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Preface

The introductory physics course, variously known as “‘general physics” or
“college physics,” is usually a two-semester in-depth survey of classical topics
capped off with some selected material from modern physics. Indeed the name
“college physics” has become a euphemism for introductory physics without
calculus. Schaum’s Outline of College Physics was designed to uniquely
complement just such a course, whether given in high school or in college. The
needed mathematical knowledge includes basic algebra, some trigonometry, and a
tiny bit of vector analysis. It is assumed that the reader already has a modest
understanding of algebra. Appendix B is a general review of trigonometry that
serves nicely. Even so, the necessary ideas are developed in place, as needed. And
the same is true of the rudimentary vector analysis that’s required—it too is taught as
the situation requires.

In some ways learning physics is unlike learning most other disciplines. Physics
has a special vocabulary that constitutes a language of its own, a language
immediately transcribed into a symbolic form that is analyzed and extended with
mathematical logic and precision. Words like energy, momentum, current, flux,
interference, capacitance, and so forth, have very specific scientific meanings.
These must be learned promptly and accurately because the discipline builds layer
upon layer; unless you know exactly what velocity is, you cannot know what
acceleration or momentum are, and without them you cannot know what force is,
and on and on. Each chapter in this book begins with a concise summary of the
important ideas, definitions, relationships, laws, rules, and equations that are
associated with the topic under discussion. All of this material constitutes the
conceptual framework of the discourse, and its mastery is certainly challenging in
and of itself, but there’s more to physics than the mere recitation of its principles.

Every physicist who has ever tried to teach this marvelous subject has heard the
universal student lament, “I understand everything; I just can’t do the problems.”
Nonetheless most teachers believe that the “doing” of problems is the crucial
culmination of the entire experience, it’s the ultimate proof of understanding and
competence. The conceptual machinery of definitions and rules and laws all come
together in the process of problem solving as nowhere else. Moreover, insofar as the
problems reflect the realities of our world, the student learns a skill of immense
practical value. This is no easy task; carrying out the analysis of even a
moderately complex problem requires extraordinary intellectual vigilance and
unflagging attention to detail above and beyond just “knowing how to do it.”
Like playing a musical instrument, the student must learn the basics and then
practice, practice, practice. A single missed note in a sonata is overlookable; a
single error in a calculation, however, can propagate through the entire effort
producing an answer that’s completely wrong. Getting it right is what this book is
all about.

Although a selection of new problems has been added, the 9th-edition revision
of this venerable text has concentrated on modernizing the work, and improving the
pedagogy. To that end, the notation has been simplified and made consistent
throughout. For example, force is now symbolized by F and only F;, thus
centripetal force is F¢, weight is Fyy, tension is Fr, normal force is Fy, friction is
Fy, and so on. Work (W) will never again be confused with weight (Fy), and period

iii
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v

SIGNIFICANT FIGURES

(T) will never be mistaken for tension (F7). To better match what’s usually written in
the classroom, a vector is now indicated by a boldface symbol with a tiny arrow
above it. The idea of significant figures is introduced (see Appendix A) and
scrupulously adhered to in every problem. Almost all the definitions have been
revised to make them more precise or to reflect a more modern perspective. Every
drawing has been redrawn so that they are now more accurate, realistic, and
readable.

If you have any comments about this edition, suggestions for the next edition, or
favorite problems you’d like to share, send them to E. Hecht, Adelphi University,
Physics Department, Garden City, NY 11530.

Freeport, NY EuGeNE HEcHT
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Chapter 1

Introduction to Vectors

A SCALAR QUANTITY, or scalar, is one that has nothing to do with spatial direction. Many
physical concepts such as length, time, temperature, mass, density, charge, and volume are scalars;
each has a scale or size, but no associated direction. The number of students in a class, the quan-
tity of sugar in a jar, and the cost of a house are familiar scalar quantities.

Scalars are specified by ordinary numbers and add and subtract in the usual way. Two candies in one
box plus seven in another give nine candies total.

A VECTOR QUANTITY is one that can be specified completely only if we provide both its mag-
nitude (size) and direction. Many physical concepts such as displacement, velocity, acceleration,
force, and momentum are vector quantities. For example, a vector displacement might be a change
in position from a certain point to a second point 2 cm away and in the -direction from the
first point. As another example, a cord pulling northward on a post gives rise to a vector force
on the post of 20 newtons (N) northward. One newton is 0.225 pound (1.00 N = 0.225 1b). Simi-
larly, a car moving south at 40 km/h has a vector velocity of 40 km/h-soUTH.

A vector quantity can be represented by an arrow drawn to scale. The length of the arrow is
proportional to the magnitude of the vector quantity (2 cm, 20 N, 40 km/h in the above examples).
The direction of the arrow represents the direction of the vector quantity.

In printed material, vectors are often represented by boldface type, such as F. When written by hand,
the designations F and F are commonly used. A vector is not completely defined until we establish some
rules for its behavior.

THE RESULTANT, or sum, of a number of vectors of a particular type (force vectors, for example)
is that single vector that would have the same effect as all the original vectors taken together.

GRAPHICAL ADDITION OF VECTORS (POLYGON METHOD): This method for finding
the resultant R of several vectors (A, B, and C) consists in beginning at any convenient point and
drawing (to scale and in the proper directions) each vector arrow in turn. They may be taken in
any order of succession: A+ B+ C =C+A+B=R. The tail end of each arrow is positioned at
the tip end of the preceding one, as shown in Fig. 1-1.

End

VAN
o

X\W)\\“Sgﬂ
i
==}

>l

Start
Fig. 1-1
1
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2 INTRODUCTION TO VECTORS [CHAP. 1

The resultant is represented by an arrow with its tail end at the starting point and its tip end at the
tip of the last vector added. If R is the resultant, = |R| is the size or magnitude of the resultant.

PARALLELOGRAM METHOD for adding two vectors: The resultant of two vectors acting at
any angle may be represented by the diagonal of a parallelogram. The two vectors are drawn as
the sides of the parallelogram and the resultant is its diagonal, as shown in Fig. 1-2. The direc-
tion of the resultant is away from the origin of the two vectors.

Fig. 1-2

SUBTRACTION OF VECTORS: To subtract a vector B
of B and add individually to vector A, that is, A — B = A +

—

from a vector A, reverse the direction
(—B).

THE TRIGONOMETRIC FUNCTIONS are defined in relation to a right angle. For the right tri-
angle shown in Fig. 1-3, by definition

. opposite adjacent opposite
sm9:L:—, 0059:J7:—, tan&zp.p—z—
hypotenuse hypotenuse adjacent
We often use these in the forms
= sind = cos¥f = tand

hypotenuse
c opposite—6
B
0
adjacent-6
A
Fig. 1-3

A COMPONENT OF A VECTOR is its effective value in a given direction. For example, the -
component of a displacement is the displacement parallel to the -axis caused by the given displa-
cement. A vector in three dimensions may be considered as the resultant of its component vectors
resolved along any three mutually perpendicular directions. Similarly, a vector in two dimensions
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Fig. 1-4

may be resolved into two component vectors acting along any two mutually perpendlcular direc-
tions. Figure 1-4 shows the vector R and its and vector components, R and R , which have
magnitudes

IR | = |R|cos @ and IR | = |R|sin 6
or equivalently

= cosf and = sin @

COMPONENT METHOD FOR ADDING VECTORS: Each vector is resolved into its -, -,
and -components, with negatively directed components taken as negative. The scalar -component

of the resultant R is the algebraic sum of all the scalar -components. The scalar - and -
components of the resultant are found in a similar way. With the components known, the magni-
tude of the resultant is given by

24 24 2
In two dimensions, the angle of the resultant with the -axis can be found from the relation

tan 0 = —

UNIT VECTORS have a magnitude of one and are represented by a boldface symbol topped

with a caret. The special unit vectors i, j, and k are assigned to the -, -, and -axes, respec-

tively. A vector 3i represents a three-unit vector in the + -direction, while —5k represents a five-

unit vector in the — -direction. A vector R that has scalar -, -, and -components , , and
, respectively, can be written as R = i+ J+ K.

THE DISPLACEMENT: When an object moves from one point in space to another the displa-
cement is the vector from the initial location to the final location. It is independent of the actual
distance traveled.
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Solved Problems

1.1  Using the graphical method, find the resultant of the following two displacements: 2.0 m at 40°
and 4.0 m at 127°, the angles being taken relative to the + -axis, as is customary. Give your
answer to two significant figures. (See Appendix A on significant figures.)

Choose - and -axes as shown in Fig. 1-5 and lay out the displacements to scale, tip to tail from the
origin. Notice that all angles are measured from the + -axis. The resultant vector R points from starting
point to end point as shown. We measure its length on the scale diagram to find its magnitude, 4.6 m. Using
a protractor, we measure its angle € to be 101°. The resultant displacement is therefore 4.6 m at 101°.

VA
74 210.0°
(25.0 m) cos 30.0° \
X
4.0 m
ﬁ (25.0 m) sin 30.0°
QI—\A 127°
0 2.0m
%40.0° ~
X
Fig. 1-5 Fig. 1-6

1.2 Find the - and -components of a 25.0-m displacement at an angle of 210.0°.

The vector displacement and its components are shown in Fig. 1-6. The scalar components are
-component = —(25.0 m) cos 30.0° = —21.7 m
-component = —(25.0 m) sin 30.0° = —12.5 m

Notice in particular that each component points in the negative coordinate direction and must therefore be
taken as negative.

1.3  Solve Problem 1.1 by use of rectangular components.

We resolve each vector into rectangular components as shown in Fig. 1-7( ) and ( ). (Place a cross-
hatch symbol on the original vector to show that it is replaced by its components.) The resultant has scalar
components of

=158m-241m=-08m =129m+319m=448m

Notice that components pointing in the negative direction must be assigned a negative value.
The resultant is shown in Fig. 1.7( ); there, we see that

= \/(0.88 m)? + (448 m)> =4.6 m tan ¢ =

and ¢ = 79°, from which § = 180° — ¢ = 101°. Hence R =4.6 m—101° FroM +x-AX1s; remember vectors
must have their directions stated explicitly.
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VA Ay
4.0 m
2.0m (4.0 m) sin 53°
=3.19m
(2.0 m) sin 40°
=1.29m
A , 53N 1277\
(2.0 m) cos 40°=1.53 m * (4.0 m)cos 53°=2.41m x
(a) (b)
Fig. 1-7

~

448 m

1.4  Add the following two force vectors by use of the parallelogram method: 30 N at 30° and 20 N at
140°. Remember that numbers like 30 N and 20 N have two significant figures.

The force vectors are shown in Fig. 1-8( ). We construct a parallelogram using them as sides, as shown
in Fig. 1-8( ). The resultant R is then represented by the diagonal. By measurement, we find that R is 30 N at

72°.

140° 30N

Fig. 1-8

1.5  Four coplanar forces act on a body at point
graphically.

as shown in Fig. 1-9( ). Find their resultant

Starting from , the four vectors are plotted in turn as shown in Fig. 1-9( ). We place the tail end of

each vector at the tip end of the preceding one. The arrow from
resultant of the vectors.

20°]
100 N 160
110N
20°1 0 80N X .
160 N > 50
(@) (b)

Fig. 1-9

to the tip of the last vector represents the

110
30°/

100
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We measure  from the scale drawing in Fig. 1-9( ) and find it to be 119 N. Angle « is measured by
protractor and is found to be 37°. Hence the resultant makes an angle § = 180° — 37° = 143° with the
positive -axis. The resultant is 119 N at 143°.

1.6  The five coplanar forces shown in Fig. 1-10( ) act on an object. Find their resultant.

(1) First we find the - and -components of each force. These components are as follows:

Force -Component -Component

190N 190N 0N

150N (15.0 N) cos 60.0° = 7.50 N (15.0 N) sin 60.0° = 13.0 N
16.0 N —(16.0 N) cos 45.0° = —11.3 N (16.0 N) sin 45.0° = 11.3 N
I1.ON —(11.0 N) cos 30.0° = —9.53 N —(11.0 N) sin 30.0° = —5.50 N
220N 0N —-220N

Notice the + and — signs to indicate direction.

(2) The resultant R has components =Y and =Y ,whereweread® as “thesum ofall the -
force components.” We then have

=190N+750N—-11.3N-953N+0N=+57N
=0N+130N+1I3N-550N-220N=-32N

=y 2+ 2=65N

(4) Finally, we sketch the resultant as shown in Fig. 1-10( ) and find its angle. We see that

32N
tan ¢ = ﬂ =0.56
from which ¢ =29°. Then 6= 360°—29° = 331°. The resultant is 6.5 N at 331° (or —29°) or
R = 6.5 N—331° FROM +X-AXIS.

(3) The magnitude of the resultant is

y VA
150N
160N

45.0° \6("0 0 \ 57N
— —_—
30.0° 190N x P %
11.0N > 32N

R
220N

Fig. 1-10



CHAP. 1] INTRODUCTION TO VECTORS 7

1.7

1.8

1.9

Solve Problem 1.5 by use of the component method. Give your answer for the magnitude to two
significant figures.

The forces and their components are:

Force -Component -Component

80 N 80 N 0

100 N (100 N) cos 45° =71 N (100 N) sin 45° =71 N
110 N —(110 N) cos 30° = —95 N (110 N) sin 30° =55 N
160 N —(160 N) cos 20° = —150 N —(160 N) sin 20° = =55 N

Notice the sign of each component. To find the resultant, we have

=Y =8N+T7IN-95N-150N=-94N
=Y =0+7IN+5N-5N=7IN

The resultant is shown in Fig. 1-11; there, we see that
=/ (94N + (71N =12x 10> N

Further, tana = (71 N)/(94 N), from which o = 37°. Therefore the resultant is 118 N at 180° — 37° = 143°
or R = 118 N—143° FROM +X-AXIs.

R 100N

30N
71N

94 N X

Fig. 1-11 Fig. 1-12

A force of 100 N makes an angle of # with the -axis and has a scalar -component of 30 N. Find
both the scalar -component of the force and the angle . (Remember that the number 100 N has
three significant figures whereas 30 N has only two.)

The data are sketched roughly in Fig. 1-12. We wish to find  and 6. We know that
30 N
100 N
0 = 17.46°, and thus, to two significant figures, # = 17°. Then, using the cos #, we have

= (100 N) cos 17.46° = 95 N

sin 6 = =0.30

A child pulls on a rope attached to a sled with a force of 60 N. The rope makes an angle of 40° to
the ground. ( ) Compute the effective value of the pull tending to move the sled along the ground.
() Compute the force tending to lift the sled vertically.
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As shown in Fig. 1-13, the components of the 60 N force are 39 N and 46 N. ( ) The pull along the
ground is the horizontal component, 46 N. ( ) The lifting force is the vertical component, 39 N.

F,=60sin40°=39N

60 N
40°
—_—
F,. =60 cos 40° =46 N X
Fig. 1-13 Fig. 1-14
1.10 A car whose weight is is on a ramp which makes an angle 6 to the horizontal. How large a

perpendicular force must the ramp withstand if it is not to break under the car’s weight?

As shown in Fig. 1-14, the car’s weight is a force F that pulls straight down on the car. We take
components of F along the incline and perpendicular to it. The ramp must balance the force component
cos 6 if the car is not to crash through the ramp.

1.11  Express the forces shown in Figs. 1-7( ), 1-10( ), 1-11, and 1-13 in the form R = i+ j+ k
(leave out the units).

Remembering that plus and minus signs must be used to show direction along an axis, we can write

=L

For Fig. 1-7( ): = —0.88i + 4.48j
For Fig. 1-10( ): R=57i—32j
For Fig. 1-11: R = —94i + 71j
For Fig. 1-13: R = 46i + 39j

1.12° Three forces that act on a particle are given by F, = (205 —36j+ 7312) N,
F, = (—17i + 21j — 46k) N, and F; = (—12k) N. Find their resultant vector. Also find the mag-
nitude of the resultant to two significant figures.

We know that

=3 =20N-17N+0N=3N
=Y =-36N+2IN+O0ON=-I5N
=3 =73N-46N-12N=15N

Since R= i+ j+ k, we find
R =3i— 15+ 15k
To two significant figures, the three-dimensional pythagorean theorem then gives

=4/ 2+ 24+ 2=V459=21N



CHAP. 1] INTRODUCTION TO VECTORS 9

1.13

1.14

1.15

1.16

Perform graphically the following vector additions and subtractions, where A, B, and C are the
vectors shown in Fig. 1-15: ( )A+B; ( ) A+B+C; ()A—B;( )A+B-C.

See Fig. 1-15( ) through ( ). In (), A — B = A + (—B); that is, to subtract B from A, reverse the
direction of B and add it vectorially to A. Similarly, in ( ), A+ B — C = A + B + (—C), where —C is equal
in magnitude but opposite in direction to C.

S
. B B
A , i o
< + B
1e8 . -B
- A e
B T A /
A-B
(@) (b) () (d)
Fig. 1-15

If A = —12i + 25j+ 13k and B = —3j + 7k, find the resultant when A is subtracted from B.
From a purely mathematical approach, we have
B — A = (=3j+ 7k) — (—12i + 25) + 13k)
= —3j+ 7k 4 12i — 25j — 13k = 12i — 28j — 6k

Notice that 12i — 25j — 13k is simply A reversed in direction. Therefore we have, in essence, reversed A and
added it to B.

A boat can travel at a speed of 8 km/h in still water on a lake. In the flowing water of a stream, it
can move at 8§ km/h relative to the water in the stream. If the stream speed is 3 km/h, how fast can
the boat move past a tree on the shore when it is traveling ( ) upstream and ( ) downstream?

() If the water was standing still, the boat’s speed past the tree would be 8 km/h. But the stream is
carrying it in the opposite direction at 3 km/h. Therefore the boat’s speed relative to the tree is
8 km/h — 3 km/h = 5 km/h.

() In this case, the stream is carrying the boat in the same direction the boat is trying to move. Hence its
speed past the tree is 8 km/h + 3 km/h = 11 km/h.

A plane is traveling eastward at an airspeed of 500 km/h. But a 90 km/h wind is blowing south-
ward. What are the direction and speed of the plane relative to the ground?

