Chapter 3
Motion in Two and Three Dimensions

Conceptual Problems

1 - [SSM] Can the magnitude of the displacement of a particle be less
than the distance traveled by the particle along its path? Can its magnitude be
more than the distance traveled? Explain.

Determine the Concept The distance traveled along a path can be represented as
a sequence of displacements.

Suppose we take a trip along some path and consider the trip as a sequence of
many very small displacements. The net displacement is the vector sum of the
very small displacements, and the total distance traveled is the sum of the
magnitudes of the very small displacements. That is,

total distance = ‘Arm‘ + ‘Arm‘ + ‘Arzﬁ‘ +..+ ‘ArN_l,N‘

where N is the number of very small displacements. (For this to be exactly true

we have to take the limit as NV goes to infinity and each displacement magnitude

goes to zero.) Now, using "the shortest distance between two points is a straight
line,” we have

b

‘ArO,N‘ < ‘AVO,I‘ + ‘Arl,z‘ + ‘Arzﬁ‘ +...+ ‘Aerl’N

where ‘AFO’ N‘ is the magnitude of the net displacement.

Hence, we have shown that the magnitude of the displacement of a particle is less
than or equal to the distance it travels along its path.

2 e Give an example in which the distance traveled is a significant
amount, yet the corresponding displacement is zero. Can the reverse be true? If
s0, give an example.
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Determine the Concept The displacement of an object is its final position vector
minus its initial position vector (Ar =r. —r). The displacement can be less but
never more than the distance traveled. Suppose the path is one complete trip
around the earth at the equator. Then, the displacementis O but the distance
traveled is 277Re. No, the reverse cannot be true.

3 e What is the average velocity of a batter who hits a home run (from
when he hits the ball to when he touches home plate after rounding the bases)?

Determine the Concept The important distinction here is that average velocity is
being requested, as opposed to average speed.

The average velocity is defined as . _AF 0
the displacement divided by the Vo T T AL
elapsed time.

The displacement for any trip around the bases is zero. Thus we see that no matter
how fast the runner travels, the average velocity is always zero at the end of each
complete circuit of the bases.

What is the correct answer if we were asked for average speed?

The average speed is defined as the _ total distance
distance traveled divided by the Var = At

elapsed time.

For one complete circuit of any track, the total distance traveled will be greater
than zero and so the average speed is not zero.

4 . A baseball is hit so its initial velocity upon leaving the bat makes an
angle of 30° above the horizontal. It leaves that bat at a height of 1.0 m above the
ground and lands untouched for a single. During its flight, from just after it leaves
the bat to just before it hits the ground, describe how the angle between its
velocity and acceleration vectors changes. Neglect any effects due to air
resistance.

Determine the Concept The angle between its velocity and acceleration vectors
starts at 30° + 90° or 120° because the acceleration of the ball is straight down. At
the peak of the flight of the ball the angle reduces to 90° because the ball’s
velocity vector is horizontal. When the ball reaches the same elevation that it
started from the angle is 90° — 30° or 60°.

5 . If an object is moving toward the west at some instant, in what
direction is its acceleration? (a) north, (b) east, (c¢) west, (d) south, (e) may be any
direction.
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Determine the Concept The instantaneous acceleration is the limiting value, as
At approaches zero, of Av/At and is in the same direction as Av.

Other than through the definition of a, the instantaneous velocity and acceleration
vectors are unrelated. Knowing the direction of the velocity at one instant tells

one nothing about how the velocity is changing at that instant. | (e) |is correct.

6 - Two astronauts are working on the lunar surface to install a new
telescope. The acceleration due to gravity on the Moon is only 1.64 m/s>. One
astronaut tosses a wrench to the other astronaut but the speed of throw is
excessive and the wrench goes over her colleague’s head. When the wrench is at
the highest point of its trajectory (a) its velocity and acceleration are both zero,
(b) its velocity is zero but its acceleration is nonzero, (¢) its velocity is nonzero
but its acceleration is zero, (d) its velocity and acceleration are both nonzero,

(e) insufficient information is given to choose between any of the previous
choices.

Determine the Concept When the wrench reaches its maximum height, it is still

moving horizontally but its acceleration is downward. | (d) |is correct.

7 e The velocity of a particle is directed toward the east while the
acceleration is directed toward the northwest as shown in Figure 3-27. The
particle is (a) speeding up and turning toward the north, (b) speeding up and
turning toward the south, (c) slowing down and turning toward the north,

(d) slowing down and turning toward the south, (e) maintaining constant speed
and turning toward the south.

Determine the Concept The change in the velocity is in the same direction as the
acceleration. Choose an x-y coordinate system with east being the positive x
direction and north the positive y direction. Given our choice of coordinate
system, the x component of a@is negative and so v will decrease. The y

component of & is positive and so v will increase toward the north. | (¢) |is

correct.

8 . Assume you know the position vectors of a particle at two points on its
path, one earlier and one later. You also know the time it took the particle to
move from one point to the other. Then you can then compute the particle’s

(a) average velocity, (b) average acceleration, (¢) instantaneous velocity,

(d) instantaneous acceleration.

Determine the Concept All you can compute is the average velocity, since no
instantaneous quantities can be computed and you need two instantaneous

velocities to compute the average acceleration. | (a) |is correct.
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9 . Consider the path of a moving particle. (a) How is the velocity vector
related geometrically to the path of the particle? (b) Sketch a curved path and
draw the velocity vector for the particle for several positions along the path.

Determine the Concept (a) The velocity vector, as a consequence of always
being in the direction of motion, is tangent to the path.

(b) A sketch showing four velocity ;
vectors for a particle moving along a
curved path is shown to the right.

- i
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-

10 - The acceleration of a car is zero when it is (@) turning right at a
constant speed, (b) driving up a long straight incline at constant speed,

(c) traveling over the crest of a hill at constant speed, (d) bottoming out at the
lowest point of a valley at constant speed, (e) speeding up as it descends a long
straight decline.

Determine the Concept An object experiences acceleration whenever either its
speed changes or it changes direction.

The acceleration of a car moving in a straight path at constant speed is zero. In
the other examples, either the magnitude or the direction of the velocity vector is

changing and, hence, the car is accelerated. | (b) |is correct.

11 - [SSM] Give examples of motion in which the directions of the
velocity and acceleration vectors are (a) opposite, (b) the same, and (¢) mutually
perpendicular.

Determine the Concept The velocity vector is defined by v = dr / dt, while the
acceleration vector is defined bya = dv / dt.

(a) A car moving along a straight road while braking.

(b) A car moving along a straight road while speeding up.
(c) A particle moving around a circular track at constant speed.
12 - How is it possible for a particle moving at constant speed to be

accelerating? Can a particle with constant velocity be accelerating at the same
time?
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Determine the Concept A particle experiences accelerated motion when either
its speed or direction of motion changes.

A particle moving at constant speed in a circular path is accelerating because the
direction of its velocity vector is changing.

If a particle is moving at constant velocity, it is not accelerating.

