takeoff angle.

Section 3.4 Uniform Circular Motion

24.

The orbit of the Moon around the Earth is approximately
circular, with a mean radius of 3.84 % 10% m. It takes 27.3
days for the Moon 10 complete one revolution around the
Earth. Find (a) the mean orbital speed of the Moon and
(b) its centripetal acceleration.

25./An athlete rottes a 1.00-kg discus along a circular path

¥

1]

of radius 1.06 m (Figure P3.25). The maximum speed ol
the discus is 20.0 m/s. Determine the magnimde of the max-
imum radial acceleration of the discus.

b, A tire 0500 m in radius rotates al a constant rate of

200 rev/min. Find the speed and magnitude of accelera-
tion of a small sone lodged in the outer edge of the
tread of the tire

7. Young David who slew Goliath experimented with slings be-

fore tackling the giant. He found that he could revolve a
sling of length 0.600 m at the rate of 8.00 rev/s, If he
creased the length 1o 0.900 m, he could revolve the sling
only 6.00 times per second. (a) Which rate of rotation gives
the greater linear speed? (b) What is the centripetal accel.
eration at 8.00 rev/s? (c) What is the cemripetal accelera-
tion at 6.00 rev/s?

An astronaut standing on the Moon fires a gun so that the
I i

of 01

bullet leaves the barrel initially moving in a horize
rection. (a) What must be the muzzle speed of the bu
it travels completely around the Moon and retur
its original location? (b) How long is the bullet in flighi?

Assume that the free
th
If the rotation of the Earth inereased so that the centripeia

all acecleration on the Moon is one

sixth that on the Es

acceleration was equal 10 the graviational acceleration 1

Figure P3.25

the Equator, (a) what would be the angential speed of a
person standing at the Equator, and (b) how long would a
day be?

Section 3.5 Tangential and Radial

Acceleration

30. An amtomobile, the speed of which is increasing at a rate

of 0,600 m/s*, wavels along a circular road of radius
20.0 m. When the instantaneous speed of the automobile
is 400 m/s, find (a) the wangential acceleration compo
nent, (b} the centripetal acceleration component, and
of the 1ot

(c) the magnimde and direc aceeleration

A train slows down as it rounds a sharp horizontal turn,

slowin, m 90.0 km/h to 50.0 km/h in the 150 s that it
takes to tound the bend, The radius of the curve is 150 m.
Compute the acceleration at the moment the train speed
reaches 50.0 km/h, assuming it contimues to slow down at
this time.

32, A point on a rotating wrnable 20.0 em from the center

accelerates from rest to a final speed of 0.700 m/s in
175 s AL = 1.25 5, find the magnitude and direction of
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4.2 Newton's First Law anel Inertial
Frames

4.3 Inertial Mass

4.4 Newton's Second Law

4.5 The Gravitational Force and
Weight
4.6 Newton's Third Law

4.7 Some Applications of Newton's

Laws

The Laws of Motion

particles based on the definitions of displacement, velocity, and accelera-
tion. However, we would like to be able to answer specific questions related
o the causes of motion, such as, “What mechanism causes ion?” and,
“Why do some objects accelerate at higher rates than others:” In this chapter

we shall deseribe the change in motion of particles using the concepis of force

In the preceding two chapters on kinematics, we described the motions of

and mass, We then discuss the three fund | laws of motion, which are
based on experimental observations and were formulated about three cen-
turies ago by Sir lsaae Newton.

Classical mechanics describes the relationship b the ion of a

body and the forces acting on it. Classical mechanics deals only with objects
that are large compared with the dimensions of atoms (— 10" m) and that
move at speeds much slower than the speed of light (3.00 X 10" m/s).

We learn in this chapter how to describe the acceleration of an object in
terms of the resultant force acting on the object and its mass. This force
represents the interaction of the object with its environment, Mass is a mea-
sure of the object’s tend-
ency to resist an accelera-
tion when a force acts on it

We also discuss  fore
laws, which describe how o

Calf-roping, as shown in this B e ——

phetograph token in Steam-
boat, Colorado, is a standard

Can you identify the forces act-
ing on the calf?  (Fourbyfve, inc ]

4.1 The Coniept of Forer

calculate the foree on an object if its environment is known. We shall see that,
although the force laws are simple in form, they successfully explain a wide variety
of phenomena and experimental observations. They, together with the laws of mo-
tion, are the foundations of classical mechanics,

4.1 + THE CONCEPT OF FORCE

Everyone has a basic understanding of the concept of force as a result of everyday
experiences, When you push or pull an object, you exert a force on it. You exert a
force when vou throw or kick a ball. In these examples, the word foree is associated
with the result of muscular activity and with some change in the staie of motion of
an object. Forces do not always cause an object to move, however. For example, as
you sit reading this book, the force of gravity acts on your hody, and vet you remain
stationary, Likewise, you can push on a block of stone and vet fail to move it

What force (if any) canses a distant star to drift freely through space? Newton
answered such questions by stating that the change in velocity of an object is caused
by unbalanced forces. Therefore, if an object moves with uniform motion (constant
velocity), no force is required to maintain the motion. Because only a force can
cause a change in velocity, we can think of force as that which causes a body 10
accelerate.

Now consider a situation in which several forces act simultancously on an ob-
ject. In this case, the object accelerates only if the net foree acting on it is not equal
1o zero. We shall ofien refer to the net force as the wesultant force or as the unbalanced
Jorce. If the net force is zero, the acceleration is zero and the velocity of the
object remains constant. That is, if the net force acting on the object is 2 either
the object will be at rest or it will move with constant velocity. When a body has
constant velocity or is at rest, it is said to be in equilibrium.

This chapter is concerned with the relation between the force on an object and
the acceleration of that object. If you pull on a spring, as in Figure 4.1a, the spring
stretches. If the spring is calibrated, the distance it streiches can be used to me e
the strength of the force, Ifa child pulls hard enough on a cart to ¢ yme fricti
as in Figure 4.1b, the cart moves. When a football is kicked. as in Figure 4.1¢,
hoth deformed and set in motion, These are all examples of a class of forces called
amiact forces. That is, they represent the result of physical contact between wo
objects.

Another class of forces, which do not involve physical contact between wo
objects but act through empty space, are known as field forces, The force of gravi-
L attraction between two objects is an example of this class of force, il
in Figu -1d. This gravitational force keeps objects hound to the Earth and gives
nse to what we commaonly call the weight of an object. The planets of our solar
system are bound under the action of gravitational forces. Another common ex-

is

=l

ample of a field force is the electric force that one electric charge exerts on another
electric charge, as in Figure 4.1e, These charges might be an electron and proton

forming a hydrogen atom. A third example of a field force is the force that a bar

magnet exerts on a piece of iron, as shown in Figure 4.1, The forces holding an
¢ also field forces but are usually very shortrange, They
on for particle separations of 1
Early scientists, including Newton, were uneasy with

atomic nucleus together

are the dominating inter - order of 107" m

e concept of a [orce

acting between two disconnected objects. To overcome this concepuual problem,
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* A body accelerates due to an
external force.

*  Definition of equilibrium

is %1 in motion as a re-

contact force Fon i
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