The plane’s resultant velocity is the sum of two velocities, 500 km/h—©gasT and 90 km/h — souTH.
These component velocities are shown in Fig. 1-16. The plane’s resultant velocity is then

— /(500 km/h)® + (90 km/h)* = 508 km/h



10

1.17

1.18

1.19

1.20

1.21

1.22

1.23
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N N
500 km/h
90 km/h
500 km/h 0 = _
-, — - >
a E R E
~ 90 km/h
R
Fig. 1-16 Fig. 1-17
The angle « is given by
90 km/h
t =———=0.18
M@ =500 km/h

from which a = 10°. The plane’s velocity relative to the ground is 508 km/h at 10° south of east.

With the same airspeed as in Problem 1.16, in what direction must the plane head in order to
move due east relative to the Earth?

The sum of the plane’s velocity through the air and the velocity of the wind will be the resultant velocity
of the plane relative to the Earth. This is shown in the vector diagram in Fig. 1-17. Notice that, as required,
the resultant velocity is eastward. Keeping in mind that the wind speed is given to two significant figures, it is
seen that sin § = (90 km/h)(500 km/h), from which § = 10°. The plane should head 10° north of east if it is
to move eastward relative to the Earth.

To find the plane’s eastward speed, we note in the figure that = (500 km/h) cos 6 = 4.9 x 10° m/h.

Supplementary Problems

Starting from the center of town, a car travels east for 80.0 km and then turns due south for another 192 km,
at which point it runs out of gas. Determine the displacement of the stopped car from the center of
town. Ans. 208 km—67.4° SOUTH OF EAST

A little turtle is placed at the origin of an  -grid drawn on a large sheet of paper. Each grid box is 1.0 cm by
1.0 cm. The turtle walks around for a while and finally ends up at point (24, 10), that is, 24 boxes along the

-axis, and 10 boxes along the -axis. Determine the displacement of the turtle from the origin at the
point. Ans. 26 cm—23° ABOVE X-AXIS

A bug starts at point , crawls 8.0 cm east, then 5.0 cm south, 3.0 cm west, and 4.0 cm north to point
() How far north and east is from ? ( ) Find the displacement from to  both graphically and
algebraically. Ans. () 5.0 cm—EAsT, 1.0 cm —NORTH; ( ) 5.10 cm— 11.3° SOUTH OF EAST

Find the scalar - and -components of the following displacements in the  -plane: ( ) 300 cm at 127° and
() 500 cm at 220°. Ans. () —180 cm, 240 cm; ( ) —383 cm, —321 cm

Two forces act on a point object as follows: 100 N at 170.0° and 100 N at 50.0°. Find their resultant.
Ans. 100 N at 110°

Starting at the origin of coordinates, the following displacements are made in the -plane (that is, the
displacements are coplanar): 60 mm in the + -direction, 30 mm in the — -direction, 40 mm at 150°, and
50 mm at 240°. Find the resultant displacement both graphically and algebraically. Ans. 97 mm at 158°
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1.24

1.25

1.26

1.27

1.28

1.29

1.30

1.31

1.32

1.33

1.34

1.35

Compute algebraically the resultant of the following coplanar forces: 100 N at 30°, 141.4 N at 45°, and
100 N at 240°. Check your result graphically. Ans.  0.15 kN at 25°

Compute algebraically the resultant of the following coplanar displacements: 20.0 m at 30.0°, 40.0 m at
120.0°, 25.0 m at 180.0°, 42.0 m at 270.0°, and 12.0 m at 315.0°. Check your answer with a graphical
solution. Ans.  20.1 m at 197°

Two forces, 80 N and 100 N acting at an angle of 60° with each other, pull on an object. ( ) What single
force would replace the two forces? ( ) What single force (called the equilibrant) would balance the two
forces? Solve algebraically. Ans. () R:0.16 kN at 34° with the 80 N force; ( ) —R: 0.16 kN at 214° with
the 80 N force

Find algebraically the ( ) resultant and ( ) equilibrant (see Problem 1.26) of the following coplanar forces:
300 N at exactly 0°, 400 N at 30°, and 400 N at 150°. Ans. () 0.50 kN at 53° () 0.50 kN at 233°

What displacement at 70° has an -component of 450 m? What is its -component? Ans. 1.3 km,
1.2 km

What displacement must be added to a 50 cm displacement in the + -direction to give a resultant displace-
ment of 85 cm at 25°? Ans. 45 cm at 53°

Refer to Fig. 1-18. In terms of vectors A and B, express the vectors ( ) B, ( )R, () S, and ( ) Q.
Ans. ()A+B;()B;()—A( )A—B

R B
- = 6
Q P
A . A
S
E
— D
B
Fig. 1-18 Fig. 1-19

Refer to Fig. 1-19. In terms of vectors A and B, express the vectors ( ) E, () D—C, and ()
E+D-C.  dns. ()—A—Bor—(A+B);()A;()-B

A child is holding a wagon from rolling straight back down a driveway that is inclined at 20° to the
horizontal. If the wagon weighs 150 N, with what force must the child pull on the handle if the handle is
parallel to the incline? Ans. S1' N

Repeat Problem 1.32 if the handle is at an angle of 30° above the incline. Ans. 59 N

Find () A+B+C,()A—B,and () A—Cif A =7i—6j, B=—3i+12j, and C = 4i — 4j.
Ans. () 8i+2j; () 10i — 18]; () 3i — 2j

Find the magnitude and angle of R if R = 7.0i — 12j.  Ans. 14 at —60°
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1.36

1.37

1.38

1.39

1.40

1.41
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Determine the displacement vector that must be added to the displacement (25§ — 16}) m to give a displace-
ment of 7.0 m pointing in the + -direction? Ans. (—18i+ 16j) m

A force (15i — 16j + 27k) N is added to a force (23j — 40k) N. What is the magnitude of the resultant?
Ans. 21 N

A truck is moving north at a speed of 70 km/h. The exhaust pipe above the truck cab sends out a trail of
smoke that makes an angle of 20° east of south behind the truck. If the wind is blowing directly toward the
east, what is the wind speed at that location? Ans. 25 km/h

A ship is traveling due east at 10 km/h. What must be the speed of a second ship heading 30° east of north if
it is always due north of the first ship? Ans. 20 km/h

A boat, propelled so as to travel with a speed of 0.50 m/s in still water, moves directly across a river that is
60 m wide. The river flows with a speed of 0.30 m/s. ( ) At what angle, relative to the straight-across
direction, must the boat be pointed? ( ) How long does it take the boat to cross the river?
Ans. () 37° upstream; ( ) 1.5 x 10% s

A reckless drunk is playing with a gun in an airplane that is going directly east at 500 km/h. The drunk
shoots the gun straight up at the ceiling of the plane. The bullet leaves the gun at a speed of 1000 km/h.
According to someone standing on the Earth, what angle does the bullet make with the vertical?
Ans.  26.6°



Chapter 2

Uniformly Accelerated Motion

SPEED is a scalar quantity. If an object takes a time interval to travel a distance , then

total distance traveled
time taken

Average speed =

or

Here the distance is the total (along-the-path) length traveled. This is what a car’s odometer reads.

VELOCITY is a vector quantity. If an object undergoes a vector displacement s in a time interval
, then

: vector displacement
Average velocity =

time taken

| wy

V:

The direction of the velocity vector is the same as that of the displacement vector. The units of velocity
(and speed) are those of distance divided by time, such as m/s or km/h.

ACCELERATION measures the time rate-of-change of velocity:

change in velocity vector
time taken

Average acceleration =

- -
vV —V

5:

where v is the initial velocity, v is the final velocity, and is the time interval over which the change
occurred. The units of acceleration are those of velocity divided by time. Typical examples are (m/s)/s (or
m/s?) and (km/h)/s (or km/h-s). Notice that acceleration is a vector quantity. It has the direction of
v —V, the change in velocity. It is nonetheless commonplace to speak of the magnitude of the accel-
eration as just the acceleration, provided there is no ambiguity.

UNIFORMLY ACCELERATED MOTION ALONG A STRAIGHT LINE is an important situa-
tion. In this case, the acceleration vector is constant and lies along the line of the displacement
vector, so that the directions of v and a can be specified with plus and minus signs. If we repre-
sent the displacement by  (positive if in the positive direction, and negative if in the negative
direction), then the motion can be described with the five equations for uniformly accelerated mo-
tion:

13
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+
2

=242
= +1 2

Often is replaced by or , and sometimes and are written as and , respectively.

DIRECTION IS IMPORTANT, and a positive direction must be chosen when analyzing motion
along a line. Either direction may be chosen as positive. If a displacement, velocity, or accelera-
tion is in the opposite direction, it must be taken as negative.

INSTANTANEOUS VELOCITY is the average velocity evaluated for a time interval that ap-
proaches zero. Thus, if an object undergoes a displacement AS in a time A , then for that object
the instantaneous velocity is

s
A
where the notation means that the ratio AS/A is to be evaluated for a time interval A that approaches
Zero.

v= lim
A —0

GRAPHICAL INTERPRETATIONS for motion along a straight line (the -axis) are as follows:

o The instantaneous velocity of an object at a certain time is the slope of the displacement versus time
graph at that time. It can be positive, negative, or zero.

o The instantaneous acceleration of an object at a certain time is the slope of the velocity versus time
graph at that time.

e For constant-velocity motion, the -versus- graph is a straight line. For constant-acceleration
motion, the -versus- graph is a straight line.

e In general (i.e., one-, two-, or three-dimensional motion) the slope at any moment of the distance-
versus-time graph is the speed.

ACCELERATION DUE TO GRAVITY ( ): The acceleration of a body moving only under the
force of gravity is , the gravitational (or free-fall) acceleration, which is directed vertically down-
ward. On Earth, =9.81m/s? (i.e, 32.2 ft/s?); the value varies slightly from place to place. On
the Moon, the free-fall acceleration is 1.6 m/s>.

VELOCITY COMPONENTS: Suppose that an object moves with a velocity v at some angle 6
up from the -axis, as would initially be the case with a ball thrown into the air. That velocity
then has and vector components (see Fig. 1-4) of v and v . The corresponding scalar compo-
nents of the velocity are

= cos@ and = sind
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and these can turn out to be positive or negative numbers, depending on 6. As a rule, if ¥ is in the first
quadrant, >0 and > 0; if v is in the second quadrant, <0 and > 0; if ¥ is in the third
quadrant, <0 and < O0; finally, if Vv is in the fourth quadrant, >0 and < 0. Because these
quantities have signs, and therefore implied directions along known axes, it is common to refer to them
as velocities. The reader will find this usage in many texts, but it is not without pedagogical drawbacks.
Instead, we shall avoid applying the term ‘““velocity” to anything but a vector quantity (written in
boldface with an arrow above) whose direction is explicitly stated. Thus for an object moving with a
velocity v = 100 m/s— WEST, the scalar value of the velocity along the x-axis is = —100 m/s; and the
(always positive) speed is = 100 m/s.

PROJECTILE PROBLEMS can be solved easily if air friction can be ignored. One simply con-
siders the motion to consist of two independent parts: horizontal motion with =0 and
= = (i.e., constant speed), and vertical motion with = = 9.81m/s> downward.

Solved Problems

2.1 Change the speed 0.200 cm/s to units of kilometers per year.

m (0300 (10757 (3600 2) (2420 (3654 — 3.1
0.200 s = (0.200 /s/) (10 (;ni) (3600/1{) (24/@1,) (365 y) =63.1 y

2.2 A runner makes one lap around a 200-m track in a time of 25 s. What were the runner’s ( )
average speed and ( ) average velocity?

() From the definition,

distance traveled 200 m
time taken 25

Average speed = =8.0m/s

() Because the run ended at the starting point, the displacement vector from starting pont to end point has
zero length. Since v =5/,

. 0m
‘V |—ﬁ—0m/s

2.3 An object starts from rest with a constant acceleration of 8.00 m/s* along a straight line. Find ( )
the speed at the end of 5.00 s, ( ) the average speed for the 5-s interval, and ( ) the distance
traveled in the 5.00 s.

We are interested in the motion for the first 5.00 s. Take the direction of motion to be the + -direction

(that is, = ). We know that =0, =5.00s, and =8.00 m/sz. Because the motion is uniformly
accelerated, the five motion equations apply.
() = 4+ =0+(8.00m/s?)(5.00 s) = 40.0 m/s
40.
() S 00m/s:20.0m/s
2 2
() =  +12=0+1(800m/s*)(5.005) =100m or = = (20.0 m/s)(5.00 s) = 100 m
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A truck’s speed increases uniformly from 15 km/h to 60 km/h in 20 s. Determine ( ) the average
speed, () the acceleration, and ( ) the distance traveled, all in units of meters and seconds.

For the 20 s trip under discussion, taking + to be in the direction of motion, we have

ki m\( 1\ _

= 60 km/h =16.7 m/s

() =4 4+ )=1417+16.7) m/s=10m/s
- (167-417)m/s ,
() = = 50 =0.63 m/s

—
~—

= (10.4 m/s)(20 s) =208 m = 0.21 km

A car moves in a straight line and its odometer readings are plotted against time in Fig. 2-1. Find
the instantaneous speed of the car at points and . What is the car’s average speed? What is its
acceleration?

15—
g L
3 10 B B
g [
a [
5.0 — f
- A }
- }Ax =4.0m
| At=80s.
0 R T
0 10 20
Time (s)
Fig. 2-1

Because the speed is given by the slope A /A of the tangent line, we take a tangent to the curve at
point . The tangent line is the curve itself in this case. For the triangle shown at , we have

A 40m

This is also the speed at point  and at every other point on the straight-line graph. It follows that = 0 and
=0.50 m/s =

An object’s one-dimensional motion along the -axis is graphed in Fig. 2-2. Describe its motion.

The velocity of the object at any instant is equal to the slope of the displacement—time graph at the point
corresponding to that instant. Because the slope is zero from exactly =0s to =2.0s, the object is
standing still during this time interval. At = 2.0 s, the object begins to move in the + -direction with
constant-velocity (the slope is positive and constant). For the interval =2.0sto =4.0s,
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2.7

Displacement along the x-axis (m)

2.8

=slo e—rij— — _3.0m—0m_3.0m_15m/s
T T i m T T = T 40s-20s  20s
The average velocity is then V. = 1.5 m/S— POSITIVE X-DIRECTION.

During the interval = 4.0 sto = 6.0 s, the object is at rest; the slope of the graph is zero and does
not change for that interval.
From =6.0sto =10s and beyond, the object is moving in the — -direction; the slope and the
velocity are negative. We have
.y = _20m-30m_-50m
O T T T 005~ 605 405

=—-13m/s

The average velocity is then V. = 1.3 m/s — NEGATIVE X-DIRECTION.

The vertical motion of an object is graphed in Fig. 2-3. Describe its motion qualitatively, and find
its instantaneous velocity at points , , and

B P
I
—~ 12F ;
E L | B
w |
v | |
i 10 - i ; C
g | | |
it S+ | I
VA
= } |
\ g oF ! D
12 g - !
Time (s) g 4l !
B R 1
A At
777777777777777777777777777 2
0 T R T N T L
10 15
Time (s)
Fig. 2-2 Fig. 2-3

Recalling that the instantaneous velocity is given by the slope of the graph, we see that the object is
moving fastest at = 0. As it rises, it slows and finally stops at . (The slope there is zero.) Then it begins to
fall back downward at ever-increasing speed.

At point , we have
A 120m—-30m 90m
=slope = =0 oS 405 oM/

The velocity at  is positive, so it is in the + -direction: v = 2.3 m/s—up. At points and ,

= slope = 0m/s
_55m—130m _—75m

A
=slope = - = e 0 Tess 65 2m/s

Because it is negative, the velocity at  is in the — -direction: v = 1.2 m/s— powN. Remember that velocity
is a vector quantity and direction must be specified explicitly.

A ball is dropped from rest at a height of 50 m above the ground. ( ) What is its speed just before
it hits the ground? ( ) How long does it take to reach the ground?



18 UNIFORMLY ACCELERATED MOTION [CHAP. 2

If we can ignore air friction, the ball is uniformly accelerated until it reaches the ground. Its acceleration
is downward and is 9.81 m/s>. Taking down as positive, we have for the trip:

=50.0m =9.81 m/s’ =0
() 2= 242 =0+42(9.81m/s?)(50.0 m) = 981 m?/s>
and so = 31.3 m/s.
() From =( - )/,
- :(31.3—0)m/s:3.198
9.81m/s>

(We could just as well have taken up as positive. How would the calculation have been changed?)

2.9 A skier starts from rest and slides 9.0 m down a slope in 3.0 s. In what time after starting will the
skier acquire a speed of 24 m/s? Assume that the acceleration is constant.

We must find the skier’s acceleration from the data concerning the 3.0 s trip. Taking the direction of

motion as the + -direction, we have = 3.0 s, =0,and =9.0m. Then = +% 2 gives
2 18
== —rn2 =2.0m/s’
(3.0s)
We can now use this value of for the longer trip, from the starting point to the place where
= 24 m/s. For this trip, =0, =24 m/s, =20 m/sz. Then, from = +
— 24
_ _ 2/ =125
2.0 m/s

2.10 A bus moving at a speed of 20 m/s begins to slow at a constant rate of 3.0 m/s each second. Find
how far it goes before stopping.

Take the direction of motion to be the 4+ -direction. For the trip under consideration, = 20 m/s,
=0m/s, =-3.0 m/s’. Notice that the bus is not speeding up in the positive motion direction. Instead, it
is slowing in that direction and so its acceleration is negative (a deceleration). Use
2_ 2,
2
—(20m/s)
1 =——————">=67m
to find 2(—3.0m/s?)

2.11 A car moving at 30 m/s slows uniformly to a speed of 10 m/s in a time of 5.0 s. Determine ( ) the
acceleration of the car and ( ) the distance it moves in the third second.

Let us take the direction of motion to be the + -direction.

() For the 5.0 s interval, we have =50s, =30m/s, =10m/s.Using =+ at gives
(10-30) m/s

_ _ 2
= 50s 4.0 m/s

() = (distance covered in 3.0 s) — (distance covered in 2.05s)
=( 3+33)-( 2+3 3
= (53— 2)+3(3-3)
Using =30m/s, =-40m/s’, ,=20s, 3=3.0s gives

= (30 m/s)(1.0 s) — (2.0m/s*)(5.0 s?) = 2.0m
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2.12

2.13

2.14

The speed of a train is reduced uniformly from 15 m/s to 7.0 m/s while traveling a distance of
90 m. ( ) Compute the acceleration. ( ) How much farther will the train travel before coming to
rest, provided the acceleration remains constant?