13+ [SSM] Imagine throwing a dart straight upward so that it sticks into the
ceiling. After it leaves your hand, it steadily slows down as it rises before it sticks.
(a) Draw the dart’s velocity vector at times ¢, and #,, where ¢, and ¢, occur after it
leaves your hand but before it impacts the ceiling, and Az = ¢, — ¢, is small. From
your drawing find the direction of the change in velocity Av = v, — v,, and thus
the direction of the acceleration vector. (b) After it has stuck in the ceiling for a
few seconds, the dart falls down to the floor. As it falls it speeds up, of course,
until it hits the floor. Repeat Part (@) to find the direction of its acceleration vector
as it falls. (¢) Now imagine tossing the dart horizontally. What is the direction of
its acceleration vector after it leaves your hand, but before it strikes the floor?

Determine the Concept The acceleration vector is in the same direction as the
change in velocity vector, Av.

(a) The sketch for the (b) The sketch for the (c¢) The acceleration

dart thrown upward is falling dart is shown to vector is in the direction
shown to the right. The the right. Again, the of the change in the
acceleration vectoris in ~ acceleration vector isin  velocity vector ... and
the direction of the the direction of the hence is downward as
change in the velocity change in the velocity shown to the right:
vector Av. vector Av.
A
v, A
v=v,—V, v, ,
)} _,
! vV, : l Av=v,—v,
_ v
Y Tvz Av= vV, =V, ’
14 - As a bungee jumper approaches the lowest point in her descent, the

rubber cord holding her stretches and she loses speed as she continues to move
downward. Assuming that she is dropping straight down, make a motion diagram
to find the direction of her acceleration vector as she slows down by drawing her
velocity vectors at times #; and #,, where ¢, and #, are two instants during the
portion of her descent that she is losing speed, and A¢ =, — ¢, is small. From your
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drawing find the direction of the change in velocity Av =v, —v,, and thus the
direction of the acceleration vector.

Determine the Concept The
acceleration vector is in the same
direction as the change in velocity . A
vector, Av.The drawing is shown to : Av = v, —v,
the right.

\ ,

vV,
\/

15 - After reaching the lowest point in her jump at time #,y, a bungee
jumper moves upward, gaining speed for a short time until gravity again
dominates her motion. Draw her velocity vectors at times ¢, and ¢, where

At=t, —t; is small and #; < fo < fo. From your drawing find the direction of the
change in velocity Av = v, —v,, and thus the direction of the acceleration vector at

time fow.

Determine the Concept The A
acceleration vector is in the same
direction as the change in the

velocity vector, Av.The drawing is Av = v,_y,
shown to the right.

16 - A river is 0.76 km wide. The banks are straight and parallel (Figure 3-
28). The current is 4.0 km/h and is parallel to the banks. A boat has a maximum
speed of 4.0 km/h in still water. The pilot of the boat wishes to go on a straight
line from A to B, where the line AB is perpendicular to the banks. The pilot
should (@) head directly across the river, (b) head 53° upstream from the line AB,
(c) head 37° upstream from the line AB, (d) give up—the trip from A to B is not
possible with a boat of this limited speed, (e) do none of the above.

Determine the Concept We can decide what the pilot should do by considering
the speeds of the boat and of the current. The speed of the stream is equal to the
maximum speed of the boat in still water. The best the boat can do is, while
facing directly upstream, maintain its position relative to the bank. So, the pilot

should give up.| (d) |is correct.
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17+ [SSM] During a heavy rain, the drops are falling at a constant velocity and
at an angle of 10° west of the vertical. You are walking in the rain and notice that
only the top surfaces of your clothes are getting wet. In what direction are you
walking? Explain.

Determine the Concept You must be walking west to make it appear to you that
the rain is exactly vertical.

18 - In Problem 17, what is your walking speed if the speed of the drops
relative to the ground is 5.2 m/s?

Determine the Concept Let v,
represent your velocity relative to the
ground and v, represent the
velocity of the rain relative to the

ground. Then your speed relative to
the ground is given by

vy = (5.2m/s)sin10° =| 0.90 m/s

19 - True or false (Ignore any effects due to air resistance):

(a) When a projectile is fired horizontally, it takes the same amount of time to
reach the ground as an identical projectile dropped from rest from the same
height.

(b) When a projectile is fired from a certain height at an upward angle, it takes
longer to reach the ground than does an identical projectile dropped from rest
from the same height.

(c) When a projectile is fired horizontally from a certain height, it has a higher
speed upon reaching the ground than does an identical projectile dropped from
rest from the same height.

(a) True. In the absence of air resistance, both projectiles experience the same
downward acceleration. Because both projectiles have initial vertical velocities of
zero, their vertical motions must be identical.

(b) True. When a projectile is fired from a certain height at an upward angle, its
time in the air is twice the time it takes to fall from its maximum height. This
distance is greater than it is when the projectile is fired horizontally from the same
height.



174 Chapter 3

(c) True. When a projectile is fired horizontally, its velocity upon reaching the
ground has a horizontal component in addition to the vertical component it has
when it is dropped from rest. The magnitude of this velocity is related to its
horizontal and vertical components through the Pythagorean Theorem.

20 - A projectile is fired at 35° above the horizontal. Any effects due to air
resistance are negligible. At the highest point in its trajectory, its speed is 20 m/s.
The initial velocity had a horizontal component of (a) 0, (b) (20 m/s) cos 35°,

(c) (20 m/s) sin 35°, (d) (20 m/s)/cos 35° (e) 20 m/s.

Determine the Concept In the absence of air resistance, the horizontal
component of the projectile’s velocity is constant for the duration of its flight. At
the highest point, the speed is the horizontal component of the initial velocity.

The vertical component is zero at the highest point. | (e) |is correct.

21 +[SSM] A projectile is fired at 35° above the horizontal. Any effects due to
air resistance are negligible. The initial velocity of the projectile has a vertical
component that is (a) less than 20 m/s, (b) greater than 20 m/s, (c) equal to 20
m/s, (d) cannot be determined from the data given.

Determine the Concept | (a) |is correct. Because the initial horizontal velocity

is 20 m/s, and the launch angle is less than 45 degrees, the initial vertical velocity
must be less than 20 m/s.

22 - A projectile is fired at 35° above the horizontal. Any effects due to air
resistance are negligible. The projectile lands at the same elevation of launch, so
the initial velocity of the projectile has a vertical component that is (a) the same

as its initial vertical component in magnitude and direction, () the same as its
initial vertical component in magnitude but opposite in sign, (c) less than its initial
vertical component in magnitude but with the same sign, (d) less than as its initial
vertical component in magnitude but with the opposite sign.

Determine the Concept | (b) |is correct. The landing speed is the same as the

launch speed. Because the horizontal velocity component does not change, the
vertical component of the velocity at landing must be the same magnitude but
oppositely directed compared to that at launch.