Let us take the direction of motion to be the + -direction.

() Wehave =15m/s, =7.0m/s, =90 m. Then 2= 240 gives
= —0.98 m/s
() We now have the new conditions =7.0m/s, =0, =—0.98 m/s>. Then
2_ 2,
. 0— (7.0m/s)?
== =25
gives —1.96m/s? m

A stone is thrown straight upward and it rises to a height of 20 m. With what speed was it
thrown?

Let us take up as the positive -direction. The stone’s velocity is zero at the top of its path. Then =0,
=20m, = —9.81m/s’. (The minus sign arises because the acceleration due to gravity is always down-
ward and we have taken up to be positive.) We use 2= 242 tofind

= /-2(-9.81 m/s)(20 m) = 20 m/s

A stone is thrown straight upward with a speed of 20 m/s. It is caught on its way down at a point
5.0 m above where it was thrown. () How fast was it going when it was caught? ( ) How long did
the trip take?

The situation is shown in Fig. 2-4. Let us take up as positive. Then, for the trip that lasts from the

instant after throwing to the instant before catching, = =20 m/s, = +5.0 m (since it is an upward dis-
placement), = —9.81 m/s’.
N
A
Do
! |
-
[
[
[
[
[
! |
| |
| Caught
| O here
|
|
|
i
|
50m
A
20 m/s
@)

Fig. 2-4
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() Weuse 2= 242 tofind
2 = (20 m/s)* +2(—9.81 m/s%)(5.0 m) = 302 m*/s’

=£4/302 m?/s*> = —17 m/s

We take the negative sign because the stone is moving downward, in the negative direction, at the final
instant.

() Weuse =( — )/ tofind
(=17.4—-20) m/s
—9.81 m/s?

Notice that we retain the minus sign on

3.8s

A ball that is thrown vertically upward on the Moon returns to its starting point in 4.0 s. The
acceleration due to gravity there is 1.60 m/s*> downward. Find the ball’s original speed.

Let us take up as positive. For the trip from beginning to end, = 0 (it ends at the same level it started
at), =-1.60m/s’, =4.0s.Weuse = +1 ?tofind

0= (4.05)+1(~1.60 m/s*)(4.0's)*

from which =3.2m/s.

A baseball is thrown straight upward on the Moon with an initial speed of 35 m/s. Compute ( )
the maximum height reached by the ball, ( ) the time taken to reach that height, ( ) its velocity
30 s after it is thrown, and ( ) when the ball’s height is 100 m.

Take up as positive. At the highest point, the ball’s velocity is zero.

() From %2 = 242 wehave, since = 1.60 m/s’> on the Moon,
0= (35 m/s)* +2(—1.60 m/s?) or =0.38 km
() From =+ wehave
0=35m/s+ (—1.60 m/s?) or =225
() From =+ wehave
=35m/s+ (—1.60 m/s*)(30s)  or = —13m/s

Because is negative and we are taking up as positive, the velocity is directed downward. The ball is on
its way down at = 30s.

() From = +% % we have
100m = (35m/s) +1(~1.60m/s*’)* or  0.80%—35 +100=0
By use of the quadratic formula,
- +v -4
2

we find = 3.1 sand 41 s. At = 3.1 s the ball is at 100 m and ascending; at = 41 s it is at the same
height but descending.

A ballast bag is dropped from a balloon that is 300 m above the ground and rising at 13 m/s. For
the bag, find ( ) the maximum height reached, ( ) its position and velocity 5.0 s after it is released,
and () the time at which it hits the ground.
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The initial velocity of the bag when released is the same as that of the balloon, 13 m/s upward. Let us

choose up as positive and take = 0 at the point of release.
() At the highest point, =0.From > = 2 +2
0= (13 m/s)* +2(—9.81 m/s?) or =86m

)

)

The maximum height is 300 + 8.6 = 308.6 m or 0.31 km.
Take the end point to be its position at = 5.0 s. Then, from = +% 2
= (13m/s)(5.0 s) +4(—9.81 m/s?)(5.0 s)> = —57.5mor —58 m
So its height is 300 — 58 = 242 m. Also, from = +
=13 m/s+ (=9.81 m/s?)(5.0 s) = =36 m/s

It is on its way down with a velocity of 36 m/s — DOWNWARD.
Just as it hits the ground, the bag’s displacement is —300 m. Then

2

= 431 becomes ~300m = (13 m/s) +1(-9.81 m/s%)?

0r4.90 2 — 13 — 300 = 0. The quadratic formula gives = 9.3 s and —6.6 s. Only the positive time has
physical meaning, so the required answer is 9.3 s.
We could have avoided the quadratic formula by first computing

=242 becomes 2 = (13 m/s)* +2(—9.81 m/s*)(—300 m)

sothat = £77.8 m/s. Then, using the negative value for =~ (why?)in =+ argives =9.3s, as
before.

2.18 Asshown in Fig. 2-5, a projectile is fired horizontally with a speed of 30 m/s from the top of a cliff
80 m high. ( ) How long will it take to strike the level ground at the base of the cliff? ( ) How far
from the foot of the cliff will it strike? ( ) With what velocity will it strike?

)

v,=30m/s
O\\\\
80 m
X \\O 30 m/s
o) |
|
40m/s| |
|
|
|
|
Fig. 2-5

The horizontal and vertical motions are independent of each other. Consider first the vertical motion.
Taking up as positive and = 0 at the top of the cliff, we have

2

Il
+
N—=

or —80m =0+1(-9.81 m/s?)

from which =4.04 s or 4.0 s. Notice that the initial velocity had zero vertical component and so
= 0 for the vertical motion.
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() Now consider the horizontal motion. For it, =0 and so = = = 30 m/s. Then, using the
value of found in ( ), we have

= =(30m/s)(4.04 s) =121 m or 0.12 km

() The final velocity has a horizontal component of 30 m/s. But its vertical component at = 4.04 s is
given by =+ as

=0+ (—9.8 m/s*)(4.04 s) = —40 m/s

The resultant of these two components is labeled v in Fig. 2-5; we have

— /(40 m/s)” + (30 m/s)> = 50 m/s

The angle 6 as shown is given by tan 6 = 40/30 and is 53°. Hence, v = 50 m/s— 53° BELOW X-AXIS.

2.19 A stunt flier is moving at 15 m/s parallel to the flat ground 100 m below, as shown in Fig. 2-6.
How large must the distance from plane to target be if a sack of flour released from the plane is
to strike the target?

15 m/s
100 m
Target
| : -
Fig. 2-6
Following the same procedure as in Problem 2.18, we use = +% 2 to get
—100 m = 0+ 3 (—9.81 m/s?) 2 or =4.52s
Now = = (15m/s)(4.52's)=67.8 m or 68 m.

2.20 A baseball is thrown with an initial velocity of 100 m/s at an angle of 30.0° above the horizontal,
as shown in Fig. 2-7. How far from the throwing point will the baseball attain its original level?

Fig. 2-7

We divide the problem into horizontal and vertical parts, for which

= cos 30.0°=86.6 m/s and = sin 30.0° = 50.0 m/s

where up is being taken as positive.
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In the vertical problem, = 0 since the ball returns to its original height. Then
= +1 % or  0=(50.0m/s)+1(-9.81 m/s%)
and =10.2s.
In the horizontal problem, = = = 86.6 m/s. Therefore,

= =(86.6m/s)(10.2s) =884 m

2.21 As shown in Fig. 2-8, a ball is thrown from the top of one building toward a tall building 50 m
away. The initial velocity of the ball is 20 m/s—40° ABOVE HORIZONTAL. How far above or below
its original level will the ball strike the opposite wall?

20 m/s

40°

Fig. 2-8

We have

= (20 m/s) cos 40° = 15.3 m/s

= (20 m/s) sin 40° = 12.9 m/s
Consider first the horizontal motion. For it,

= = =153m/s
Then = gives
50 m = (15.3 m/s) or =3.27s
For the vertical motion, taking down as positive, we have
= 1 2=(-129m/s)(3.27 s) + 1 (9.81 m/s?)(3.27 5)> = 105 m = 0.11 km

Since is positive, and since down is positive, the ball will hit at 0.11 km below the original level.

2.22 () Find the range of a gun which fires a shell with muzzle velocity at an angle of elevation .
() Find the angle of elevation 6 of a gun which fires a shell with a muzzle velocity of 120 m/s and
hits a target on the same level but 1300 m distant. (See Fig. 2-9.)

() Let be the time it takes the shell to hit the target. Then, = or = / . Consider the vertical
motion alone, and take up as positive. When the shell strikes the target,

Vertical displacement = 0 = +3(=) 2

Solving this equation gives =2 / .But = / ,so
2 2( cos @)( sin 0)

R — or = =

[\e]
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Fig. 2-9

The formula 2 sin 6 cos 6 = sin 20 can be used to simplify this. After substitution, we get

_ Zsin 29

The maximum range corresponds to § = 45°, since sin 26 has a maximum value of 1 when 26 = 90° or
0 =45°.

() From the range equation found in ( ), we have

(9.81 m/s*)(1300 m)
(120 m/s)?

Therefore, 20 = arcsin 0.885 = 62° and so 6 = 31°.

sin 20 = — = = 0.885

Supplementary Problems

Three kids in a parking lot launch a rocket that rises into the air along a 380-m long arc in 40 s. Determine
its average speed. Ans. 9.5 m/s

According to its computer, a robot that left its closet and traveled 1200 m, had an average speed of 20.0 m/s.
How long did the trip take? Ans.  60.0 s

A car’s odometer reads 22687 km at the start of a trip and 22791 km at the end. The trip took 4.0 hours.
What was the car’s average speed in km/h and in m/s? Ans. 26 km/h, 7.2 m/s

An auto travels at the rate of 25 km/h for 4.0 minutes, then at 50 km/h for 8.0 minutes, and finally at
20 km/h for 2.0 minutes. Find ( ) the total distance covered in km and ( ) the average speed for the complete
trip in m/s. Ans. () 9.0 km; () 10.7 m/s or 11 m/s

A runner travels 1.5 laps around a circular track in a time of 50 s. The diameter of the track is 40 m and its
circumference is 126 m. Find ( ) the average speed of the runner and ( ) the magnitude of the runner’s
average velocity. Be careful here; average speed depends on the total distance traveled, whereas average
velocity depends on the displacement at the end of the particular journey.

Ans. () 3.8m/s; () 0.80 m/s

During a race on an oval track, a car travels at an average speed of 200 km/h. ( ) How far did it travel in
45.0 min? ( ) Determine its average velocity at the end of its third lap. Ans. () 150 km; () zero



CHAP. 2] UNIFORMLY ACCELERATED MOTION 25

2.29

2.30

2.31

2.32

2.33

2.34

2.35

2.36

2.37

2.38

2.39

2.40

2.41

2.42

The following data describe the position of an object along the -axis as a function of time. Plot the data,
and find the instantaneous velocity of the object at () =5.0s,( ) 16 s, and () 23 s. Ans. () 0.018
m/s in the positive -direction; ( ) 0 m/s; ( ) 0.013 m/s in the negative -direction

(s) ‘ 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

(cm)‘ 0 40 78 11.3 143 168 18.6 19.7 20.0 195 182 162 135 103 6.7

For the object whose motion is described in Problem 2.29, find its velocity at the following times: ( ) 3.0 s,
() 10s, and () 24s. Ans. () 1.9 cm/s in the positive -direction; ( ) 1.1 cm/s in the positive
-direction; ( ) 1.5 cm/s in the negative -direction

For the object whose motion is plotted in Fig. 2-3, find its instantaneous velocity at the following times:
()1.0s,()4.0s,and () 10s. Ans. () 3.3 m/s in the positive -direction; ( ) 1.0 m/s in the positive
-direction; ( ) 0.83 m/s in the negative -direction

A body with initial velocity 8.0 m/s moves along a straight line with constant acceleration and travels 640 m
in 40 s. For the 40 s interval, find ( ) the average velocity, ( ) the final velocity, and ( ) the acceler-
ation. Ans. () 16 m/s; ( ) 24 m/s; () 0.40 m/s2

A truck starts from rest and moves with a constant acceleration of 5.0 m/s>. Find its speed and the distance
traveled after 4.0 s has elapsed. Ans. 20 m/s, 40 m

A box slides down an incline with uniform acceleration. It starts from rest and attains a speed of 2.7 m/s in
3.0 s. Find ( ) the acceleration and ( ) the distance moved in the first 6.0 s. Ans. ()0.90 m/s*; ()16 m

A car is accelerating uniformly as it passes two checkpoints that are 30 m apart. The time taken between
checkpoints is 4.0 s, and the car’s speed at the first checkpoint is 5.0 m/s. Find the car’s acceleration and its
speed at the second checkpoint. Ans. 1.3 m/s’, 10 m/s

An auto’s velocity increases uniformly from 6.0 m/s to 20 m/s while covering 70 m in a straight line. Find the
acceleration and the time taken. Ans. 2.6 m/s*, 5.4 s

A plane starts from rest and accelerates in a straight line along the ground before takeoff. It moves 600 m in
12 s. Find () the acceleration, ( ) speed at the end of 12 s, and () the distance moved during the twelfth
second. Ans. ()83 m/s% () 0.10 km/s; () 96 m

A train running along a straight track at 30 m/s is slowed uniformly to a stop in 44 s. Find the acceleration
and the stopping distance. Ans. —0.68 m/sz, 0.66 km or 6.6 x 10> m

An object moving at 13 m/s slows uniformly at the rate of 2.0 m/s each second for a time of 6.0 s. Determine
() its final speed, ( ) its average speed during the 6.0 s, and ( ) the distance moved in the 6.0 s.
Ans. () 1.0m/s; () 7.0 m/s; ( ) 42 m

A body falls freely from rest. Find ( ) its acceleration, ( ) the distance it falls in 3.0 s, () its speed after falling
70 m, ( ) the time required to reach a speed of 25 m/s, and () the time taken to fall 300 m.
Ans. () 9.81 m/sz; ()44 m; ()37m/s; ( )2.6s;()78s

A marble dropped from a bridge strikes the water in 5.0 s. Calculate ( ) the speed with which it strikes and
() the height of the bridge. Ans. ()49 m/s; () 0.12 km or 1.2 x 10> m

A stone is thrown straight downward with initial speed 8.0 m/s from a height of 25 m. Find ( ) the time it
takes to reach the ground and ( ) the speed with which it strikes. Ans. () 1.6s; ()24 m/s
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A baseball is thrown straight upward with a speed of 30 m/s. ( ) How long will it rise? ( ) How high will
it rise? ( ) How long after it leaves the hand will it return to the starting point? ( ) When will its speed be
16 m/s? Ans. ()3.1s;()46m;()6.1s;( )1.4sand4.7s

A bottle dropped from a balloon reaches the ground in 20 s. Determine the height of the balloon if ( ) it
was at rest in the air and ( ) it was ascending with a speed of 50 m/s when the bottle was dropped.
Ans. 2.0 km; () 0.96 km

Two balls are dropped to the ground from different heights. One is dropped 1.5 s after the other, but they
both strike the ground at the same time, 5.0 s after the first was dropped. ( ) What is the difference in the
heights from which they were dropped? ( ) From what height was the first ball dropped? Ans. ()63 m;
()0.12 km

A nut comes loose from a bolt on the bottom of an elevator as the elevator is moving up the shaft at
3.00 m/s. The nut strikes the bottom of the shaft in 2.00 s. ( ) How far from the bottom of the shaft was the
elevator when the nut fell off? ( ) How far above the bottom was the nut 0.25s after it fell off?
Ans. () 13.6m;( ) 14m

A marble, rolling with speed 20 cm/s, rolls off the edge of a table that is 80 cm high. ( ) How long does it
take to drop to the floor? ( ) How far, horizontally, from the table edge does the marble strike the
floor? Ans. ()040s; ()8.1cm

A body projected upward from the level ground at an angle of 50° with the horizontal has an initial speed of
40 m/s. ( ) How long will it take to hit the ground? ( ) How far from the starting point will it strike? ( ) At
what angle with the horizontal will it strike? Ans. () 6.3s;()0.16 km; () 50°

A body is projected downward at an angle of 30° with the horizontal from the top of a building 170 m high.
Its initial speed is 40 m/s. ( ) How long will it take before striking the ground? ( ) How far from the foot of
the building will it strike? ( ) At what angle with the horizontal will it strike? Ans. ()4.2s;( )0.15 km;
() 60°

A hose lying on the ground shoots a stream of water upward at an angle of 40° to the horizontal. The speed
of the water is 20 m/s as it leaves the hose. How high up will it strike a wall which is 8.0 m away?
Ans. 54 m

A World Series batter hits a home run ball with a velocity of 40 m/s at an angle of 26° above the horizontal.
A fielder who can reach 3.0 m above the ground is backed up against the bleacher wall, which is 110 m from
home plate. The ball was 120 cm above the ground when hit. How high above the fielder’s glove does the ball
pass? Ans. 6.0 m

Prove that a gun will shoot three times as high when its angle of elevation is 60° as when it is 30°, but the
bullet will carry the same horizontal distance.

A ball is thrown upward at an angle of 30° to the horizontal and lands on the top edge of a building that is
20 m away. The top edge is 5.0 m above the throwing point. How fast was the ball thrown?
Ans. 20 m/s

A ball is thrown straight upward with a speed from a point meters above the ground. Show that the time

taken for the ball to strike the ground is ( / )[1 ++/1+(2 / 2).



Chapter 3

Newton’s Laws

THE MASS of an object is a measure of the inertia of the object. Inertia is the tendency of a
body at rest to remain at rest, and of a body in motion to continue moving with unchanged
velocity. For several centuries, physicists have found it useful to think of mass as a representation
of the amount of or quantity-of-matter.

THE STANDARD KILOGRAM is an object whose mass is defined to be one kilogram. The
masses of other objects are found by comparison with this mass. A gram mass is equivalent to
exactly 0.001 kg.

FORCE, in general, is the agency of change. In mechanics it is that which changes the velocity
of an object. Force is a vector quantity, having magnitude and direction. An external force is one
whose source lies outside of the system being considered.

THE NET EXTERNAL FORCE acting on an object causes the object to accelerate in the direc-
tion of that force. The acceleration is proportional to the force and inversely proportional to the
mass of the object. (We now know from the Special Theory of Relativity that this statement is
actually an excellent approximation applicable to all situations where the speed is appreciably less
than the speed of light, c.)

THE NEWTON is the SI unit of force. One newton (1 N) is that resultant force which will give
a 1kg mass an acceleration of 1m/s?>. The pound is 4.45N.

NEWTON’S FIRST LAW: An object at rest will remain at rest; an object in motion will continue
in motion with constant velocity, except insofar as it is acted upon by an external force. Force is
the changer of motion.

NEWTON’S SECOND LAW: As stated by Newton, the Second Law was framed in terms of
the concept of momentum. This rigorously correct statement will be treated in Chapter 8. Here
we focus on a less fundamental, but highly useful, variation. If the resultant (or net), force F act-
ing on an object of mass is not zero, the object accelerates in the direction of the force. The
acceleration a is proportional to the force and inversely proportional to the mass of the object.
With F in newtons, in kilograms, and & in m/s?, this can be written as

__F S

a=— or F= a

The acceleration @ has the same direction as the resultant force F.
The vector equation F = 4 can be written in terms of components as

where the forces are the components of the external forces acting on the object.

27
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NEWTON’S THIRD LAW: Matter interacts with matter — forces come in pairs. For each force
exerted on one body, there is an equal, but oppositely directed, force on some other body interacting
with it. This is often called the Law of Action and Reaction. Notice that the action and reaction
forces act on the two different interacting objects.

THE LAW OF UNIVERSAL GRAVITATION: When two masses and '/ gravitationally in-
teract, they attract each other with forces of equal magnitude. For point masses (or spherically
symmetric bodies), the attractive force is given by

/

2

. . 11 2 /12 s
where is the distance between mass centers, and where = 6.67 x 107 N-m~/kg” when is in
newtons, and ' are in kilograms, and is in meters.

THE WEIGHT of an object () is the gravitational force acting downward on the object. On
the Earth, it is the gravitational force exerted on the object by the planet. Its units are newtons
(in the SI) and pounds (in the British system). Because the Earth is not a perfect uniform sphere,
and moreover because it’s spinning, the weight measured by a scale will be very slightly different
from that defined above.

RELATION BETWEEN MASS AND WEIGHT: An object of mass  falling freely toward the

Earth is subject to only one force — the pull of gravity, which we call the weight of the
object. The object’s acceleration due to is the free-fall acceleration . Therefore, F = & pro-
vides us with the relation between = = ,and ; it is = . Because, on average,

=9.81m/s> on Earth, a 1.00kg object weighs 9.81 N at the Earth’s surface.

THE TENSILE FORCE (F ) acting on a string or chain or tendon is the applied force tending
to stretch it. The magnitude of the tensile force is the tension ().

THE FRICTION FORCE (ﬁf) is a tangential force acting on an object that opposes the sliding
of that object on an adjacent surface with which it is in contact. The friction force is parallel to
the surface and opposite to the direction of motion or of impending motion. Only when the
applied force exceeds the maximum static friction force will an object begin to slide.

THE NORMAL FORCE (17 ) on an object that is being supported by a surface is the compo-
nent of the supporting force that is perpendicular to the surface.

THE COEFFICIENT OF KINETIC FRICTION (u ) is defined for the case in which one surface
is sliding across another at constant speed. It is

friction force £
M = hormal force
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THE COEFFICIENT OF STATIC FRICTION (y ) is defined for the case in which one surface
is just on the verge of sliding across another surface. It is

maximum friction force ¢(max)

H normal force

where the maximum friction force occurs when the object is just on the verge of slipping but is none-
theless at rest.

DIMENSIONAL ANALYSIS: All mechanical quantities, such as acceleration and force, can be
expressed in terms of three fundamental dimensions: length , mass , and time . For example,
acceleration is a length (a distance) divided by (time)?; we say it has the dimensions / 2, which
we write as [ ~2]. The dimensions of volume are [ 3], and those of velocity are [ ~!]. Because
force is mass multiplied by acceleration, its dimensions are | ~2]. Dimensions are helpful in
checking equations, since each term of an equation must have the same dimensions. For example,
the dimensions of the equation

are [1—0 TII+0 707

so each term has the dimensions of length. Remember, all terms in an equation must have the same
dimensions. As examples, an equation cannot have a volume [ °] added to an area | 2], or a force
[ ~2] subtracted from a velocity [ ~']; these terms do not have the same dimensions.

MATHEMATICAL OPERATIONS WITH UNITS: In every mathematical operation, the units
terms (for example, Ib, cm, ft3, mi/h, m/s*) must be carried along with the numbers and must un-
dergo the same mathematical operations as the numbers.

Quantities cannot be added or subtracted directly unless they have the same units (as well as the
same dimensions). For example, if we are to add algebraically 5 m (length) and 8 cm (length), we must
first convert m to cm or cm to m. However, quantities of any sort can be combined in multiplication or
division, in which the units as well as the numbers obey the algebraic laws of squaring, cancellation, etc.
Thus:

(1) 6m>+2m*>=8m?’ (m? + m* — m?)
(2) 5cm x2cm’ =10 cm? (cm x cm® — cm3)
kg kg
(3) 2m’ x 1500 —5 = 3000 kg <m3 xS kg>
km km km km
@ 2sx3 7 =6 (st—z*T)

15 .
(%) —g3:50m3 g3—>g><ﬁ—>cm3
g/cm g
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Solved Problems

Find the weight on Earth of a body whose mass is ( ) 3.00 kg, ( ) 200 g.

The general relation between mass  and weight is = . In this relation, must be in kilo-
grams, in meters per second squared, and in newtons. On Earth, = 9.81 m/s*>. The acceleration due to
gravity varies from place to place in the universe.

() = (3.00 kg)(9.81 m/s?) = 29.4 kg-m/s* = 29.4 N
() = (0.200 kg)(9.81 m/s?) = 1.96 N

A 20.0 kg object that can move freely is subjected to a resultant force of 45.0 N in the
— -direction. Find the acceleration of the object.
We make use of the second law in component form, ¥ = , with ¥ = -450N and
= 20.0 kg. Then
x —450 N )

where we have used the fact that 1 N = 1 kg:m/s’>. Because the resultant force on the object is in the
— -direction, its acceleration is also in that direction.

The object in Fig. 3-1( ) weighs 50 N and is supported by a cord. Find the tension in the cord.

We mentally isolate the object for discussion. Two forces act on it, the upward pull of the cord and the
downward pull of gravity. We represent the pull of the cord by , the tension in the cord. The pull of
gravity, the weight of the object, is = 50 N. These two forces are shown in the free-body diagram in Fig.

3-10).

=Y

Fy=50N

(b)

Fig. 3-1

The forces are already in component form and so we can write the first condition for equilibrium at
once, taking up and to the right as positive directions:

¥ =0 becomes 0=0
T2 =0 becomes —50N=0

from which = 50 N. Thus, when a single vertical cord supports a body at equilibrium, the tension in the
cord equals the weight of the body.
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A 5.0 kg object is to be given an upward acceleration of 0.30 m/s> by a rope pulling straight
upward on it. What must be the tension in the rope?

The free-body diagram for the object is shown in Fig. 3-2. The tension in the rope is , and the weight

of the object is = =(50kg)(9.81 m/s*) =49.1 N. Using ¥ = with up taken as positive, we
have

- = or —49.1 N = (5.0 kg)(0.30 m/s?)
from which = 50.6 N = 51 N. As a check, we notice that  is larger than as it must be if the object is

to accelerate upward.

=1
~
ol
iy

0 R i 140 N l
L F,
ool B

(a) ()

Fig. 3-2 Fig. 3-3

A horizontal force of 140 N is needed to pull a 60.0 kg box across the horizontal floor at constant
speed. What is the coefficient of friction between floor and box? Determine it to three significant
figures even though that’s quite unrealistic.

The free-body diagram for the box is shown in Fig. 3-3. Because the box does not move up or down,
= 0. Therefore,

X = gives =( )(0 m/s?)
from which we find that = = (60.0 kg)(9.81 m/s?) = 588.6 N. Further, because the box is moving
horizontally at constant speed, = 0 and so
¥ o= gives I40N—- =0
from which the friction force is [ = 140 N. We then have
¢ 40N
M= = sgen . 08
The only force acting on a 5.0 kg object has components =20 N and =30 N. Find the

acceleration of the object.

We make use of ¥ = and ¥ = to obtain
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> 20N ,
50 ke 4.0 m/s
2 30 N ,
=TT 60
5.0 kg /s

These components of the acceleration are shown in Fig. 3-4. From the figure, we see that
=1/(4.0)* + (6.0)* m/s* = 7.2 m/s*

and 0 = arctan (6.0/4.0) = 56°.

a,=6.0 m/s>

0

a,=4.0m/s?

Fig. 3-4

A 600 N object is to be given an acceleration of 0.70 m/sz. How large an unbalanced force must
act upon it?

Notice that the weight, not the mass, of the object is given. Assuming the weight was measured on the
Earth, we use = to find

600 N

= PR 6k
9.81 m/s? &

Now that we know the mass of the object (61 kg) and the desired acceleration (0.70 m/s*), we have

=  =(61kg)(0.70 m/s*) =43 N

A constant force acts on a 5.0 kg object and reduces its velocity from 7.0 m/s to 3.0 m/s in a time
of 3.0 s. Find the force.

We must first find the acceleration of the object, which is constant because the force is constant. Taking
the direction of motion as positive, from Chapter 2 we have

- —40m/s )
=30s =—-1.33m/s

Now we can use = with =5.0 kg:
= (5.0 kg)(-1.33 m/s*) = —6.7 N

The minus sign indicates that the force is a retarding force, directed opposite to the motion.
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3.9

3.10

3.11

3.12

A 400-g block with an initial speed of 80 cm/s slides along a horizontal tabletop against a friction
force of 0.70 N. ( ) How far will it slide before stopping? ( ) What is the coefficient of friction
between the block and the tabletop?

() We take the direction of motion as positive. The only unbalanced force acting on the block is the
friction force, —0.70 N. Therefore,

Y = becomes —0.70 N = (0.400 kg)( )
from which = —-1.75 m/sz. (Notice that is always in kilograms.) To find the distance the block
slides, we have ~ =0.80m/s, =0,and =—1.75m/s>. Then > — > =2 gives

7= (0-0.64) mP/st
=T T Qi me)  i8m

() Because the vertical forces on the block must cancel, the upward push of the table must equal the
weight mg of the block. Then
__ friction force 0.70 N

- - —0.18
Hi (0.40 kg)(9.81 m/s?)

A 600-kg car is moving on a level road at 30 m/s. ( ) How large a retarding force (assumed
constant) is required to stop it in a distance of 70 m? ( ) What is the minimum coefficient of
friction between tires and roadway if this is to be possible? Assume the wheels are not locked, in
which case we are dealing with static friction — there’s no sliding.

() Wemust first find the car’s acceleration from a motion equation. It is known that =30m/s, =0,
and =70 m. Weuse > = > +2 tofind

2 2 2/.2
=7 0-900m"/s" )
ST T T qam oM

Now we can write
= = (600 kg)(—6.43 m/s?) = —3860 N = —3.9 kN

() The force found in ( ) is supplied as the friction force between the tires and roadway. Therefore, the
magnitude of the friction force on the tires is ; = 3860 N. The coefficient of friction is given by
uw = ¢/ , where is the normal force. In the present case, the roadway pushes up on the car
with a force equal to the car’s weight. Therefore,

= = =(600kg)(9.81 m/s*) = 5886 N
¢ 3860

so that 7 :—7ﬁ70.66

The coeflicient of friction must be at least 0.66 if the car is to stop within 70 m.

An 8000-kg engine pulls a 40000-kg train along a level track and gives it an acceleration
, = 1.20 m/s>. What acceleration ( ») would the engine give to a 16000-kg train?

For a given engine force, the acceleration is inversely proportional to the total mass. Thus

8000 kg + 40000 kg
27, 178000 kg + 16000 kg

(1.20 m/s*) = 2.40 m/s’

As shown in Fig. 3-5( ), an object of mass is supported by a cord. Find the tension in the cord
if the object is ( ) at rest, ( ) moving at constant velocity, ( ) accelerating upward with accelera-
tion =3 /2, and ( ) accelerating downward at =0.75 .
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Two forces act on the object: the tension upward and the downward pull of gravity . They are
shown in the free-body diagram in Fig. 3-5( ). We take up as the positive direction and write ¥ = in
each case.
( ) = 0: — = = 0 or —
() =0: — = =0 or =
() =3 /2 - = (3/2 or =25
() =-3 /4 - = (=3/4 or =0.25

Notice that the tension in the cord is less than in part ( ); only then can the object have a downward
acceleration. Can you explain why =0if =-—7?

t@’ 1500 N
o O O

Fy=mg

=
~

]
]

3

o

Free-body diagram
(b)

Fig. 3-5 Fig. 3-6

A tow rope will break if the tension in it exceeds 1500 N. It is used to tow a 700-kg car along level
ground. What is the largest acceleration the rope can give to the car? (Remember that 1500 has
four significant figures; see Appendix A.)

The forces acting on the car are shown in Fig. 3-6. Only the -directed force is of importance, because
the -directed forces balance each other. Indicating the positive direction with a + sign and a little arrow we
write,

ty = becomes 1500 N = (700kg)( )

from which = 2.14 m/s%.

Compute the least acceleration with which a 45-kg woman can slide down a rope if the rope can
withstand a tension of only 300 N.

The weight of the woman is = (45 kg)(9.81 m/s*) = 441 N. Because the rope can support only
300 N, the unbalanced downward force  on the woman must be at least 441 N — 300 N = 141 N. Her
minimum downward acceleration is then

141 N ,

A 70-kg box is slid along the floor by a 400-N force as shown in Fig. 3-7. The coefficient of
friction between the box and the floor is 0.50 when the box is sliding. Find the acceleration of the
box.
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140 N

—
ool

Fig. 3-7

Since the -directed forces must balance,
= = (70 kg)(9.81 m/s?) = 687 N
But the friction force ¢ is given by
f=wu = (0.50)(687 N) =344 N
Now write ¥ = for the box, taking the direction of motion as positive:

400 N—344N=(70kg)( ) or =0.80 m/s’

3.16 Suppose, as shown in Fig. 3-8, that a 70-kg box is pulled by a 400-N force at an angle of 30° to the
horizontal. The coeflicient of kinetic friction is 0.50. Find the acceleration of the box.

70 kg
F, Fy
o —
i
Fig. 3-8
Because the box does not move up or down, we have ¥ = = 0. From Fig. 3-8, we see that this
equation is
+200N—- =0
But = (70 kg)(9.81 m/s*) = 687 N, and it follows that = 486 N.

We next find the friction force acting on the box:
f=wm = (0.50)(486 N) =243 N
Now let us write ¥ = for the box. It is
(346 — 243) N = (70 kg)( )

from which =1.5 m/s2.
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3.17 A car moving at 20 m/s along a horizontal road has its brakes suddenly applied and eventually
comes to rest. What is the shortest distance in which it can be stopped if the friction coefficient
between tires and road is 0.90? Assume that all four wheels brake identically. If the brakes don’t
lock the car stops via static friction.

The friction force at one wheel, call it wheel 1, is
f1 =M 1=K8

where | is the weight carried by wheel 1. We obtain the total friction force by adding such terms for all
four wheels:

f=p 1 tp atp stp a=p( 0t 2t 3+ 4)=up
where is the total weight of the car. (Notice that we are assuming optimal braking at each wheel.) This

friction force is the only unbalanced force on the car (we neglect wind friction and such). Writing = for
the car with  replaced by —pu gives — = ,where is the car’s mass and the positive direction is
taken as the direction of motion. However, = ; so the car’s acceleration is

=K B =(-090)(9.81 m/s%) = —8.8 m/s>

We can find how far the car went before stopping by solving a motion problem. Knowing that = 20 m/s,
=0,and = —8.8 m/sz, we find from 2 — 2=2 that
_ 272
:(0 400) m~/s Cim
—17.6 m/s?

If the four wheels had not all been braking optimally, the stopping distance would have been longer.

3.18 Asshown in Fig. 3-9, a force of 400 N pushes on a 25-kg box. Starting from rest, the box achieves
a velocity of 2.0 m/s in a time of 4.0 s. Find the coefficient of kinetic friction between box and

floor.
275N
306 N| \400 N
PN
25 kg
F, Fi
-—
It
Fig. 3-9
We will need to find byuseof = . Butfirst we must find from a motion problem. We know that
=0, =20m/s, =4.0s.Using = -+ gives
- 2.0m/s )
=—= =0.50
4.0s m/s
Now we can write ¥ = ,where = =0.50 m/s®. From Fig. 3-9, this equation becomes
257 N — ;= (25 kg)(0.50 m/s?) or f=245N
We now wish touse p= / . To find we write X = = 0, since no vertical motion occurs.
From Fig. 3-9,

—306 N —(25)(9.8))N=0  or =551 N
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3.19

3.20

Then

245

f

=— =—=0.44
Hik 551

A 200-N wagon is to be pulled up a 30° incline at constant speed. How large a force parallel to the
incline is needed if friction effects are negligible?

The situation is shown in Fig. 3-10( ). Because the wagon moves at a constant speed along a straight
line, its velocity vector is constant. Therefore the wagon is in translational equilibrium, and the first con-
dition for equilibrium applies to it.

We isolate the wagon as the object. Three nonnegligible forces act on it: (1) the pull of gravity (its
weight), directed straight down; (2) the force exerted on the wagon parallel to the incline to pull it up the
incline; (3) the push of the incline that supports the wagon. These three forces are shown in the free-body
diagram in Fig. 3-10( ).

For situations involving inclines, it is convenient to take the -axis parallel to the incline and the -axis
perpendicular to it. After taking components along these axes, we can write the first condition for equili-
brium:

} ¥ =0 becomes —0.50 =0
’} ¥ =0 becomes —0.87 =0
Solving the first equation and recalling that =200 N, we find that = 0.50 . The required pulling

force to two significant figures is 0.10 kN.

1><

Fig. 3-10

A 20-kg box sits on an incline as shown in Fig. 3-11. The coefficient of kinetic friction between
box and incline is 0.30. Find the acceleration of the box down the incline.