23 Figure 3-29 represents the trajectory of a projectile going from A to E.
Air resistance is negligible. What is the direction of the acceleration at point B?
(a) up and to the right, () down and to the left, (c) straight up, (d) straight down,
(e) The acceleration of the ball is zero.
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Determine the Concept | (d) |is correct. In the absence of air resistance, the

acceleration of the ball depends only on the change in its velocity and is
independent of its velocity. As the ball moves along its trajectory between points
A and C, the vertical component of its velocity decreases and the change in its
velocity is a downward pointing vector. Between points C and E, the vertical
component of its velocity increases and the change in its velocity is also a
downward pointing vector. There is no change in the horizontal component of the
velocity.

24 Figure 3-29 represents the trajectory of a projectile going from A to E.
Air resistance is negligible. (a) At which point(s) is the speed the greatest? (b) At
which point(s) is the speed the least? (c¢) At which two points is the speed the
same? Is the velocity also the same at these points?

Determine the Concept In the absence of air resistance, the horizontal
component of the velocity remains constant throughout the flight. The vertical
component has its maximum values at launch and impact.

(a) The speed is greatest at A and E.
(b) The speed is least at point C.

(c) The speed is the same at A and E. No. The horizontal components are equal at
these points but the vertical components are oppositely directed.

25 o [SSM] True or false:

(a) If an object's speed is constant, then its acceleration must be zero.
(b) If an object's acceleration is zero, then its speed must be constant.
(c) If an object's acceleration is zero, its velocity must be constant.

(d) If an object's speed is constant, then its velocity must be constant.
(e) If an object's velocity is constant, then its speed must be constant.

Determine the Concept Speed is a scalar quantity, whereas acceleration, equal to
the rate of change of velocity, is a vector quantity.

(a) False. Consider a ball on the end of a string. The ball can move with constant
speed (a scalar) even though its acceleration (a vector) is always changing
direction.

(b) True. From its definition, if the acceleration is zero, the velocity must be
constant and so, therefore, must be the speed.

(c) True. An object’s velocity must change in order for the object to have an
acceleration other than zero.
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(d) False. Consider an object moving at constant speed along a circular path. Its
velocity changes continuously along such a path.

(e) True. If the velocity of an object is constant, then both its direction and
magnitude (speed) must be constant.

26 - The initial and final velocities of a particle are as shown in Figure 3-
30. Find the direction of the average acceleration.

Determine the Concept The average
acceleration vector is defined by
a,, = Av/At.The direction ofa,, is that

of Av = v, —v,as shown to the right. Av=v,—v,

27 = The automobile path shown in Figure 3-31 is made up of straight lines
and arcs of circles. The automobile starts from rest at point A. After it reaches
point B, it travels at constant speed until it reaches point E. It comes to rest at
point F. (a) At the middle of each segment (AB, BC, CD, DE, and EF), what is
the direction of the velocity vector? (b) At which of these points does the
automobile have a nonzero acceleration? In those cases, what is the direction of
the acceleration? (¢) How do the magnitudes of the acceleration compare for
segments BC and DE?

Determine the Concept The velocity vector is in the same direction as the
change in the position vector while the acceleration vector is in the same direction
as the change in the velocity vector. Choose a coordinate system in which the y
direction is north and the x direction is east.

(a) (b)

Path Direction of velocity Path Direction of acceleration
vector vector

AB north AB north

BC northeast BC southeast

CD east CD 0

DE southeast DE southwest

EF south EF north

(c) The magnitudes are comparable, but larger for DE because the radius of the
path is smaller there.
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28 = Two cannons are pointed directly toward each other as shown in
Figure 3-32. When fired, the cannonballs will follow the trajectories shown—P is
the point where the trajectories cross each other. If we want the cannonballs to hit
each other, should the gun crews fire cannon A first, cannon B first, or should
they fire simultaneously? Ignore any effects due to air resistance.

Determine the Concept We’ll assume that the cannons are identical and use a
constant-acceleration equation to express the displacement of each cannonball as
a function of time. Having done so, we can then establish the condition under
which they will have the same vertical position at a given time and, hence,
collide. The modified diagram shown below shows the displacements of both
cannonballs.

Express the displacement of the AF =Vt + L gr?
cannonball from cannon A at any ?
time ¢ after being fired and before

any collision:

Express the displacement of the AF =Vt + 1 g,tﬂ
cannonball from cannon A at any 2
time ¢ after being fired and before

any collision:

If the guns are fired simultaneously, # = ¢ and the balls are the same distance
1 gt’below the line of sight at all times. Therefore, they should fire the guns
simultaneously.

Remarks: This is the "monkey and hunter” problem in disguise. If you
imagine a monkey in the position shown below, and the two guns are fired
simultaneously, and the monkey begins to fall when the guns are fired, then
the monkey and the two cannonballs will all reach point P at the same time.
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29 e Qalileo wrote the following in his Dialogue concerning the two world
systems: "Shut yourself up . . . in the main cabin below decks on some large ship,
and . . . hang up a bottle that empties drop by drop into a wide vessel beneath it.
When you have observed [this] carefully . . . have the ship proceed with any speed
you like, so long as the motion is uniform and not fluctuating this way and that.
The droplets will fall as before into the vessel beneath without dropping towards
the stern, although while the drops are in the air the ship runs many spans.”
Explain this quotation.

Determine the Concept The droplet leaving the bottle has the same horizontal
velocity as the ship. During the time the droplet is in the air, it is also moving
horizontally with the same velocity as the rest of the ship. Because of this, it falls
into the vessel, which has the same horizontal velocity. Because you have the
same horizontal velocity as the ship does, you see the same thing as if the ship
were standing still.

30 - A man swings a stone attached to a rope in a horizontal circle at
constant speed. Figure 3-33 represents the path of the rock looking down from
above. (@) Which of the vectors could represent the velocity of the stone?

(b) Which could represent the acceleration?

Determine the Concept (a) Because A and D are tangent to the path of the
stone, either of them could represent the velocity of the stone.

A(b)

‘x —/T(t)
A(M ‘mfjﬁzﬁ(t +At) - A(t)

(b) Let the vectors ;l(t) and 1:1(t+At) be of equal length but point in slightly
different directions as the stone moves around the circle. These two vectors and
AA are shown in the diagram above. Note that AA is nearly perpendicular to
A(f). For very small time intervals, A4 and A(¢) are perpendicular to one

another. Therefore, dA/dt is perpendicular to Aand only the vector E could
represent the acceleration of the stone.
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31 e True or false:

(a) An object cannot move in a circle unless it has centripetal acceleration.
(b) An object cannot move in a circle unless it has tangential acceleration.
(c) An object moving in a circle cannot have a variable speed.

(d) An object moving in a circle cannot have a constant velocity.

(a) True. An object accelerates when its velocity changes; that is, when either its
speed or its direction changes. When an object moves in a circle the direction of
its motion is continually changing.

(b) False. An object moving in a circular path at constant speed has a tangential
acceleration of zero.

(c) False. A good example is a rock wedged in the tread of an automobile tire. Its
speed changes whenever the car’s speed changes.

(d) True. The velocity vector of any object moving in a circle is continually
changing direction.

32 e Using a motion diagram, find the direction of the acceleration of the
bob of a pendulum when the bob is at a point where it is just reversing its
direction.

Picture the Problem In the diagram, (a) shows the pendulum just before it
reverses direction and (b) shows the pendulum just after it has reversed its
direction. The acceleration of the bob is in the direction of the change in the
velocity Av =v, —v. and is tangent to the pendulum trajectory at the point of
reversal of direction. This makes sense because, at an extremum of motion, v = 0,
so there is no centripetal acceleration. However, because the velocity is reversing

direction, the tangential acceleration is nonzero.

(@) )
—=

Ja ™

Ay = V-,

33 e [SSM] During your rookie bungee jump, your friend records your
fall using a camcorder. By analyzing it frame by frame, he finds that the y-
component of your velocity is (recorded every 1/20™ of a second) as follows:

t(s) 12,05 12.10 12.15 1220 1225 1230 1235 1240 12.45
v, (m/s) —-0.78 -0.69 -0.55 -0.35 -0.10 0.15 035 049 0.53
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(a) Draw a motion diagram. Use it to find the direction and relative magnitude of
your average acceleration for each of the eight successive 0.050 s time intervals in
the table. (b)) Comment on how the y component of your acceleration does or does
not vary in sign and magnitude as you reverse your direction of motion.

Determine the Concept (a) The motion diagram shown below was constructed
using the data in the table shown below the motion diagram. Note that the motion
diagram has been rotated 90°. The upward direction is to the left. The column for
Av in the table to the right was calculated using Av =v, —v, | and the column for

1

a was calculated usinga = (v, —v, , )/At .

T el

sl 1 ta
o o e

i % Av ave
(m/s) | (m/s) | (m/s’)
—0.78

—-0.69 0.09 1.8
—0.55 0.14 2.8
—-0.35 0.20 4.0
—-0.10 0.25 5.0
0.15 0.25 5.0
0.35 0.20 4.0
0.49 0.14 2.8
9 0.53 0.04 0.8
(b) The acceleration vector always points upward and so the sign of its y
component does not change. The magnitude of the acceleration vector is greatest
when the bungee cord has its maximum extension (your speed, the magnitude of
your velocity, is least at this time and times near it) and is less than this maximum
value when the bungee cord has less extension.

0| A N[N | B[N —

Estimation and Approximation

34 e« Estimate the speed in mph with which water comes out of a garden
hose using your past observations of water coming out of garden hoses and your
knowledge of projectile motion.
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Picture the Problem Based on your experience with garden hoses, you probably
know that the maximum range of the water is achieved when the hose is inclined
at about 45° with the vertical. A reasonable estimate of the range of such a stream
is about 4.0 m when the initial height of the stream is 1.0 m. Use constant-
acceleration equations to obtain expressions for the x and y coordinates of a
droplet of water in the stream and then eliminate time between these equations to
obtain an equation that you can solve for .

X

R

Use constant-acceleration equations X=x,+v, t+ia t’
to express the x and y components of
a molecule of water in the stream:

and
Y=y, +v0yt+%ayt2

Because xo =0, x =R, a,=—g, and x=v,t (1)
a,=0: and

Y=Yy +vo,t 38t )
Express vo, and vy, in terms of vy vy, =V, cos@, and v, =v,sinf,
and 6:

where 6 is the angle the stream makes
with the horizontal.

Substitute in equations (1) and (2) X = (vo cos 6, )t 3)

to obtain: and

y=y,+ (v0 sin @, )t —%gt2 (4)

Eliminating ¢ from equations (3)

g
and (4) yields: y=y,+(tan @, )x - x?

2 2
2v, cos” 6,

When the stream of water hits the

g R2
ground, y=0and x = R:

0=y, +(tand )R ———=———
¥+ (tan6;) 2v; cos’ 6,

Solving this equation for vy yields: g
v o=
’ 2cos’ G[Rtan 0+ y, |
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Substitute numerical values and evaluate vy:

2
v, =(4.0m) ___98lmks = 5.603 m/s
2cos® 45°[(4.0 m)tan 45° +1.0 m]
Use a conversion factor, found in 3 1 mi/h
Appendix A, to convert m/s to Vo =3.603 m/sx 0.4470 m/s
mi/h: .
~| 13 mi/h

35 e You won a contest to spend a day with all team during their spring
training camp. You are allowed to try to hit some balls thrown by a pitcher.
Estimate the acceleration during the hit of a fastball thrown by a major league
pitcher when you hit the ball squarely-straight back at the pitcher. You will need
to make reasonable choices for ball speeds, both just before and just after the ball
18 hit, and of the contact time the ball has with the bat.

Determine the Concept The magnitude of the acceleration of the ball is given by

. |AV : : . ..
a= |a| = A_v| Let v represent the velocity of the ball just after its collision
t

after

with the bat and v, . its velocity just before this collision. Most major league

pitchers can throw a fastball at least 90 mi/h and some occasionally throw as fast
as 100 mi/h. Let’s assume that the pitcher throws you an 80 mph fastball.

—

The magnitude of the acceleration Ve — Voetore

. a= .
of the ball is: At
Assuming that vyfer and Vpefore are ~ 80mi/h— (— 80 mi/h) _ 160 mi/h
both 80 mi/h and that the ball is in ‘= 1 ms " 1ms
contact with the bat for 1 ms:
Converting a to m/s” yields: 160 mi/h y 0.447 m/s
a =
I ms 1mi/h
~| 7x10* m/s?

36 e»  Estimate how far you can throw a ball if you throw it (a) horizontally
while standing on level ground, (b) at &= 45° above horizontal while standing on
level ground, (c) horizontally from the top of a building 12 m high, (d) at 8= 45°
above horizontal from the top of a building 12 m high. Ignore any effects due to
air resistance.

Picture the Problem During the flight of the ball the acceleration is constant and
equal to 9.81 m/s® directed downward. We can find the flight time from the
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vertical part of the motion, and then use the horizontal part of the motion to find
the horizontal distance. We’ll assume that the release point of the ball is 2.0 m
above your feet. A sketch of the motion that includes coordinate axes, the initial
and final positions of the ball, the launch angle, and the initial velocity follows.