In solving inclined-plane problems, we take - and -axes as shown in the figure, parallel and perpen-
dicular to the incline. We shall find the acceleration by writing ¥ = . But first we must find the friction
force . Using the fact that cos 30° = 0.866,

= =0 gives —-087 =0
from which = (0.87)(20 kg)(9.81 m/s*) = 171 N. Now we can find ; from

p=m  =(030)(171 N) =51 N
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Fig. 3-11
Writing ¥ = , we have
f—0.50 = or 51 N —(0.50)(20)(9.81) N = (20 kg)( )
from which = —2.35 m/s®. The box accelerates down the incline at 2.4 m/s>.

When a force of 500 N pushes on a 25-kg box as shown in Fig. 3-12, the acceleration of the box
up the incline is 0.75 m/s”. Find the coefficient of kinetic friction between box and incline.

The acting forces and their components are shown in Fig. 3-12. Notice how the -and -axes are taken.
Since the box moves up the incline, the friction force (which always acts to retard the motion) is directed
down the incline.

Let us first find ; by writing ¥ = . From Fig. 3-12, using sin 40° = 0.643,

383 N— — (0.64)(25)(9.81) N = (25 kg)(0.75 m/s?)

from which [ =207 N.

We also need . Writing ¥ = =0, and using cos 40° = 0.766, we get
— 321 N —(0.77)(25)(9.81) N =0 or =510 N
207
Th =L ="' _ 041
en H 5100

Fig. 3-12
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3.22 Two blocks, of masses ;| and ,, are pushed by a force as shown in Fig. 3-13. The coefficient
of friction between each block and the table is 0.40. ( ) What must be the value of if the blocks
are to have an acceleration of 200 cm/s*? How large a force does ;| then exert on ,? Use

1 =300 gand , =500 g. Remember to work in SI units.

The friction forces on the blocks are =04 | and » =04 , . We take the two blocks in
combination as the object for discussion; the horizontal forces on the object from outside (i.e. the external
forces on it) are , g, and . Although the two blocks do push on each other, the pushes are internal
forces; they are not part of the unbalanced external force on the two-mass object. For that object,

Yy = becomes —au— =01+ 2)

() Solving for and substituting known values, we find
=040 ( ;+ )+( 1+ ) =314N+160N=47N

() Now consider block 5 alone. The forces acting on it in the -direction are the push of block ;| on it
(which we represent by ) and the retarding friction force , = 0.4 , . Then, for it,

¥ = becomes — = -
We know that = 2.0 m/s2 and so
= p+ , =196N+100N=296N=30N

FT
@

‘_i’

i ”
— m,
(70kg)g  (9.0kg)g
Free-body diagram
(@) (®)
Fig. 3-13 Fig. 3-14

3.23 A cord passing over an easily turned pulley (one that is both massless and frictionless) has
a 7.0-kg mass hanging from one end and a 9.0-kg mass hanging from the other, as shown in
Fig. 3-14. (This arrangement is called Atwood’s machine.) Find the acceleration of the masses and
the tension in the cord.

Because the pulley is easily turned, the tension in the cord will be the same on each side. The forces
acting on each of the two masses are drawn in Fig. 3-14. Recall that the weight of an object is

It is convenient in situations involving objects connected by cords to take the direction of motion as the
positive direction. In the present case, we take up positive for the 7.0-kg mass, and down positive for the
9.0-kg mass. (If we do this, the acceleration will be positive for each mass. Because the cord doesn’t stretch,
the accelerations are numerically equal.) Writing ¥ = for each mass in turn, we have

—(7.0)9.81) N=(7.0kg)( ) and  (9.0)(9.81) N— = (9.0 kg)( )
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If we add these two equations, the unknown drops out, giving
(9.0—-7.0)(9.81) N = (16 kg)( )

for which = 1.23 m/s®. We can now substitute 1.23 m/s* for in either equation and obtain =77 N.

3.24 In Fig. 3-15, the coefficient of kinetic friction between block and the table is 0.20. Also,
=25 kg, = 15 kg. How far will block drop in the first 3.0 s after the system is released?

S
T
R L || >
F; Fy,
C—
ﬁfm
Free-body diagram
(®)
Fig. 3-15

Since, for block , there is no motion vertically, the normal force is
= = (25 kg)(9.81 m/s*) = 245 N
and r=wm = (0.20)(245 N) =49 N

We must first find the acceleration of the system and then we can describe its motion. Let us apply
= to each block in turn. Taking the motion direction as positive, we have

- = or —49 N =(25kg)( )
and - = or —  +(15)(9.81) N= (15 kg)( )
We can eliminate by adding the two equations. Then, solving for , we find = 2.45 m/s’.
Now we can work a motion problem with =245m/s>, =0, =3.0s:
= +1 2 gives =0+1(245m/s*)(3.0s)> =11m

as the distance falls in the first 3.0 s.

3.25 How large a horizontal force in addition to must pull on block in Fig. 3-15 to give it an
acceleration of 0.75 m/s®> toward the left? Assume, as in Problem 3.24, that . = 0.20,
= 25 kg, and =15 kg.

If we were to redraw Fig 3-15 for this case, we would show a force pulling toward the left on . In
addition, the retarding friction force  should be reversed in direction in the figure. As in Problem 3.24,
=49 N.
f
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We write = for each block in turn, taking the direction of motion to be positive. We have
—  —49N=(25kg)(0.75m/s*)  and — (15)(9.81) N = (15 kg)(0.75 m/s?)

We solve the last equation for and substitute in the previous equation. We can then solve for the single
unknown , and we find it to be 226 N or 0.23 kN.

3.26 The coefficient of static friction between a box and the flat bed of a truck is 0.60. What is the
maximum acceleration the truck can have along level ground if the box is not to slide?

The box experiences only one -directed force, the friction force. When the box is on the verge of
slipping, ;=pu , where is the weight of the box.
As the truck accelerates, the friction force must cause the box to have the same acceleration as the truck;

otherwise, the box will slip. When the box is not slipping, ¥ = applied to the box gives =
However, if the box is on the verge of slipping, = pu so that p = . Because =, this gives
W

=" =4 =(0.60)(9.81 m/s?) = 5.9 m/s

as the maximum acceleration without slipping.

3.27 In Fig. 3-16, the two boxes have identical masses of 40 kg. Both experience a sliding friction force
with py = 0.15. Find the acceleration of the boxes and the tension in the tie cord.

=

wA

Fig. 3-16

Using ¢=p , we find that the friction forces on the two boxes are

ta = (0.15)( ) and g = (0.15)(0.87 )
But =40kg,so o =59 Nand g =51N.
Let us now apply ¥ = to each block in turn, taking the direction of motion as positive. This
gives
—59 N = (40 kg)( ) and 05 — —=51N=(40kg)( )

Solving these two equations for and gives = 1.1 m/s2 and =0.10 kN.



42 NEWTON’S LAWS [CHAP. 3

3.28 In the system shown in Fig. 3-17( ), force accelerates block | to the right. Find its acceleration
in terms of  and the coefficient of friction y; at the contact surfaces.

< F >

> N N1

Fyz -y

P F
T m, = = m, e
Ff2 FT
myg F; mg
(a) ) ()
Fig. 3-17

The horizontal forces on the blocks are shown in Fig. 3-17( ) and ( ). Block , is pressed against | by

its weight , . This is the normal force where | and , are in contact, so the friction force there is

2 =pr 2 . At the bottom surface of |, however, the normal force is ( ;+ ,) . Hence,

{=m( 1+ 2).Wenowwrite X = for each block, taking the direction of motion as positive:
=Mk o2 = 2 and = —poa2 —m( it 2 =

We can eliminate by adding the two equations to obtain
2 o —m( o+ DO)=0 1+ 2)()

-2
from which S o S i

1+ 2

3.29 In the system of Fig. 3-18, friction and the mass of the pulley are both negligible. Find the

acceleration of ,if [ =300g, ,=500g and =1.50N.
FTI
FTZ I_;
o my, ||——
i
Fig. 3-18
Notice that ; has twice as large an acceleration as  ,. (When the pulley moves a distance , ; moves
a distance 2 .) Also notice that the tension in the cord pulling ; is half 5, that in the cord pulling the
pulley, because the total force on the pulley must be zero. ( = tells us that this is so because the mass of
the pulley is zero.) Writing ¥ = for each mass, we have
1=(1)2) and - 2=
However, we know that :% ,» and so the first equation gives , =4 | . Substitution in the second
equation yields
1.50 N

=@ 1+ () or = = 0.882 m/s

4+ , 120kg+0.50 kg
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3.30 In Fig. 3-19, the weights of the objects are 200 N and 300 N. The pulleys are essentially friction-
less and massless. Pulley | has a stationary axle, but pulley 5 is free to move up and down. Find
the tensions | and , and the acceleration of each body.

Mass will rise and mass ~ will fall. You can see this by noticing that the forces acting on pulley , are
2 ,upand | down. Since the pulley has no mass, it can have no acceleration, and so | =2 , (the
inertialess object transmits the tension). Twice as large a force is pulling upward on  as on

Let be the downward acceleration of . Then /2 is the upward acceleration of . (Why?) We now
write ¥ = for each mass in turn, taking the direction of motion as positive in each case. We have

[ —300N=( )4 ) and 200N-— ,= ,

But =/ andso =(200/9.81) kg and = (300/9.81) kg. Further ;=2 ,. Substitution of
these values in the two equations allows us to compute , and then | and . The results are
| =327N , =164 N =1.78 m/s*

3.31 Compute the mass of the Earth, assuming it to be a sphere of radius 6370 km. Give your answer
to three significant figures.

Let  be the mass of the Earth, and  the mass of an object on the Earth’s surface. The weight of the
object is equal to . It is also equal to the gravitational force ( )/ 2, where is the Earth’s radius.
Hence,

2 2 6 2
from which _ OB m/S)63T X 10 m)T_ 5 gg g2 g
6.67 x 10! N.-m?/kg
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Supplementary Problems

Once ignited, a small rocket motor on a spacecraft exerts a constant force of 10 N for 7.80 s. During the
burn the rocket causes the 100-kg craft to accelerate uniformly. Determine that acceleration.
Ans. 0.10 m/s®

Typically, a bullet leaves a standard 45-caliber pistol (5.0-in. barrel) at a speed of 262 m/s. If it takes 1 ms to
traverse the barrel, determine the average acceleration experienced by the 16.2-g bullet within the gun and
then compute the average force exerted on it. Ans. 3 x10° m/s*; 0.4 x 10° N

A force acts on a 2-kg mass and gives it an acceleration of 3 m/s>. What acceleration is produced by the same
force when acting on a mass of ( ) 1 kg? ( )4 kg? ( ) How large is the force? Ans. ()6 m/sz; ()2 m/sz;
()6N

An object has a mass of 300 g. ( ) What is its weight on Earth? ( ) What is its mass on the Moon? ( ) What
will be its acceleration on the Moon when a 0.500 N resultant force acts on it? Ans. () 2.94 N;
() 0.300 kg; () 1.67 m/s?

A horizontal cable pulls a 200-kg cart along a horizontal track. The tension in the cable is 500 N. Starting
from rest, ( ) How long will it take the cart to reach a speed of 8.0 m/s? ( ) How far will it have
gone? Ans. ()32s()13m

A 900-kg car is going 20 m/s along a level road. How large a constant retarding force is required to stop it in
a distance of 30 m? (Hint: First find its deceleration.) Ans. 6.0 kN

A 12.0-g bullet is accelerated from rest to a speed of 700 m/s as it travels 20.0 cm in a gun barrel. Assuming
the acceleration to be constant, how large was the accelerating force? (Be careful of units.)
Ans. 14.7 kN

A 20-kg crate hangs at the end of a long rope. Find its acceleration (magnitude and direction) when the
tension in the rope is ( ) 250 N, ( ) 150 N, ( ) zero, ( ) 196 N. Ans. ()27 m/s2 up; ()2.3 m/s2 down;
()9.8 m/s2 down; () zero

A 5.0-kg mass hangs at the end of a cord. Find the tension in the cord if the acceleration of the mass is
() 1.5m/s” up, () 1.5 m/s> down, ( ) 9.8 m/s*> down.  Ans. ()57 N;()42N; () zero

A 700-N man stands on a scale on the floor of an elevator. The scale records the force it exerts on whatever is
on it. What is the scale reading if the elevator has an acceleration of ( ) 1.8 m/s2 up? () 1.8 m/s2 down?
() 9.8 m/s* down? Ans. () 0.83 kN; () 0.57 kN; () zero

Using the scale described in Problem 3.41, a 65.0 kg astronaut weighs himself on the Moon, where
= 1.60 m/s>. What does the scale read? Ans. 104 N

A cord passing over a frictionless, massless pulley has a 4.0-kg object tied to one end and a 12-kg object tied
to the other. Compute the acceleration and the tension in the cord. Ans. 49 m/s*, 59 N

An elevator starts from rest with a constant upward acceleration. It moves 2.0 m in the first 0.60 s. A
passenger in the elevator is holding a 3.0-kg package by a vertical string. What is the tension in the string
during the accelerating process? Ans. 63 N

Just as her parachute opens, a 60-kg parachutist is falling at a speed of 50 m/s. After 0.80 s has passed, the
chute is fully open and her speed has dropped to 12.0 m/s. Find the average retarding force exerted upon the
chutist during this time if the deceleration is uniform. Ans. 2850 N + 588 N = 3438 N = 3.4 kN
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3.57

A 300-g mass hangs at the end of a string. A second string hangs from the bottom of that mass and supports
a 900-g mass. ( ) Find the tension in each string when the masses are accelerating upward at 0.700 m/s>.
() Find the tension in each string when the acceleration is 0.700 m/s> downward. Ans. () 12.6 N and
945 N; () 109 N and 8.19 N

A 20-kg wagon is pulled along the level ground by a rope inclined at 30° above the horizontal. A friction
force of 30 N opposes the motion. How large is the pulling force if the wagon is moving with ( ) constant
speed and () an acceleration of 0.40 m/s>? Ans. ()35N; ()44 N

A 12-kg box is released from the top of an incline that is 5.0 m long and makes an angle of 40° to the
horizontal. A 60-N friction force impedes the motion of the box. ( ) What will be the acceleration of the box
and () how long will it take to reach the bottom of the incline? Ans. ()13 m/s*()2.8s

For the situation outlined in Problem 3.48, what is the coefficient of friction between box and incline?
Ans. 0.67

An inclined plane makes an angle of 30° with the horizontal. Find the constant force, applied parallel to the
plane, required to cause a 15-kg box to slide ( ) up the plane with acceleration 1.2 m/s2 and ( ) down the
incline with acceleration 1.2 m/s*. Neglect friction forces. Ans. ()92 N; ()56 N

A horizontal force is exerted on a 20-kg box to slide it up a 30° incline. The friction force retarding
the motion is 80 N. How large must  be if the acceleration of the moving box is to be ( ) zero and
() 0.75 m/s*? Ans. () 0.21 kN; () 0.22 kN

An inclined plane making an angle of 25° with the horizontal has a pulley at its top. A 30-kg block on the
plane is connected to a freely hanging 20-kg block by means of a cord passing over the pulley. Compute the
distance the 20-kg block will fall in 2.0 s starting from rest. Neglect friction. Ans. 29 m

Repeat Problem 3.52 if the coefficient of friction between block and plane is 0.20. Ans. 0.74 m

A horizontal force of 200 N is required to cause a 15-kg block to slide up a 20° incline with an acceleration of
25 cm/sz. Find () the friction force on the block and ( ) the coefficient of friction. Ans. () 0.13 kN;
() 0.65

Find the acceleration of the blocks in Fig. 3-20 if friction forces are negligible. What is the tension in the cord
connecting them? Ans. 33 m/s?, 13N

4.0kg 5.0kg

F=30N

Fig. 3-20

Repeat Problem 3.55 if the coefficient of kinetic friction between the blocks and the table is 0.30.
Ans. 039 m/s*, 13 N

How large a force  is needed in Fig. 3-21 to pull out the 6.0-kg block with an acceleration of 1.50 m/s” if the
coefficient of friction at its surfaces is 0.40? Ans. 48 N
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2.0
kg

6.0 kg

lm

Fig. 3-21 Fig. 3-22

In Fig. 3-22, how large a force is needed to give the blocks an acceleration of 3.0 m/s? if the coefficient of
kinetic friction between blocks and table is 0.20? How large a force does the 1.50-kg block then exert on the
2.0-kg block? Ans. 22 N, 15N

() What is the smallest force parallel to a 37° incline needed to keep a 100-N weight from sliding down the
incline if the coefficients of static and kinetic friction are both 0.30? ( ) What parallel force is required to keep
the weight moving up the incline at constant speed? ( ) If the parallel pushing force is 94 N, what will be the
acceleration of the object? () If the object in ( ) starts from rest, how far will it move in 10 s?

Ans. ()36 N; ()84 N; () 0.98 m/s2 up the plane; ( ) 49 m

A 5.0-kg block rests on a 30° incline. The coefficient of static friction between the block and the incline is
0.20. How large a horizontal force must push on the block if the block is to be on the verge of sliding ( ) up
the incline and ( ) down the incline? Ans. ()43 N; () 16.6 N

Three blocks with masses 6.0 kg, 9.0 kg, and 10 kg are connected as shown in Fig. 3-23. The coefficient of
friction between the table and the 10-kg block is 0.20. Find ( ) the acceleration of the system and ( ) the
tension in the cord on the left and in the cord on the right. Ans. () 039 m/s>; ()61 N, 85N

Fig. 3-23

The Earth’s radius is about 6370 km. An object that has a mass of 20 kg is taken to a height of 160 km
above the Earth’s surface. ( ) What is the object’s mass at this height? ( ) How much does the object weigh
(i.e., how large a gravitational force does it experience) at this height? Ans. ()20 kg; () 0.19 kN

The radius of the Earth is about 6370 km, while that of Mars is about 3440 km. If an object weighs 200 N on
Earth, what would it weigh, and what would be the acceleration due to gravity, on Mars? The mass of Mars
is 0.11 that of Earth. Ans. 75N, 3.7 m/s2



Chapter 4

Equilibrium Under the Action of Concurrent Forces

CONCURRENT FORCES are forces whose lines of action all pass through a common point.
The forces acting on a point object are concurrent because they all pass through the same point,
the point object.

AN OBJECT IS IN EQUILIBRIUM under the action of concurrent forces provided it is not ac-
celerating.