Obviously, how far you throw the ) 0.447m/s

ball will c}ilepend on I}llow fast you can Yo = 60mi/hx lmilh 27m/s
throw it. A major league baseball

pitcher can throw a fastball at

90 mi/h or so. Assume that you can

throw a ball at two-thirds that speed

to obtain:

There is no acceleration in the x x=v, t=(v,cos6, )t (1)
direction, so the horizontal motion is

one of constant velocity. Express the

horizontal position of the ball as a

function of time:

Assuming that the release point of Y=oty b+t ayﬂ
the ball is a distance y, above the
ground, express the vertical position
of the ball as a function of time:

2

=y, +(v,sin@, )t +1a,t’

Eliminating ¢ between equations (1)

d(2) yields: =y +(tan ), x+| —— |y
and (2) yields: 0 ’ 2v; cos’ 6,

(a) If you throw the ball horizontally a, ) ,
our equation becomes: Y=»t 22 X
Yo
Substitute numerical values to ~981m/s*) ,
. =20m+| —— |x
obtain: y 2(27 m /s)2
At impact, y=0and x = R: _ 2
0=20m+| SIS B
2(27 m/s)
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Solving for R yields: R~|17m

(b) For 8= 45° we have:

2
y=2.0m+(tan45°)x+( 9.81m/s sz

2(27 m/s)’ cos® 45°

At impact, y =0 and x = R:

2
0=2.0m+(tan45°)R+( 9.81m/s ]RZ

2(27 m/s) cos? 45°

Use the quadratic formula or your R=75m
graphing calculator to obtain:

(¢) If you throw the ball horizontally ~981m/s’ ) ,
from the top of a building that is 12 y=140m+| ————-
. . . 2(27 m/s)

m high our equation becomes:

At impact, y =0 and x = R: _ 2
0=14.0m+| o SIW/S g2

2(27 m/s)
Solve for R to obtain: R=!45m

(d) If you throw the ball at an angle of 45° from the top of a building that is
12 m high our equation becomes:

2
y:14m+(tan45°)x+[ 981 ms ]xz

2(27 m/s)’ cos? 45°

At impact, y=0and x = R:

2
0:14m+(tan45°)R+[ 981 m/s JRZ

2(27 m/s)’ cos® 45°

Use the quadratic formula or your R=/8m
graphing calculator to obtain:

37 e In 1978, Geoff Capes of Great Britain threw a heavy brick a
horizontal distance of 44.5 m. Find the approximate speed of the brick at the
highest point of its flight, neglecting any effects due to air resistance.
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Picture the Problem We’ll ignore the height of Geoff’s release point above the
ground and assume that he launched the brick at an angle of 45°. Because the
velocity of the brick at the highest point of its flight is equal to the horizontal
component of its initial velocity, we can use constant-acceleration equations to
relate this velocity to the brick’s x and y coordinates at impact. The diagram
shows an appropriate coordinate system and the brick when it is at point P with

coordinates (x, y).
y

P(x,y)

Using a constant-acceleration
equation, express the x and y
coordinates of the brick as a function
of time:

Because xo =0, y0=0, a, = —g, and
a,=0:

Eliminate ¢ between these equations
to obtain:

When the brick strikes the ground
y=0andx=R:

Solve for v, to obtain:

Substitute numerical values and
evaluate v,:

R=445m

_ 1 2
X=Xx,+tVv, t+5al
and
Y=Y, +voyt+%ayt2

X =yt
and
2
y=vo,t =gt
y=(tang, )x — =& x°
va
v
where we have used tang, = —* .
va

0=(tan@,)R - fz R*
Ox

where R is the range of the brick.

Vo, = gR
“ 1\ 2tané,

~|15m/s

o \/ (9.81m/s% )(44.5m)

o 2tan45°
Note that, at the brick’s highest point,
v, =0.
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Position, Displacement, Velocity and Acceleration Vectors

38 A wall clock has a minute hand with a length of 0.50 m and an hour
hand with a length of 0.25 m. Take the center of the clock as the origin, and use a
Cartesian coordinate system with the positive x axis pointing to 3 o'clock and the

positive y axis pointing to 12 o’clock. Using unit vectorsi and j , express the

pqsition vectors of the tip of the hour hand (;1 ) and the tip of the minute hand
( B) when the clock reads (a) 12:00, (b) 3:00, (¢) 6:00, (d) 9:00.

Picture the Problem Let the +y direction be straight up and the +x direction be to
the right.

(a) At 12:00, both hands are positioned along the +y axis.

The position vector for the tip of the 1= (0 25m) }
hour hand at12:00 is: '

The position vector for the tip of the B= (0 SOm) J‘
minute hand at 12:00 is: '

(b) At 3:00, the minute hand is positioned along the +y axis, while the hour hand
is positioned along the +x axis.

The position vector for the tip of the A= (0 5 m)zA
hour hand at 3:00 is: :

The position vector for the tip of the B= (0 SOm) }
minute hand at 3:00 is: '

(c) At 6:00, the minute hand is positioned along the —y axis, while the hour hand
is positioned along the +y axis.

The position vector for the tip of the A=|-(0.25m) ;
hour hand at 6:00 is: -

The position vector for the tip of the B= (0 50m) j
minute hand at 6:00 is: :

(d) At 9:00, the minute hand is positioned along the +y axis, while the hour hand
is positioned along the —x axis.

The position vector for the tip of the A=|-(0.25m) ;
hour hand at 9:00 is: '

The position vector for the tip of the B= (0 SOm) j
minute hand at 9:00 is: :
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39 ¢ [SSM] In Problem 38, find the displacements of the tip of each hand (that
is, A4 and AB) when the time advances from 3:00 P.M. to 6:00 P.M.

Picture the Problem Let the +y direction be straight up, the +x direction be to the
right, and use the vectors describing the ends of the hour and minute hands in

Problem 38 to find the displacements AAand AB.

The displacement of the minute hand AB = Eé _ l§3
as time advances from 3:00 P.M. to
6:00 P.M. is given by:

From Problem 38: B, =(0.50 m)} and B, = (0.50 m)}
Substitute and simplify to obtain: AB = (O.SOm) } _ (O. 50rn) } _ @
The displacement of the hour hand as AA = ;16 — ;13

time advances from 3:00 P.M. to

6:00 P.M. is given by:

From Problem 38: 4, = —(0.25m)jand 4, = (025m)f
Substitute and simplify to obtain: A =] — (0.25 m) J‘ _ (0.25 m)zA

40 - In Problem 38, write the vector that describes the displacement of a fly
if it quickly goes from the tip of the minute hand to the tip of the hour hand at
3:00 P.M.

Picture the Problem Let the positive y direction be straight up, the positive x
direction be to the right, and use the vectors describing the ends of the hour and

minute hands in Problem 38 to find the displacement D of the fly as it goes from
the tip of the minute hand to the tip of the hour hand at 3:00 P.M.

The displacement of the fly is given D= ;13 — 1§3

by:

From Problem 38: A, =(0.25m) and B, = (0.50m);
Substitute for A, and B, to obtain: D=|(0.25m) —(0.50m);

41 - A bear, awakening from winter hibernation, staggers directly northeast
for 12 m and then due east for 12 m. Show each displacement graphically and
graphically determine the single displacement that will take the bear back to her
cave, to continue her hibernation.
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Picture the Problem The single displacement for the bear to make it back to its

cave is the vector D. Its magnitude D and direction 6 can be determined by
drawing the bear’s displacement vectors to scale.

N 2
, 7450 12m

D~|22m |and @ =| 23°

Remarks: The direction of D is 180° + @ ~ 203°

42 A scout walks 2.4 km due East from camp, then turns left and walks
2.4 km along the arc of a circle centered at the campsite, and finally walks 1.5 km
directly toward the camp. (a) How far is the scout from camp at the end of his
walk? (b) In what direction is the scout’s position relative to the campsite?

(c) What is the ratio of the final magnitude of the displacement to the total
distance walked?

Picture the Problem The figure  North
shows the paths walked by the Scout.
The length of path A is 2.4 km; the C
length of path B is 2.4 km; and the B
length of path C is 1.5 km:

0

East
A
(a) Express the distance from the 24km—1.5km=|09km
campsite to the end of path C:
(b) Determine the angle 6 _arclength  2.4km
subtended by the arc at the origin radians = o dius 2.4km
(campsite): —lrad = 57.3°

His direction from camp is 1 rad North
of East.
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(c) Express the total distance as the d =d

sum of the three parts of his walk:

+d, . +d

tot east toward camp

Substitute the given distances to find diot=24km+24km+ 1.5 km
the total: =6.3 km

Express the ratio of the magnitude of his displacement to the total distance he
walked and substitute to obtain a numerical value for this ratio:

Magnitude of his displacement _ 0.9km _| I
Total distance walked 6.3km |7

43 = [SSM] The faces of a cubical storage cabinet in your garage has
3.0-m-long edges that are parallel to the xyz coordinate planes. The cube has one
corner at the origin. A cockroach, on the hunt for crumbs of food, begins at that
corner and walks along three edges until it is at the far corner. (a) Write the

roach's displacement using the set of i , f , and k unit vectors, and (b) find the
magnitude of its displacement.

Picture the Problem While there are X, m

several walking routes the cockroach 3 B - c
could take to get from the origin to A | B
point C, its displacement will be the | ~T
same for all of them. One possible A | /DA~
route is shown in the figure. = |

2

3 ¥, m

(a) The roach’s displacement D D=A+B+C
during its trip from the origin to z A
pomtgc o 8 =[ (3.0m)i +(3.0m)j +(3.0m)k

(b) The magnitude of the roach’s D= D+ Di N Dzz

displacement is given by:

Substitute for Dy, D,, and D, and D= \/(3 0mY + (3.0m) +(3.0m)’

evaluate D to obtain: : . .
=|52m

44 - You are the navigator of a ship at sea. You receive radio signals from

two transmitters A and B, which are 100 km apart, one due south of the other. The
direction finder shows you that transmitter A is at a heading of 30° south of east
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from the ship, while transmitter B is due east. Calculate the distance between your
ship and transmitter B.

Picture the Problem The diagram shows the locations of the transmitters relative
to the ship and defines the distances separating the transmitters from each other
and from the ship. We can find the distance between the ship and transmitter B
using trigonometry.

Dy, A
A Y
N \9 |
-~ RS :DAB
Dy, ~ < N I
- I
o
Relate the distance between A and B tan 6 — D, D = D,
to the distance from the ship to A anv= Dy, = Fsp = tan @
and the angle 6:
Substitute numerical values and 100km 3
) = =1 1.7x10°m
evaluate Dsp: SB T 4an30°

Velocity and Acceleration Vectors

45 - A stationary radar operator determines that a ship is 10 km due south
of him. An hour later the same ship is 20 km due southeast. If the ship moved at
constant speed and always in the same direction, what was its velocity during this
time?

Picture the Problem For constant NGY)

speed and direction, the instantaneous

velocity is identical to the average E()
velocity. Take the origin to be the
location of the stationary radar and let " ”
the +x direction be to the East and the
+y direction be to the North.

Ar 2

Express the average velocity: 5o AF (1)
YA



Determine the position vectors 7

and 7,:

Find the displacement vector Ar :

Substitute for Ar and Af in equation
(1) to find the average velocity.

46
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A

7 =(~10km);
and
7, =(14.1km) +(~14.1km);

AP =1~
=(14.1km); +(—4.1km);
. (14.1km)i +(~4.1km);
v 1.0h

=| (14km/h)i + (- 4.1km/h)j

A particle’s position coordinates (x, ) are (2.0 m, 3.0 m) at = 0;

(6.0 m, 7.0 m)at#=2.0s; and (13 m, 14 m) at £ = 5.0 s. (a) Find the magnitude of
the average velocity from ¢ =0 to t = 2.0 s. (b) Find the magnitude of the average

velocity fromt=0tot=5.0s.

Picture the Problem The average velocity is the change in position divided by

the elapsed time.

(a) The magnitude of the average
velocity is given by:

Find the position vectors and the
displacement vector:

Find the magnitude of the
displacement vector for the interval
between =0 and = 2.0 s:

Vool ¢

Substitute to determine

01s given by:

AF =F —F =(4.0m)i +(4.0m)j

A7,| = (4.0 m) + (4.0 m)* =5.66 m

V| = >.00m _ 2.8m/s
2.0s
A
0 = tan”!| 222 | tan”! 40m
Ar, 4.0m
=1 45°

measured from the positive x axis.
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(b) Repeat (a), this time using the i =(13 m); +(14 m)}
displacement between ¢ = 0 and L _ .
t=5.0 s to obtain: Aty =15 =1, = (1 lm)i +(1 lm)j.

A7 | =(11m) +(11m) =15.6m

5 |= 15.6m _ 3 1ms

5.0s
and
6 = tan™ Hm ) _ 45°
l11m

measured from the +x axis.

47 - [SSM] A particle moving at a velocity of 4.0 m/s in the +x direction
is given an acceleration of 3.0 m/s in the +y direction for 2.0 s. Find the final
speed of the particle.

Picture the Problem The magnitude of the velocity vector at the end of the 2 s of
acceleration will give us its speed at that instant. This is a constant-acceleration
problem.

Find the final velocity vector of the V=vi+v j=v i+al
particle: Y ) g

A
.

= (4.0m/s)f + (3.0rn/s2 )(2-05)1
= (4.0m/s)i +(6.0m/s)j

_ 2, .2
=4V tV,

The magnitude of v is:

v

Substitute for v, and v, and evaluate |‘7| _ \/( 4.0m/s) +(6.0m/s) =[ 7.2 mss
|‘7|: . . .

48 - Initially, a swift-moving hawk is moving due west with a speed of
30 m/s; 5.0 s later it is moving due north with a speed of 20 m/s. () What are the
magnitude and direction of AV, during this 5.0-s interval? () What are the

magnitude and direction of a ,, during this 5.0-s interval?

Picture the Problem Choose a coordinate system in which north coincides with
the positive y direction and east with the positive x direction. Expressing the
hawk’s velocity vectors is the first step in determining Av anda_, .

(a) The change in the hawk’s Av,, =v, —Vy
velocity during this interval is:



vy and v are given by:

Substitute for v, and v, and
evaluate Av :

The magnitude of Av_ is given
by:

Substitute numerical values and
evaluate Av:

The direction of Av is given by:

Substitute numerical values and
evaluate G:

(b) The hawk’s average acceleration
during this interval is:

Substitute for Ay and At to obtain:

The magnitude of a_, is given by:

Substitute numerical values and
evaluate |ﬁav|:

The direction of a_ is given by:
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¥y =—(30m/s)i and ¥, = (20 m/s)j

AV, = (20 m/s)j— |- (30 mis)i |

A

= (30 m/s)i +(20 m/s)j

AV, | = JAV2 + A
A%, | = /(30 m/s) +(20 m/s)’
=|36m/s

Ay
0= 180°—tan‘1[ yJ
Av

X

where € is measured from the positive
X axis.