THE FIRST CONDITION FOR EQUILIBRIUM is the requirement that XF =0 or, in compo-
nent form, that

¥ =X =X =0
That is, the resultant of all external forces acting on the object must be zero. This condition is sufficient

for equilibrium when the external forces are concurrent. A second condition must also be satisfied if an
object is to be in equilibrium under nonconcurrent forces; it is discussed in Chapter 5.

PROBLEM SOLUTION METHOD (CONCURRENT FORCES):

(1) TIsolate the object for discussion.

(2) Show the forces acting on the isolated object in a diagram (the free-body diagram).
(3) Find the rectangular components of each force.

(4) Write the first condition for equilibrium in equation form.

(5) Solve for the required quantities.

THE WEIGHT OF AN OBJECT (F ) is essentially the force with which gravity pulls downward
upon it.

THE TENSILE FORCE (17 ) acting on a string or cable or chain (or indeed, on any structural
member) is the applied force tending to stretch it. The scalar magnitude of the tensile force is the
tension ().

THE FRICTION FORCE (F;) is a tangential force acting on an object that opposes the sliding
of that object across an adjacent surface with which it is in contact. The friction force is parallel
to the surface and opposite to the direction of motion or of impending motion.

THE NORMAL FORCE (F ) on an object that is being supported by a surface is the compo-
nent of the supporting force that is perpendicular to the surface.

47
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4.1

4.2

EQUILIBRIUM UNDER THE ACTION OF CONCURRENT FORCES [CHAP. 4

Solved Problems

In Fig. 4-1( ), the tension in the horizontal cord is 30 N as shown. Find the weight of the object.

The tension in cord 1 is equal to the weight of the object hanging from it. Therefore | =, and we
wish to find ; or

Notice that the unknown force | and the known force of 30 N both pull on the knot at point . It
therefore makes sense to isolate the knot at  as our object. The free-body diagram showing the forces on the
knot is drawn as in Fig. 4-1( ). The force components are also shown there.

We next write the first condition for equilibrium for the knot. From the free-body diagram,

23 =0 becomes 30N— ,cos40°=0

1 =0 becomes 5 sin 40° — =0

Solving the first equation for , gives , = 39.2 N. Substituting this value in the second equation gives
= 25 N as the weight of the object.

VA
Fry
Fr, sin 40°
40° 30N
—
Fr, cos 40° X
Fr=Fy
(@) (%)

Fig. 4-1

A rope extends between two poles. A 90-N boy hangs from it as shown in Fig. 4-2( ). Find the
tensions in the two parts of the rope.

We label the two tensions | and ,, and isolate the rope at the boy’s hands as the object. The free-
body diagram for the object is shown in Fig. 4-2( ).

After resolving the forces into their components as shown, we can write the first condition for equili-
brium:

H¥Y =0 becomes 5, €0850°—  {cosl10°=0
2 =0 becomes > sin 5.0°+ 1sin 10°=90N =0

When we evaluate the sines and cosines, these equations become

Solving the first for , gives , =0.990 . Substituting this in the second equation gives
0.086 ;+0.174 ;1 —-90=0

from which | = 0.35 kN. Then, because , =0.990 |, we have , = 0.34kN.
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— y A
10° X\ —
Fry @ Fr,
FTI o F
Fyp, sin 10° ‘\lo(’f\__/—;?/n-' Fp, sin 5.0°
— L
Fy cos 10° Fp,y c085.0° X
L Yy Fy=90N
(@) (b)
Fig. 4-2

4.3 A 50-N box is slid straight across the floor at constant speed by a force of 25 N, as shown in Fig.
4-3( ). How large a friction force impedes the motion of the box? ( ) How large is the normal
force? () Find p between the box and the floor.

Notice the forces acting on the box, as shown in Fig. 4-3( ). The friction force is
force, the supporting force exerted by the floor, is

¢ and the normal

. The free-body diagram and components are shown in

Fig. 4-3( ). Because the box is moving with constant velocity, it is in equilibrium. The first condition for
equilibrium, taking to the right as positive, tells us that

() We can solve for the friction force

r=19N.
() To find

Solving gives the normal force as

a2y =0 or

25 cos 40° —

¢ at once to find that (=1

we use the fact that

() From the definition of 1 , we have

25N

F=0

9.2 N, or to two significant figures,

=0 or + 25 sin 40° — 50 =0
= 33.9 N or, to two significant figures, =34 N.
192N
f
=—=—=0.57
a 3B3ION
VA
25N
‘\ M o
Fy 25 sin 40
Ff 40°
< >
25 cos 40° X
50N
\
(b)

Fig. 4-3
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Find the tensions in the ropes shown in Fig. 4-4( ) if the supported object weighs 600 N.

Let us select as our object the knot at  because we know one force acting on it. The weight pulls down
on it with a force of 600 N, and so the free-body diagram for the knot is as shown in Fig. 4-4( ). Applying
the first condition for equilibrium to that diagram, we have

Ky =0 or 5 cos 60°— | cos 60°=0

1Y =0 or 1 sin 60° 4+ 5 sin 60° — 600 = 0
The first equation yields | = 5. (We could have inferred this from the symmetry of the system. Also
symmetry, 3= 4.) Substitution of | for , in the second equation gives | =346 N, and so

» = 346 N also.
Let us now isolate knot as our object. Its free-body diagram is shown in Fig. 4-4( ). We have already
found that , =346 N or 0.35 kN and so the equilibrium equations are

H¥ =0 or 30820°— 5—346sin 30° =0
Y =0 or 3 sin 20° — 346 cos 30° =0
The last equation yields 3 = 877 N or 0.88 kN. Substituting this in the prior equation gives 5= 651 N

or 0.65 kN. As stated previously from symmetry 4= 3 =877 N or 0.88 kN. How could you have
found 4 without recourse to symmetry? (Hint: See Fig. 4.4( ).)

v VA VA
Fr Fry
* £
FT3
\
Fry
_ b o s 0 Do Frs
FTZ — |
600 N L 300
\ / P
\ / Fr
Y
() (©) ()]

Fig. 4-4
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4.5  Each of the objects in Fig. 4-5 is in equilibrium. Find the normal force in each case.
200 N
200N_7!
30.0°
Fe . %( _ Fy
_ _
F,=500N ﬁFN Fy=150N </
Fy
\Y4
(@) b (o)
Fig. 4-5
We apply ¥ =0 in each case.
() + (200 N) sin 30.0° — 500 = 0 from which =400 N
() — (200 N) sin 30.0° — 150 =0 from which = 250N
) — (200 N) cos 6 =0 from which = (200 cos §) N
4.6  For the situations of Problem 4.5, find the coefficient of kinetic friction if the object is moving
with constant speed. Round off your answers to two significant figures.
We have already found for each case in Problem 4.5. To find ¢, the sliding-friction force, we use
> =0. Then we use the definition of x .
() We have 200 cos 30.0°— =0sothat ;=173 N. Then, p = ¢/ =173/400 = 0.43.
() We have 200 cos 30.0°— [ =0sothat ;=173 N. Then, u = ¢/ = 173/250 = 0.69.
() Wehave —200 sin # 4+ ;=0so that ;= (200 sin #) N. Then, n = / = (200 sin 0)/(200 cos 6)
= tan 6.
4.7  Suppose that in Fig. 4-5( ) the block is at rest. The angle of the incline is slowly increased. At an
angle 6 = 42°, the block begins to slide. What is the coefficient of static friction between the block
and the incline? (The block and surface are not the same as in Problems 4.5 and 4.6.)
At the instant the block begins to slide, the friction has its critical value. Therefore, u = /  at that
instant. Following the method of Problems 4.5 and 4.6, we have
= cos 6 and = sin 6
Therefore, when sliding just starts,
_or sin 0
nw o= 77c0597tan6
But 0 was found by experiment to be 42°. Therefore, 4 = tan42° = 0.90.
4.8  Pulled by the 8.0-N block shown in Fig. 4-6( ), the 20-N block slides to the right at a constant

velocity. Find 2 between the block and the table. Assume the pulley to be frictionless.

Because it is moving at a constant velocity, the 20-N block is at equilibrium. Since the pulley is
frictionless, the tension in the continuous rope is the same on both sides of the pulley. Thus, we have
1 = 2 = 80 N
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20N

(b

Fig. 4-6

Looking at the free-body diagram in Fig. 4-6( ) and recalling that the block is at equilibrium, we have
£ =0 or f= ,=80N
2 =0 or =20 N
Then, from the definition of y ,

¢ 8ON
uno= = 50N =0.40

Supplementary Problems

4.9 For the situation shown in Fig. 4-7, find the values of Fy; and Fp, if the object’s weight is
600 N. Ans. 503 N, 783 N

4.10  The following coplanar forces pull on a ring: 200 N at 30.0°, 500 N at 80.0°, 300 N at 240°, and an unknown
force. Find the magnitude and direction of the unknown force if the ring is to be in equilibrium.
Ans. 350 N at 252°
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4.11 In Fig. 4-8, the pulleys are frictionless and the system hangs at equilibrium. If 3, the weight of the object
on the right, is 200 N, what are the values of ; and  ,? Ans. 260 N, 150 N

Fig. 4-8 Fig. 4-9

4.12 Suppose | in Fig. 4-8 is 500 N. Find the values of , and  j if the system is to hang in equilibrium as
shown. Ans. 288 N, 384 N

4.13 If in Fig. 4-9 the friction between the block and the incline is negligible, how much must the object on the
right weigh if the 200-N block is to remain at rest? Ans. 115N

4.14  The system in Fig. 4-9 remains at rest when =220 N. What are the magnitude and direction of the
friction force on the 200-N block? Ans. 105 N down the incline

4.15 Find the normal force acting on the block in each of the equilibrium situations shown in Fig. 4-10.

Ans. () 34N;()46N;()9IN

70N
40°

55°
S0N

40° 40°

(@) (b (©

Fig. 4-10

4.16 The block shown in Fig. 4-10( ) slides with constant speed under the action of the force shown. ( ) How
large is the retarding friction force? ( ) What is the coefficient of kinetic friction between the block and the
floor? Ans. ()12 N;()0.34
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4.17

4.18

4.19

4.20

4.21
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The block shown in Fig. 4-10( ) slides at a constant speed down the incline. ( ) How large is the friction force
that opposes its motion? ( ) What is the coefficient of sliding (kinetic) friction between the block and the
plane? Ans. ()39 N; () 0.84

The block in Fig. 4-10( ) just begins to slide up the incline when the pushing force shown is increased to
70 N. () What is the critical static friction force on it? ( ) What is the value of the coefficient of static
friction? Ans. () 15N;()0.17

If =40 N in the equilibrium situation shown in Fig. 4-11, find | and ,. Ans. 58 N, 31 N

Fig. 4-11

Refer to the equilibrium situation shown in Fig. 4-11. The cords are strong enough to withstand a maximum
tension of 80 N. What is the largest value of that they can support as shown? Ans. 55N

The object in Fig. 4-12 is in equilibrium and has a weight =80 N.Find |, ,, 3,and 4. Giveall
answers to two significant figures. Ans. 37 N, 88 N, 77 N, 0.14 kN
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4.22  The pulleys shown in Fig. 4-13 have negligible weight and friction. What is the value of ~  if the system is at
equilibrium? Ans. 185N

4.23  In Fig. 4-14, the system is in equilibrium. ( ) What is the maximum value that can have if the friction
force on the 40-N block cannot exceed 12.0 N? ( ) What is the coefficient of static friction between the block
and the tabletop? Ans. () 6.9 N; () 0.30

40N

Fig. 4-14

4.24  The system in Fig. 4-14 is just on the verge of slipping. If = 8.0 N, what is the coefficient of static friction
between the block and tabletop? Ans. 0.35



Chapter 5

Equilibrium of a Rigid Body Under Coplanar Forces

THE TORQUE (OR MOMENT) about an axis, due to a force, is a measure of the effectiveness
of the force in producing rotation about that axis. It is defined in the following way:

Torque =t=  sinf

where is the radial distance from the axis to the point of application of the force, and € is the acute
angle between the lines-of-action of ¥ and F, as shown in Fig. 5-1( ). Often this definition is written in
terms of the lever arm of the force, which is the perpendicular distance from the axis to the line of the
force, as shown in Fig. 5-1( ). Because the lever arm is simply sin 6, the torque becomes

T =( )(lever arm)

The units of torque are newton-meters (N-m). Plus and minus signs can be assigned to torques; for
example, a torque that tends to cause counterclockwise rotation about the axis is positive, whereas one
causing clockwise rotation is negative.

(a) ()

Fig. 5-1

THE TWO CONDITIONS FOR EQUILIBRIUM of a rigid object under the action of coplanar
forces are

(1) The first or force condition: The vector sum of all forces acting on the body must be zero:
¥ =0 ¥ =0

where the plane of the coplanar forces is taken to be the xy-plane.

(2) The second or torque condition: Take an axis perpendicular to the plane of the coplanar forces. Call
the torques that tend to cause clockwise rotation about the axis negative, and counterclockwise
torques positive; then the sum of all the torques acting on the object must be zero:

HXt=0
56
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THE CENTER OF GRAVITY of an object is the point at which the entire weight of the object
may be considered concentrated; i.e., the line-of-action of the weight passes through the center of
gravity. A single vertically upward directed force, equal in magnitude to the weight of the object
and applied through its center of gravity, will keep the object in equilibrium.

THE POSITION OF THE AXIS IS ARBITRARY: If the sum of the torques is zero about one
axis for a body that obeys the force condition, it is zero about all other axes parallel to the first.
We can choose the axis in such a way that the line of an unknown force passes through the in-
tersection of the axis and the plane of the forces. The angle # between r and F is then zero;
hence, that particular unknown force exerts zero torque and therefore does not appear in the
torque equation.

Solved Problems

5.1 Find the torque about axis in Fig. 5-2 due to each of the forces shown.

T--_
! T~ __ 25N
L
ever / 20N
arm / 250
/
90°
4 8o 10N
Fig. 5-2
We use Tt =  sin 0, recalling that clockwise torques are negative while counterclockwise torques are

positive. The torques due to the three forces are

For 1I0N: 1= —(0.80 m)(10 N)(sin 90°) = —8.0 N-m
For 25 N: T = +(0.80 m)(25 N)(sin 25°) = +8.5 N-m
For 20 N: T = +£(0.80 m)(20 N)(sin 0°) =0

The line of the 20-N force goes through the axis and so # = 0° for it. Or, put another way, because the line of
the force passes through the axis, its lever arm is zero. Either way, the torque is zero for this (and any) force
whose line passes through the axis.

5.2 A uniform beam of length  weighs 200 N and holds a 450-N object as shown in Fig. 5-3. Find
the magnitudes of the forces exerted on the beam by the two supports at its ends. Assume the
lengths are exact.

Rather than draw a separate free-body diagram, we show the forces on the object being considered (the
beam) in Fig. 5-3. Because the beam is uniform, its center of gravity is at its geometric center. Thus the
weight of the beam (200 N) is shown acting at the beam’s center. The forces ; and , are exerted on the
beam by the supports. Because there are no -directed forces acting on the beam, we have only two
equations to write for this equilibrium situation: ¥ =0and ¥t =0.
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L2 L/4 L/4

200N Support

450 N

@450N

Fig. 5-3

2 =0 becomes 1+ 2—200N—450N =0

Before the torque equation is written, an axis must be chosen. We choose it at , so that the unknown force
1 will pass through it and exert no torque. The torque equation is then
NXt=—( /2)(200N)(sin 90°) — (3 /4)(450N)(sin 90°) + , sin 90° =0

Dividing through the equation by and solving for ,, we find that , =438 N.
To find | we substitute the value of , in the force equation, obtaining ; =212 N.

A uniform, 100-N pipe is used as a lever, as shown in Fig. 5-4. Where must the fulcrum (the
support point) be placed if a 500-N weight at one end is to balance a 200-N weight at the other
end? What is the reaction force exerted by the support on the pipe?

The forces in question are shown in Fig. 5-4, where s the reaction force of the support on the pipe.
We assume that the support point is at a distance from one end. Let us take the axis to be at the support
point. Then the torque equation, ¥+)X 1t = 0, becomes

+( )(200N)(sin 90°) + ( — /2)(100N)(sin 90°) — ( — )(500N)(sin 90°) =0
This simplifies to
(80ON)( ) = (SSON)( )

and so = 0.69 . The support should be placed 0.69 of the way from the lighter-loaded end.
To find the load held by the support, we use +T X = 0, which gives

—200N — 100N — 500N =0
from which = 800 N.

L2

200 N 100 N

500N Y

Fig. 5-4
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5.4

5.5

5.6

Where must a 0.80-kIN object be hung on a uniform, horizontal, rigid 100-N pole so that a girl
pushing up at one end supports one-third as much as a woman pushing up at the other end?

The situation is shown in Fig. 5-5. We represent the force exerted by the girl as , and that by the
woman as 3 . Take the axis point at the left end. Then the torque equation becomes

—( )(800N)(sin 90°) — ( /2)(100N)(sin 90°) + ( )( )(sin 90°) =0

A second equation we can write is ¥ =0, or
3 —800N—-100N+ =0
from which = 225 N. Substitution of this value in the torque equation gives

(800N)( ) = (225N)( ) — (100N)( /2)
from which = 0.22 . The load should be hung 0.22 of the way from the woman to the girl.

3L/4
L2
. | s
L2 4
. 100N F F
Y
800 N 200N
300 N
\
X
y ™ 400N
Fig. 5-5 Fig. 5-6

A uniform, 0.20-kN board of length  has two objects hanging from it: 300 N at exactly /3
from one end, and 400 N at exactly 3 /4 from the same end. What single additional force acting
on the board will cause the board to be in equilibrium?
The situation is shown in Fig. 5-6, where is the force we wish to find. For equilibrium, ¥ = 0 and so
=400 N + 200 N + 300 N =900 N

Because the board is to be in equilibrium, we are free to choose the axis anywhere. Choose it at point
Then ¥t =0 gives

+( )( )(sin 90°) — (3 /4)(400 N)(sin 90°) — ( /2)(200 N)(sin 90°) — ( /3)(300 N)(sin 90°) =0
Using =900 N, we find that = 0.56 . The required force is 0.90 kN upward at 0.56 from the left end.

The right-angle rule (or square) shown in Fig. 5-7 hangs at rest from a peg as shown. It is made of
a uniform metal sheet. One arm is cm long, while the other is 2 c¢m long. Find (to two
significant figures) the angle 8 at which it will hang.

If the rule is not too wide, we can approximate it as two thin rods of lengths and 2 joined
perpendicularly at . Let v be the weight of each centimeter of rule. Then the forces acting on the rule
are as indicated in Fig. 5-7, where is the upward reaction force of the peg.
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Fig. 5-7

Let us write the torque equation using point  as the axis. Because t =  sin 6 and because the torque
about due to is zero, the torque equation becomes

+( /2)(y )[sin (90° = )] = ( )2y )(sin 6) =0
Recall that sin (90° — ) = cos 6. After making this substitution and dividing by 2y 2 cos 0, we find that
sin 0 1

cosH_tangzz

which yields 6 = 14°.

Consider the situation shown in Fig. 5-8( ). The uniform 0.60-kN beam is hinged at . Find the
tension in the tie rope and the components of the reaction force exerted by the hinge on the beam.
Give your answers to two significant figures.

The reaction forces acting on the beam are shown in Fig. 5-8( ), where the force exerted by the hinge is
represented by its components, ; and - . The torque equation about as axis is

+(3 /4)( )(sin 40°) — ( )(800N)(sin 90°) — ( /2)(600 N)(sin 90°) =0

800N
(@) ®)

Fig. 5-8
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5.8

5.9

(We take the axis at because then |, and - do not appear in the torque equation.) Solution of this
equation yields = 2280 N or to two significant figures =23 kN.
Tofind |, and . we write
2 =0 or — cos40°+ , =0
2 =0 or sin 40°+ + —600—800=0
Since we know , these equations give |, = 1750 Nor 1.8 kNand . =65.6 N or 66 N.

A uniform, 0.40-kN boom is supported as shown in Fig. 5-9( ). Find the tension in the tie rope
and the force exerted on the boom by the pin at

The forces acting on the boom are shown in Fig. 5-9( ). Take the pin as axis. The torque equation is
then

+(3 /4)( )(sin 50°) — ( /2)(400 N)(sin 40°) — (' )(2000 N)(sin 40°) =0

from which ~ =2460 N or 2.5 kN. We now write:
¥ =0 or T =0
and so |, =2.5kN. Also
¥ =0 or » —2000 N—400 N=0
andso - =24kN. . and , arethe components of the reaction force at the pin. The magnitude of

this force is

(2400)* + (2460)* = 3.4 kN

The tangent of the angle it makes with the horizontal is tan 6 = 2400/2460, and so 6 = 44°.

(@) ()

Fig. 5-9

As shown in Fig. 5-10, hinges and hold a uniform, 400-N door in place. If the upper hinge
happens to support the entire weight of the door, find the forces exerted on the door at both
hinges. The width of the door is exactly /2, where is the distance between the hinges.
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A
FRV 7

F,

Xy
i
400 N
A B
X
Fig. 5-10

The forces acting on the door are shown in Fig. 5-10. Only a horizonal force acts at , because the upper
hinge is assumed to support the door’s weight. Let us take torques about point  as axis:

HX1=0 becomes + ( )( )(sin 90.0°) — ( /4)(400 N)(sin 90.0°) =0
from which = 100 N. We also have

£ =0 or -, =0
X2 =0 or « —400 N=0
We find from these that , =100 Nand . =400 N.

For the resultant reaction force on the hinge at , we have

=1/(400)* + (100)*> = 412 N

The tangent of the angle that F makes with the negative -directionis - / , and so the angle is

arctan 4.00 = 76.0°

5.10 A ladder leans against a smooth wall, as shown in Fig. 5-11. (By a “smooth’ wall, we mean that
the wall exerts on the ladder only a force that is perpendicular to the wall. There is no friction
force.) The ladder weighs 200 N and its center of gravity is 0.40 from the base, where is the
ladder’s length. ( ) How large a friction force must exist at the base of the ladder if it is not to slip?
( ) What is the necessary coefficient of static friction?

() We wish to find the friction force . Notice that no friction force exists at the top of the ladder. Taking
torques about point  gives the torque equation

(X1t = —(0.40 )(200 N)(sin 40°) + ( )( ,)(sin 50°) =0
Solving gives , = 67.1 N. We can also write

h) =0 or f— 2 =
S =0 or | —200=0

andso =67 Nand | =0.20kN.
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5.11

Fig. 5-11

671
() = 1_200_0.34

For the situation shown in Fig. 5-12( ), find ;, ,,and 3. The boom is uniform and weighs
800 N.

Let us first apply the force condition to point . The appropriate free-body diagram is shown in
Fig. 5-12( ). We then have

5 cos 50.0° — 2000 N =0 and 1 — 2sin 50.0°=0

From the first of these we find , = 3.11 kN; then the second equation gives ; = 2.38 kN.
Let us now isolate the boom and apply the equilibrium conditions to it. The appropriate free-body
diagram is shown in Fig. 5-12( ). The torque equation, for torques taken about point , is

@81 =+( ) 3)(sin 20.0°) — ( )(3110 N)(sin 90.0°) — ( /2)(800 N)(sin 40.0°) =0

Solving for 3, we find it to be 9.84 kN. If it were required, we could find |, and + by usingthe -and
-force equations.

50.0°

Fpy=3.11kN

2000 N

(a) (® ©

Fig. 5-12
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5.12

5.13

5.14

5.15

5.16
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Supplementary Problems

As shown in Fig. 5-13, two people sit in a car that weighs 8000 N. The person in front weighs 700 N, while
the one in the back weighs 900 N. Call L the distance between the front and back wheels. The car’s center of
gravity is a distance 0.400L behind the front wheels. How much force does each front wheel and each back
wheel support if the people are seated along the centerline of the car? Ans.  2.09 kN, 2.71 kN

Fig. 5-13

Two people, at the ends of a uniform beam that weighs 400 N, hold the beam at an angle of 25.0° to the
horizontal. How large a vertical force must each person furnish to the beam? Ans. 200 N

Repeat Problem 5.13 if a 140-N child sits on the beam at a point one-fourth of the way along the beam from
its lower end. Ans. 235 N, 305 N

As shown in Fig. 5-14, the uniform, 1600-N beam is hinged at one end and held by a tie rope at the other.
Determine the tension in the rope and the force components at the hinge. Ans. = 0.67 kN,
i =0.67kN, . =1.6kN

Tie rope

(28

Fig. 5-14 Fig. 5-15

The uniform beam shown in Fig. 5-15 weighs 500 N and supports a 700-N load. Find the tension in the tie
rope and the force of the hinge on the beam. Ans. 2.9 kN, 2.0 kN at 35° below the horizontal
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5.17 The arm shown in Fig. 5-16 supports a 4.0-kg sphere. The mass of the hand and forearm together is 3.0 kg
and its weight acts at a point 15cm from the elbow. Determine the force exerted by the biceps
muscle. Ans. 0.13 kN

il

Triceps

Biceps
Radius
Ulna

4.5 cm —>|

38 cm

Fig. 5-16

5.18 The mobile shown in Fig. 5-17 hangs at equilibrium. It consists of objects held by vertical strings. Object 3
weighs 1.40 N, while each of the identical uniform horizontal bars weighs 0.50 N. Find ( ) the weights of
objects 1 and 2, and () the tension in the upper string. Ans. ()1S5N,14N;()S3N

2L/3 L3

L2 L2

Fig. 5-17

5.19  The hinges of a uniform door weighing 200 N are 2.5 m apart. One hinge is a distance from the top of the
door, while the other is a distance from the bottom. The door is 1.0 m wide. The weight of the door is
supported by the lower hinge. Determine the forces exerted by the hinges on the door. Ans. The
horizontal force at the upper hinge is 40 N. The force at the lower hinge is 0.20 kN at 79° above the
horizontal.



66 EQUILIBRIUM OF A RIGID BODY UNDER COPLANAR FORCES [CHAP. 5

5.20  The uniform bar shown in Fig. 5-18 weighs 40 N and is subjected to the forces shown. Find the magnitude,
location, and direction of the force needed to keep the bar in equilibrium. Ans. 0.11 kN, 0.68 from
right end, at 49°

S0N 80N

0.20L 0.60 L 0.20L

60 N
70N

Fig. 5-18 Fig. 5-19

5.21  The uniform, 120-N board shown in Fig. 5-19 is supported by two ropes as shown. A 0.40-kN weight is
suspended one-quarter of the way from the left end. Find |, 5, and the angle § made by the left
rope. Ans.  0.19 kN, 0.37 kN, 14°

5.22  The foot of a ladder rests against a wall and its top is held by a tie rope, as shown in Fig. 5-20. The ladder
weighs 100 N, and its center of gravity is 0.40 of its length from the foot. A 150-N child hangs from a rung
that is 0.20 of the length from the top. Determine the tension in the tie rope and the components of the force
on the foot of the ladder. Ans. =0.12kN, , =0.12kN, « =0.25kN

Ti
E@T ie rope %
©

500N

Tie rope

: ;

Fig. 5-20 Fig. 5-21

5.23 A truss is made by hinging two uniform, 150-N rafters as shown in Fig. 5-21. They rest on an essentially
frictionless floor and are held together by a tie rope. A 500-N load is held at their apex. Find the tension in
the tie rope. Ans.  0.28 kN
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5.24

5.25

5.26

5.27

5.28

A 900-N lawn roller is to be pulled over a 5.0-cm high curb as shown in Fig. 5-22. The radius of the roller is
25 cm. What minimum pulling force is needed if the angle § made by the handle is ( ) 0° and ( ) 30°? (Hint:
Find the force needed to keep the roller balanced against the edge of the curb, just clear of the
ground.) Ans. () 0.68 kN; () 0.55 kN

Fig. 5-22 Fig. 5-23

In Fig. 5-23, the uniform beam weighs 500 N. If the tie rope can support 1800 N, what is the maximum value
the load can have? Ans.  0.93 kN

The beam in Fig. 5-24 has negligible weight. If the system hangs in equilibrium when | = 500 N, what is
the value of  ,? Ans.  0.64 kN

Fig. 5-24

Repeat Problem 5.26, but now find if 5 is 500 N. The beam weighs 300 N and is uniform.
Ans. 0.56 kN

An object is subjected to the forces shown in Fig. 5-25. What single force applied at a point on the -axis
will balance these forces? (First find its components, and then find the force.) Where on the -axis should the
force be applied? Ans. =232 N, =-338N; =410Nat—-555%at =2.14m
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5.29
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300 N

2.50 m

150 N

Fig. 5-25

The solid uniform disk of radius shown in Fig. 5-26 can turn freely on an axle through its center. A hole of
diameter # is drilled through the disk; its center is a distance from the axle. The weight of the material
drilled out is . Find the weight of an object hung from a string wound on the disk that will hold the
disk at equilibrium in the position shown. Ans. = (/ )cos@




Chapter 6

Work, Energy, and Power

THE WORK done by a force is defined as the product of that force times the parallel distance
over which it acts. Consider the simple case of straight-line motion shown in Fig. 6-1, where a
force F acts on a body that simultaneously undergoes a vector displacement §. The component of
F in the direction of §is cos §. The work done by the force F is defined to be the compo-
nent of F in the direction of the displacement, multiplied by the displacement:

=( cos®)()= cos¥

Notice that 6 is the angle between the force and displacement vectors. Work is a scalar quantity.

If F and § are in the same direction, cos @ = cos 0° =1 and = . But, if F and § are in opposite
directions, then cos § = cos 180° = —1 and = — ;the work is negative. Forces such as friction often
slow the motion of an object and are then opposite in direction to the displacement. Such forces usually
do negative work. Inasmuch as the friction force opposes the motion of an object the work done in
overcoming friction (along any path, curved or straight) equals the product of ; and the path-length
traveled. Thus, if an object is dragged against friction, back to the point where the journey started, work
is done even if the net displacement is zero.

Work is the transfer of energy from one entity to another by way of the action of a force applied
over a distance. The point of application of the force must move if work is to be done.

THE UNIT OF WORK in the SI is the newton-meter, called the joule (J). One joule is the work
done by a force of 1 N when it displaces an object 1 m in the direction of the force. Other units
sometimes used for work are the erg, where 1erg =10""J, and the foot-pound (ft-Ib), where
1 ft-lb = 1.355J.

ENERGY is a measure of the change imparted to a system. It is given to an object when a force
does work on the object. The amount of energy transferred to the object equals the work done.
Further, when an object does work, it loses an amount of energy equal to the work it does.
Energy and work have the same units, joules. Energy, like work, is a scalar quantity. An object
that is capable of doing work possesses energy.

KINETIC ENERGY (KE) is the energy possessed by an object because it is in motion. If an
object of mass  is moving with a speed , it has translational KE given by
2
KE =

When isin kg and is in m/s, the units of KE are joules.

GRAVITATIONAL POTENTIAL ENERGY (PEg) is the energy possessed by an object because
of the gravitational interaction. In falling through a vertical distance , a mass can do work in
the amount . We define the PEg of an object relative to an arbitrary zero level, often the
Earth’s surface. If the object is at a height above the zero (or reference) level, its

PEG ==

where is the acceleration due to gravity. Notice that  is the weight of the object. The units of PEg are
joules when is in kg, isin m/sz, and isin m.
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THE WORK-ENERGY THEOREM: When work is done on a point mass or a rigid body, and
there is no change in PE, the energy imparted can only appear as KE. Insofar as a body is not
totally rigid, however, energy can be transferred to its parts and the work done on it will not
precisely equal its change in KE.

CONSERVATION OF ENERGY: Energy can neither be created nor destroyed, but only trans-
formed from one kind to another. (Mass can be regarded as one form of energy. Ordinarily, the
conversion of mass into energy, and vice versa, predicted by the Special Theory of Relativity can
be ignored. This subject is treated in Chapter 41.)

POWER is the time rate of doing work:

work done by a force

- - = force x speed
time taken to do this work p

Average power =

where the speed is measured in the direction of the force applied to the object. More generally, power is
the rate of transfer of energy. In the SI, the unit of power is the watt (W), and 1W =1 J/s.
Another unit of power often used is the horsepower: 1hp = 746 W.

THE KILOWATT-HOUR is a unit of energy. If a force is doing work at a rate of 1 kilowattt
(which is 1000 J/s), then in 1 hour it will do 1 kW-h of work:

1 kW-h=3.6x10°J=3.6 MJ

Solved Problems

6.1 In Fig. 6-1, assume that the object is being pulled along the ground by a 75-N force directed 28°
above the horizontal. How much work does the force do in pulling the object 8.0 m?

F F
0\
Fcos6
S

Fig. 6-1

The work done is equal to the product of the displacement, 8.0 m, and the component of the force that
is parallel to the displacement, (75 N)(cos 28°). Thus,

— (75 N)(cos 28°)(8.0 m) = 0.53 kJ
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6.2

6.3

6.4

6.5

A block moves up a 30° incline under the action of certain forces, three of which are shown in
Fig. 6-2. F, is horizontal and of magnitude 40 N. F, is normal to the plane and of magnitude
20 N. F; is parallel to the plane and of magnitude 30 N. Determine the work done by each force
as the block (and point of application of each force) moves 80 cm up the incline.

Fig. 6-2

The component of F, along the direction of the displacement is
1 cos 30° = (40 N)(0.866) = 34.6 N
Hence the work done by F, is (34.6 N)(0.80 m) = 28 J. (Notice that the distance must be expressed in
meters.)
Because it has no component in the direction of the displacement, F, does no work.

The component of F; in the direction of the displacement is 30 N. Hence the work done by F; is
(30 N)(0.80 m) =24 1J.

A 300-g object slides 80 cm along a horizontal tabletop. How much work is done in overcoming
friction between the object and the table if the coefficient of kinetic friction is 0.20?

We first find the friction force. Since the normal force equals the weight of the object,
r=p  =(0.20)(0.300 kg)(9.81 m/s?) = 0.588 N

The work done overcoming friction is ; cos . Because the friction force is opposite in direction to the
displacement, 6 = 180°. Therefore,
Work = ¢ cos 180° = (0.588 N)(0.80 m)(—1) = —0.47 J

The work is negative because the friction force slows the object; it decreases the object’s kinetic energy.

How much work is done against gravity in lifting a 3.0-kg object through a vertical distance of
40 cm?

An external force is needed to lift an object. If the object is lifted at constant speed, the lifting force must
equal the weight of the object. The work done by the lifting force is what we refer to as work done against
gravity. Because the lifting force is mg, where is the mass of the object, we have

Work = ( )( )(cos 8) = (3.0 kg x 9.81 N)(0.40 m)(1) =121J

In general, the work done against gravity in lifting an object of mass m through a vertical distance is mgh.

How much work is done on an object by the force that supports it as the object is lowered
through a vertical distance ? How much work does the gravitational force on it do in this
same process?
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6.6

6.7

6.8

6.9
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The supporting force is mg, where m is the mass of the object. It is directed upward while the displace-
ment is downward. Hence the work it does is

cos 0= ( )( )(cos 180°) = —

The force of gravity acting on the object is also  , but it is directed downward in the same direction as the
displacement. The work done on the object by the force of gravity is therefore

cos 0= ( )( )(cos0°) =

A ladder 3.0 m long and weighing 200 N has its center of gravity 120 cm from the bottom. At its
top end is a 50-N weight. Compute the work required to raise the ladder from a horizontal
position on the ground to a vertical position.

The work done (against gravity) consists of two parts, the work to raise the center of gravity 1.20 m and
the work to raise the weight at the end through 3.0 m. Therefore
Work done = (200 N)(1.20 m) + (50 N)(3.0 m) = 0.39 kJ

Compute the work done against gravity by a pump that discharges 600 liters of fuel oil into a tank
20 m above the pump’s intake. One cubic centimeter of fuel oil has a mass of 0.82 g. One liter is
1000 cm’.

The mass lifted is

CHI3

. g\ _ _
(600 liters) <1000 liter> (0.82 cm3) =492000 g = 492 kg

The lifting work is then
Work = ( )( ) = (492 kg x 9.81 m/s?)(20 m) = 96 kJ

A 2.0-kg mass falls 400 cm. ( ) How much work was done on it by the gravitational force?
() How much PEg did it lose?

Gravity pulls with a force on the object, and the displacement is 4 m in the direction of the force.
The work done by gravity is therefore

( )(4.00 m) = (2.0 kg x 9.81 N)(4.00 m) =78 J

The change in PEg of the object is — ,where and are the initial and final heights of the
object above the reference level. We then have
Change in PEg = - = ( — )=(20kgx981 N)(—40m)=-787

The loss in PEg is 78 J.