0= 180°—tan"l(20 m/sj

0m/s

=180°-34°=146°=| 150°

_ Ay
aav =
At

~
.

P (30 m/s)f+(20 m/s)j

a 5.0s
= (6.0m/s)i + (4.0 m/s?);
Q,|=Jal+a}
a,|= \/(6.0 m/s’ )+ (4.0 m/sz)
=| 7.2 m/s?

0=tan" (a—yj
ax
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Substitute numerical values and
evaluate 9:

402

f=tan" =| 34°

S

m

6.0 —
$2

where @ is measured from the positive
X axis.

49 . At ¢t =0, a particle located at the origin has a velocity of 40 m/s at
0=45°. Att=3.0s, the particle is at x = 100 m and y = 80 m and has a velocity
of 30 m/s at 8= 50°. Calculate (@) the average velocity and (b) the average
acceleration of the particle during this 3.0-s interval.

Picture the Problem The initial and final positions and velocities of the particle
are given. We can find the average velocity and average acceleration using their
definitions by first calculating the given displacement and velocities using unit

vectors i and j.

(a) The average velocity of the particle . Ar
is the ratio of its displacement to the Vav = At
elapsed time:

The displacement of the particle AF = (100m) i+ (80 m)}
during this interval of time is:
Substitute to find the average _ (100m) i+ (SOm)}
velocity: Vav = 305

= (33.3m/s)i +(26.7m/s)j

= (33 m/s)f +(27 m/s)j
(b) The average acceleration is: P Av v, -V,

YA N

v, and v, are given by: ¥, = (40m/s)cos 45° + (40m/s)sin 45°)

A
.

= (28.28m/s)i +(28.28m/s)j
and
¥, = (30m/s)cos 50°% + (30 m/s)sin 50° j

= (19.28m/s)i +(22.98m/s)
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Substitute for v, and v, and evaluate a_, :

- _ (1928 m/s)i +(22.98m/s)j - |(28.28 m/s)i +(28.28mss) |
o 3.0s
_ (-9.00m/s)i +(~5.30m/s)j

- 3.0s -

(-3.0m/s% )i +(-1.8m/s?)j

50 ee  Attime zero, a particle is at x = 4.0 m and y = 3.0 m and has velocity
v = (2.0 m/s)i +(-9.0 m/s)j . The acceleration of the particle is constant and is

given by @ = (4.0 m/s?)i + (3.0 m/s?)j . () Find the velocity at 7= 2.0 s.

(b) Express the position vector at  =4.0 s in terms of i and f . In addition, give
the magnitude and direction of the position vector at this time.

Picture the Problem The acceleration is constant so we can use the constant-
acceleration equations in vector form to find the velocity at # =2.0 s and the

position vector at t = 4.0 s.

(a) The velocity of the particle, as V=V, +dt
a function of time, is given by:

Substitute for ¥,anda to find¥(2.0s):

5(2.05) = (2.0 m/s)i +(=9.0 m/s)j +|(4.0 m/s?)i +(3.0m/s?) }|(2.0 )
=| (10 m/s)i +(-3.0m/s)j

(b) Express the position vector as a F =T +vt+Lar
function of time:

Substitute numerical values and evaluate 7 :

F=(4.0m)f +(3.0m)] +|2.0m/s)f +(-9.0m/s)j|(4.05)
+2@.0mis?)7 +(3.0mis")j|(4.0s)

=(44.0m)i +(-9.0m);

=| (44m)i +(-9.0m);

The magnitude of 7 is given by: R P
x y



196 Chapter 3

Substitute numerical values and r(4.0s) = \/(4 4.0m) +(-9.0m)
evaluate (4.0 s): ' . '
=(45m

The direction of 7 is given by: r

6 =tan'| L

rX

Because F is in the 4™ quadrant, (=9.0m
its direction measured from the 6 = tan 240m | —11.6°=] -12°
+x axis is: ’

51 ¢ [SSM]A particle has a position vector given by r = (30t); + (40t — 57) f ,
where r 1s in meters and ¢ is in seconds. Find the instantaneous-velocity and
instantaneous-acceleration vectors as functions of time ¢.

Picture the Problem The velocity vector is the time-derivative of the position
vector and the acceleration vector is the time-derivative of the velocity vector.

Differentiate r with respect to time: __dr
Cdt

= 30i+(40—10t)j

_d [30z (400 - 52)j]

V:

where v has units of m/s if 7 is in

seconds.
Differentiate v with respect to time: P av _d [3 o + 4 0—1 Ot)]]
dr
= (~10mss?)j

52 e A particle has a constant acceleration of @ = (6.0 m/sz)f
+ (4.0 m/s”)j . At time ¢ = 0, the velocity is zero and the position vector is

ro=(10 m)f . (a) Find the velocity and position vectors as functions of time ¢.
(b) Find the equation of the particle’s path in the xy plane and sketch the path.

Picture the Problem We can use constant-acceleration equations in vector form
to find the velocity and position vectors as functions of time 7. In (b), we can
eliminate ¢ from the equations giving the x and y components of the particle to
find an expression for y as a function of x.

(a) Use v =v, +at withv, =0 to
find v :

<!
Il
~

:(6.0 m/sz) i+ (4.0 m/s’ )}
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UseF =, + vt +Lar* with 7, = (10m)i to find # :

~
.

10 m)+ (3.0 m/s? )2 |7 + (2.0 mvs? )£ |j

N
Il

(b) Obtain the x and y components of x=10m+ (3-0 m/s> )12
the path from the vector equation in

and
(a): y= (2.0 rn/sz)t2
Eliminate ¢ from these equations and y=2x-2m

solve for y to obtain:

The graph of y=2x—2mis shown below. Note that the path in the xy plane is a
straight line.

20
18
16

14 /
12
10

o N b~ O

X, m

53 e [SSM]Starting from rest at a dock, a motor boat on a lake heads north
while gaining speed at a constant 3.0 m/s” for 20 s. The boat then heads west and
continues for 10 s at the speed that it had at 20 s. (a) What is the average velocity
of the boat during the 30-s trip? (b) What is the average acceleration of the boat
during the 30-s trip? (c¢) What is the displacement of the boat during the 30-s trip?

Picture the Problem The displacements N,y
of the boat are shown in the figure. Let AT,
the +x direction be to the east and the +y
direction be to the north. We need to
determine each of the displacements in
order to calculate the average velocity of
the boat during the 30-s trip.
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(a) The average velocity of the boat . AFr

is given by: Vao =57 (D
The total displacement of the boat is AF = Ary + Ay,
given by:

To calculate the displacement we
first have to find the speed after
the first 20 s:

Substitute numerical values and vy = (3_() m/s> )(20 s)=60m/s
evaluate vy:

Substitute numerical values in equation (2) and evaluate A7(30s):

A A
. .