A force of 1.50 N acts on a 0.20-kg cart so as to accelerate it along an air track. The track and
force are horizontal and in line. How fast is the cart going after acceleration from rest through
30 cm, if friction is negligible?

The work done by the force causes, and is equal to, the increase in KE of the cart. Therefore,

Work done = (KE),,; — (KE) or cos0°=1 -0

start
Substituting gives
(1.50 N)(0.30 m) = 1 (0.20 kg) *

from which = 2.1m/s.
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6.10

6.11

6.12

6.13

6.14

A 0.50-kg block slides across a tabletop with an initial velocity of 20 cm/s and comes to rest in a
distance of 70 cm. Find the average friction force that retarded its motion.

The KE of the block is decreased because of the slowing action of the friction force. That is,
Change in KE of block = work done on block by friction force

o221l 2= cosd

Because the friction force on the block is opposite in direction to the displacement, cos § = —1. Using
=0, =020m/s,and =0.70 m, we find

0 —1(0.50 kg)(0.20 m/s)*> = ( 1)(0.70 m)(—1)
from which ;=0.014 N.

A car going 15 m/s is brought to rest in a distance of 2.0 m as it strikes a pile of dirt. How large an
average force is exerted by seatbelts on a 90-kg passenger as the car is stopped?

We assume the seatbelts stop the passenger in 2.0 m. The force they apply acts through a distance of
2.0 m and decreases the passenger’s KE to zero. So

Change in KE of passenger = work done by
0 —1(90 kg)(15 m/s*) = ( )(2.0 m)(—1)

where cos # = —1 because the restraining force on the passenger is opposite in direction to the displacement.
Solving, we find = 5.1 kN.

A projectile is shot upward from the earth with a speed of 20 m/s. How high is it when its speed is
8.0 m/s? Ignore air friction.

Because the projectile’s energy is conserved, we have
Change in KE +change in PEg =0

bo2oh 240 ) - =0
We wish to find — . After a little algebra, we obtain
2 2 2 2
o :_(8.0 m/s)” — (20 m/s) m
2 2(9.81 m/s?)

In an Atwood machine (see Problem 3.23) the two masses are 800 g and 700 g. The system is
released from rest. How fast is the 800-g mass moving after it has fallen 120 cm?

The 700-g mass rises 120 cm while the 800-g mass falls 120 cm, so the net change in PEg is
Change in PEg = (0.70 kg)(9.81 m/s*)(1.20 m) — (0.80 kg)(9.81 m/s*)(1.20 m) = —1.18 J

which is a loss in PEg. Because energy is conserved, the KE of the masses must increase by 1.18 J.
Therefore,

Change in KE = 1.18 J =1 (0.70 kg)( > — %) +1(0.80 kg)( > — ?)

The system started from rest, so = 0. We solve the above equation for and find = 1.25 m/s.

Figure 6-3 shows a bead sliding on a wire. If friction forces are negligible and the bead has a speed
of 200 cm/s at , what will be its speed ( ) at point ? ( ) At point ?
We know the energy of the bead is conserved, so we can write
Change in KE + change in PEg =0
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4 »

C
80 cm
50 cm
B

Fig. 6-3
2 2
oo T (- )=0
() Here, =20m/s, =080m,and = 0. Using these values, while noticing that cancels out, gives

=4.4 m/s.
() Here, =20m/s, =0.80m,and =0.50m. Using these values gives = 3.1 m/s.

6.15 Suppose the bead in Fig. 6-3 has a mass of 15 g and a speed of 2.0 m/s at , and it stops as it
reaches point . The length of the wire from to is 250 cm. How large an average friction
force opposed the motion of the bead?

When the bead moves from to , it experiences a change in its total energy: it loses both KE and PEg.
This total energy change is equal to the work done on the bead by the friction force. Therefore,

Change in PEg + change in KE = work done by friction force

(= )L (=)=, cost

Notice that cos 8 = —1, =0, = 2.0 m/s, — =-030m, =250m, and =0.015kg. Using
these values, we find that [ = 0.030 N.

6.16 A 1200-kg car is coasting down a 30° hill as shown in Fig. 6-4. At a time when the car’s speed is
12 m/s, the driver applies the brakes. What constant force (parallel to the road) must result if
the car is to stop after traveling 100 m?

100 sin 30°

The change in total energy of the car (KE + PEg) is equal to the work done on it by the braking force
. This work is ~ cos 180° because retards the car’s motion. We have
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where = 1200 kg
=0
=12m/s
— = (100 m) sin 30°
=100 m

With these values, the equation yields = 6.7 kN.

6.17 A ball at the end of a 180-cm long string swings as a pendulum as shown in Fig. 6-5. The ball’s
speed is 400 cm/s as it passes through its lowest position. ( ) To what height above this position
will it rise before stopping? ( ) What angle does the pendulum then make to the vertical?

() The pull of the string on the ball is always perpendicular to the ball’s motion, and therefore does no
work on the ball. Consequently, the ball’s total energy remains constant; it loses KE but gains a like
amount of PEg. That is,

Change in KE + change in PEg =0

2 1 2
§2og e o

Since =0and =4.00m/s, we find = 0.816 m as the height to which the ball rises.
() From Fig. 6-5,

- 0.816

- -2

cos 6 180

which gives 6 = 56.9°.
v
»
25°
Fig. 6-5 Fig. 6-6

6.18 A 500-g block is shot up the incline in Fig. 6-6 with an initial speed of 200 cm/s. How far up the
incline will it go if the coefficient of friction between it and the incline is 0.150?

We first find the friction force on the block as
g=p  —p(  cos25)

As the block slides up the incline a distance #, it rises a distance # sin 25.0°. Because the change in
energy of the block equals the work done on it by the friction force, we have

Change in KE + change in PEg = # cos 180°

(2= 2+  (#sin250°)=— #
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6.20

6.21

6.22
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We calculated [ above, and we know =2.00 m/s and = 0. Notice that the mass of the block cancels
out in this case (but only because ¢ is given in terms of it). Substitution gives # = 0.365 m.

A 60000-kg train is being pulled up a 1.0 percent grade (it rises 1.0 m for each horizontal 100 m)
by a drawbar pull of 3.0 kN. The friction force opposing the motion of the train is 4.0 kN. The
train’s initial speed is 12 m/s. Through what horizontal distance will the train move before its
speed is reduced to 9.0 m/s?

The change in total energy of the train is due to the work of the friction force and the drawbar pull:

Change in KE + change in PEG = grawbar +  friction

I (2= 24+ (0.010 ) = (3000 N)( )(1) + (4000 N)( )(~1)
from which =275 m = 0.28 km.

An advertisement claims that a certain 1200-kg car can accelerate from rest to a speed of 25 m/s
in a time of 8.0 s. What average power must the motor produce to cause this acceleration? Ignore
friction losses.

The work done in accelerating the car is given by
Work done = change in KE=1 (> ?)
The time taken for this work is 8.0 s. Therefore,

work (1200 kg)(25 m/s)’

= =47 kW
time 8.0s 7

Power =

Converting from watts to horsepower, we have

Power = (46900 W) (72 6th) =63 hp

A 0.25-hp motor is used to lift a load at the rate of 5.0 cm/s. How great a load can it lift at this
constant speed?

We assume the power output of the motor to be 0.25 hp = 186.5 W. In 1.0 s, the load mg is lifted a
distance of 0.050 m. Therefore,
Work done in 1.0 s = (weight)(height change in 1.0 s) = ( )(0.050 m)
By definition, power = work/time, so that

186.5 W — (- )(0.050 m)
1.0s

Using =9.81 m/sz, we find that = 381 kg. The motor can lift a load of about 0.38 x 10° kg at this speed.

Repeat Problem 6.20 if the data apply to a car going up a 20° incline.

Work must be done to lift the car as well as to accelerate it:
Work done = change in KE + change in PEg
=5 (P=H+ ( -)

where — = sin 20° and is the total distance the car travels in the 8 s under consideration. Knowing
=0, =25m/s,and =8.0s, we have

= =1+ )=100m
Then  Work done = 1 (1200 kg)(625 m?/s%) + (1200 kg)(9.81 m/s*)(100 m)(sin 20°) = 0.78 x 10° kJ
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6.23

6.24

6.25

6.26

6.27

6.28

6.29

6.30

6.31

6.32

6.33

from which Power = 78LOIZJ =97 kW =0.13 x 10° hp

In unloading grain from the hold of a ship, an elevator lifts the grain through a distance of 12 m.
Grain is discharged at the top of the elevator at a rate of 2.0 kg each second, and the discharge
speed of each grain particle is 3.0 m/s. Find the minimum-horsepower motor that can elevate
grain in this way.

The power output of the motor is

change in KE + change in PEg _% (2= H+
time taken N
=— [49.0 m?/s*) + (9.81 m/s”)(12 m)]

Power =

The mass transported per second, /, is 2.0 kg/s. Using this value gives the power as 0.24 kW.

Supplementary Problems

A force of 3.0 N acts through a distance of 12 m in the direction of the force. Find the work done.
Ans. 36]

A 4.0-kg object is lifted 1.5 m. ( ) How much work is done against the Earth’s gravity? ( ) Repeat if the
object is lowered instead of lifted. Ans. ()59, () =591

A uniform rectangular marble slab is 3.4 m long and 2.0 m wide. It has a mass of 180 kg. If it is originally
lying on the flat ground, how much work is needed to stand it on end? Ans. 3.0 kJ

How large a force is required to accelerate a 1300-kg car from rest to a speed of 20 m/s in a distance of
80 m? Ans. 3.3 kN

A 1200-kg car going 30 m/s applies its brakes and skids to rest. If the friction force between the sliding tires
and the pavement is 6000 N, how far does the car skid before coming to rest? Ans. 90 m

A proton (= 1.67 x 107" kg) that has a speed of 5.0 x 10° m/s passes through a metal film of thickness
0.010 mm and emerges with a speed of 2.0 x 10° m/s. How large an average force opposed its motion
through the film?  Ans. 1.8 x107° N

A 200-kg cart is pushed slowly up an incline. How much work does the pushing force do in moving the cart
up to a platform 1.5 m above the starting point if friction is negligible? Ans. 2.9 kJ

Repeat Problem 6.30 if the distance along the incline to the platform is 7.0 m and a friction force of 150 N
opposes the motion. Ans. 4.0 k]

A 50000-kg freight car is pulled 800 m up along a 1.20 percent grade at constant speed. ( ) Find the work
done against gravity by the drawbar pull. ( ) If the friction force retarding the motion is 1500 N, find the
total work done. Ans. () 4.70 MJ; () 5.90 MJ

A 60-kg woman walks up a flight of stairs that connects two floors 3.0 m apart. ( ) How much lifting work is
done on the woman? ( ) How much lifting work is done by the woman? ( ) By how much does the woman’s
PEg change? Ans. () 1.8kJ; () 1.8kJ; () 1.8kJ
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A pump lifts water from a lake to a large tank 20 m above the lake. How much work against gravity does the
pump do as it transfers 5.0 m® of water to the tank? One cubic meter of water has a mass of 1000 kg.
Ans. 9.8 x10°J

Just before striking the ground, a 2.0-kg mass has 400 J of KE. If friction can be ignored, from what height
was it dropped? Ans. 20.0 m

A 0.50-kg ball falls past a window that is 1.50 m in vertical length. ( ) How much did the KE of the ball
increase as it fell past the window? () If its speed was 3.0 m/s at the top of the window, what was its speed at
the bottom? Ans. () 7.47;() 6.2 m/s

At sea level a nitrogen molecule in the air has an average translational KE of 6.2 x 102" J. Its mass is
4.7 x 1072 kg. () If the molecule could shoot straight up without striking other air molecules, how high
would it rise? ( ) What is the molecule’s initial speed? Ans. 14 km; ( ) 0.51 km/s

The coefficient of sliding friction between a 900-kg car and the pavement is 0.80. If the car is moving at
25 m/s along level pavement when it begins to skid to a stop, how far will it go before stopping?
Ans. 40 m

Consider the simple pendulum shown in Fig. 6-7. ( ) If it is released from point , what will be the speed of
the ball as it passes through point C? () What is the ball’s speed at point ? Ans. () 3.8 m/s;
()34 m/s

Fig. 6-7 Fig. 6-8

A 1200-kg car coasts from rest down a driveway that is inclined 20° to the horizontal and is 15 m long. How
fast is the car going at the end of the driveway if ( ) friction is negligible and ( ) a friction force of 3000 N
opposes the motion? Ans. ()10 m/s; ( ) 5.1 m/s

The driver of a 1200-kg car notices that the car slows from 20 m/s to 15 m/s as it coasts a distance of 130 m
along level ground. How large a force opposes the motion? Ans.  0.81 kN

A 2000-kg elevator rises from rest in the basement to the fourth floor, a distance of 25 m. As it passes the
fourth floor, its speed is 3.0 m/s. There is a constant frictional force of 500 N. Calculate the work done by
the lifting mechanism. Ans. 0.51 MJ

Figure 6-8 shows a bead sliding on a wire. How large must height | be if the bead, starting at rest at , is to
have a speed of 200 cm/s at point ? Ignore friction. Ans. 20.4 cm
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In Fig. 6-8, | =50.0 cm, , = 30.0 cm, and the length along the wire from to is400 cm. A 3.00-g bead
released at  coasts to point  and stops. How large an average friction force opposed its motion?
Ans.  1.47 mN

In Fig. 6-8, | =200 cm, , =150 cm, and at  the 3.00-g bead has a downward speed along the wire of
800 cm/s. ( ) How fast is the bead moving as it passes point if friction is negligible? ( ) How much energy
did the bead lose to friction work if it rises to a height of 20.0 cm above  after it leaves the wire?
Ans. () 102 m/s; ( ) 105 mJ

Calculate the average horsepower required to raise a 150-kg drum to a height of 20 m in a time of
1.0 minute. Ans. 0.66 hp

Compute the power output of a machine that lifts a 500-kg crate through a height of 20.0 m in a time of
60.0 s. Ans. 1.63 kW

An engine expends 40.0 hp in propelling a car along a level track at 15.0 m/s. How large is the total retarding
force acting on the car? Ans. 1.99 kN

A 1000-kg auto travels up a 3.0 percent grade at 20 m/s. Find the horsepower required, neglecting friction.
Ans. 7.9 hp

A 900-kg car whose motor delivers a maximum power of 40.0 hp to its wheels can maintain a steady speed of
130 km/h on a horizontal roadway. How large is the friction force that impedes its motion at this speed?
Ans. 826 N

Water flows from a reservoir at the rate of 3000 kg/min, to a turbine 120 m below. If the efficiency of the
turbine is 80 percent, compute the horsepower output of the turbine. Neglect friction in the pipe and the
small KE of the water leaving the turbine. Ans. 63 hp

Find the mass of the largest box that a 40-hp engine can pull along a level road at 15 m/s if the friction
coefficient between road and box is 0.15. Ans. 1.4 x10° kg

A 1300-kg car is to accelerate from rest to a speed of 30.0 m/s in a time of 12.0 s as it climbs a 15.0° hill.
Assuming uniform acceleration, what minimum horsepower is needed to accelerate the car in this way?
Ans. 132 hp



Chapter 7

Simple Machines

A MACHINE is any device by which the magnitude, direction, or method of application of a
force is changed so as to achieve some advantage. Examples of simple machines are the lever,
inclined plane, pulley, crank and axle, and jackscrew.

THE PRINCIPLE OF WORK that applies to a continuously operating machine is as follows:
Work input = useful work output + work to overcome friction

In machines that operate for only a short time, some of the input work may be used to store energy
within the machine. An internal spring might be stretched, or a movable pulley might be raised, for
example.

MECHANICAL ADVANTAGE: The actual mechanical advantage (AMA) of a machine is

force exerted by machine on load

AMA = force ratio = -
force used to operate machine

The ideal mechanical advantage (IMA) of a machine is

distance moved by input force

IMA = dist: tio =
1stance ratio distance moved by load

Because friction is always present, the AMA is always less than the IMA. In general, both the AMA and
IMA are greater than one.

THE EFFICIENCY of a machine is

. work output ower output
Efficiency = . but _p - P
work input power input

The efficiency is also equal to the ratio AMA/IMA.

Solved Problems

7.1  Ina particular hoist system, the load is lifted 10 cm for each 70 cm of movement of the rope that
operates the device. What is the smallest input force that could possibly lift a 5.0-kN load?

The most advantageous situation possible is that in which all the input work is used to lift the load, i.e.,
in which friction and other loss mechanisms are negligible. In that case,

Work input = lifting work

If the load is lifted a distance , the lifting work is (5.0 kN)( ). The input force , however, must work
through a distance 7.0 . The above equation then becomes

()(7.0) = (5.0 kN)( )

which gives = 0.71 kN as the smallest possible force required.
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7.2 A hoisting machine lifts a 3000-kg load a height of 8.00 m in a time of 20.0 s. The power supplied
to the engine is 18.0 hp. Compute ( ) the work output, ( ) the power output and power input, and
() the efficiency of the engine and hoist system.
() Work output = (lifting force) x (height) = (3000 x 9.81 N)(8.00 m) = 235 kJ

work output 235 kJ

P = = =118k
¢ ower output time taken 20.0 s 8 kW
746 k
Power input = (18.0 hp) (W) = 13.4 kW
. power output 11.8 kW
Effi = = =0.881 = 83.1
() ferency power input  13.4 kW 0881 =88.1%
or Efficiency = work output _ 235 kJ =0.877 = 87.7%

work input  (13.4 kJ/s)(20.0 s)

The efficiency is 88%:; the differences arise from the rounding off process.

7.3  What power in kW is supplied to a 12.0-hp motor having an efficiency of 90.0 percent when it is
delivering its full rated output?

From the definition of efficiency,

power output _ (12.0 hp)(0.746 kW /hp)

efficiency 0.900 =995 kW

Power input =

7.4  For the three levers shown in Fig. 7-1, determine the vertical forces |, ,, and ; required to
support the load =90 N. Neglect the weights of the levers. Also find the IMA, AMA, and
efficiency for each system.

% 40m %Z.Om% % 3.0m A
IF A | AI‘Om
| v F—x>

(@) (b (©)

Fig. 7-1

In each case, we take torques about the fulcrum point as axis. If we assume that the lifting is occurring
slowly at constant speed, then the systems are in equilibrium; the clockwise torques balance the counter-
clockwise 