AF(305)=1(3.0m/s*(20sY j— (60 m/s)(10s)i = (600 m)j— (600 m)i

equation (1) to find the boat’s Vav =
average velocity:

Substitute numerical values in AF (600 m)(— i+ j)

At 30s

=| (20 mss)(-i + )

(b) The average acceleration of . AV v -,

the boat is given by: Aoy = At At

Substitute numerical values and _ (-60 m/s)f -0 <
evaluate a_, : a, = 308 (—2-0 m/Sz)l
(¢) The displacement of the boat AF = (600 m)} 4 (_ 600 m) ;

from the dock at the end of the 30-s _

trip was one of the intermediate = (600 m) (—i + j)

results we obtained in Part (a).

54 e« Starting from rest at point A, you ride your motorcycle north to point
B 75.0 m away, increasing speed at steady rate of 2.00 m/s*. You then gradually
turn toward the east along a circular path of radius 50.0 m at constant speed from
B to point C until your direction of motion is due east at C. You then continue
castward, slowing at a steady rate of 1.00 m/s” until you come to rest at point D.
(a) What is your average velocity and acceleration for the trip from A to D?

(b) What is your displacement during your trip from A to C? (¢) What distance
did you travel for the entire trip from A to D?
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Picture the Problem The diagram
shown to the right summarizes the
information given in the problem
statement. Let the +x direction be to the
east and the +y direction be to the north.
To find your average velocity you’ll
need to find your displacement Ar and
the total time required for you to make
this trip. You can express Ar as the sum

Ar !

|
of your displacements Ar,,, Ary., and :
Ar.,. The total time for your trip is the S |
sum of the times required for each of :
the segments. Because the acceleration |
is constant (but different) along each of : E
the segments of your trip, you can use
constant-acceleration equations to find
each of these quantities.
(a) The average velocity for your . AF |
trip is given by: Vav = At ey
The total displacement for your trip AF = AF, + AFy + AT, (2)
is the sum of the displacements along
the three segments:
The total time for your trip is the sum At = At + Aty + Aty (3)
of the times for the three segments:
The displacements of the three AF,,, =0i + (75.0 m)}
segments of the trip are: - s A

g P Arg. = (50.0 m)l + (50.0 1’1’1)_] ,
and
Ay = Arpi +0j

In order to find Ax,,, you need to Axep = Vel +Eacy (At ) (4)
find the time for the C to D segment
of the trip. Use a constant-
acceleration equation to express
Axqp
Because vc = vi: Ve =V =V, ta, At

or, because vy =0,
Ve = a0,y Q)
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Use a constant-acceleration
equation to relate Azap to Ayag:

Substitute numerical values and
evaluate Afag:

Substitute for Azap in equation (5)
to obtain:

Substitute numerical values and
evaluate vc:

The time required for the circular
segment BC is given by:

Substitute numerical values and
evaluate Afgc:

The time to travel from C to D is
given by:

Substitute numerical values and
evaluate Az :

2
Ay, =V ALy +%“AB(AtAB)

or, because vy =0,

2Ap

LN

)
Ap,g = %aAB(AtAB) = At =

Aty = | 2720M) _g 6605
2.00 m/s
2A
Ve = aAB«‘} ayAB = \lzaABAyAB
AB

ve =4/2(2.00 m/s?)(75.0 m)

=17.32m/s
izr
Aty =—
Vg
L2(50.0
=27 C00m) s
17.32 m/s
At = Avg, _ Y=V

dcp Acp
or, because vp = 0,

AtCD:—_vC

acp

—-17.32m/s
toy =———=17.32s
P _1.00m/s>

Now we can use equation (4) to evaluate At :

Axep = (17.32m/s)(17.325)+ 3 (- 1.00m/s?) (17.325) =150 m

The three displacements that you
need to add in order to get Ar are:

AF,, =0i +(75.0m)j,
Ay =(50.0m)i +(50.0m)j ,
and

AF., =(150m)i +0j
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Substitute in equation (2) to obtain:

AF =0i +(75.0m)j+(50.0m)i +(50.0m)j + (150 m)i + 0

= (200 m); + (125 1’1’1)]

Substituting in equation (3) for At =8.660s+4.5355+17.325s=30.51s
At, g, Aty., and At yields:

Use equation (1) to find v, : _ (200m)i +(125m);
\ % =
“ 30.51s
=| (6.56 m/s)i +(4.10 m/s)j

Because the final and initial velocities are zero, the average acceleration is zero.

(b) Express your displacement from AF, . = AF,p, + APy
A to C as the sum of the
displacements from A to B and from

Bto C:
From (a) you have: A, =0i +(75.0m)j

and

AF,. =(50.0m)i +(50.0 m)j
Substitute and simplify to obtain: AF, . = 0i + (75.0 m)} +(50.0 m){

+(50.0m);
=| (50.0m)i + (125 m)j

(c) Express the total distance you d, =d,, + ‘ch +d,

traveled as the sum of the distances

traveled along the three segments: where dy. =7 r and r is the radius of

the circular arc.
Substituting for d. yields: dy=dy+3mr+dg,

Substitute numerical values and d
evaluate dyy:

=75.0m+17(50.0m)+150 m
=1304m

tot
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Relative Velocity

55 e« A plane flies at an airspeed of 250 km/h. A wind is blowing at

80 km/h toward the direction 60° east of north. (a) In what direction should the
plane head in order to fly due north relative to the ground? (o) What is the speed
of the plane relative to the ground?

Picture the Problem Choose a N
coordinate system in which north is the
+y direction and east is the +x direction.
Let € be the angle between north and
the direction of the plane’s heading.
The velocity of the plane relative to the
ground, v, , is the sum of the velocity

of the plane relative to the air, v,, , and

the velocity of the air relative to the Voa
ground, v, . That is, v,; = V,, +V,g-
The pilot must head in such a direction 0
that the east-west component of v, is W E
zero in order to make the plane fly due S
north.
(ﬁ) From the diagram one can see V. €0s30° =v,, sind
that:
Solving for fyields: 0 sin” [y AG COS 300}

L Vra
Substitute numerical values and 0 — sin”! (80 km/h)cos30°
evaluate 6: - sm | 250km/h

=16.1° = | 16° west of north

(b) Because the plane is headed due north, add the north components of
vy, and v, to determine the plane’s ground speed:

V| = (250 km/h)cos16.1° + (80 km/h)sin30° = | 280 km/s

56 e A swimmer heads directly across a river, swimming at 1.6 m/s relative
to the water. She arrives at a point 40 m downstream from the point directly
across the river, which is 80 m wide. (¢) What is the speed of the river current?
(b) What is the swimmer’s speed relative to the shore? (c¢) In what direction
should the swimmer head in order to arrive at the point directly opposite her
starting point?
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Picture the Problem Let v, represent [— 40 m —
the velocity of the swimmer relative to A 7
the shore; v, the velocity of the { B ¥
swimmer relative to the water; and [
vy the velocity of the water relative to \
the shore; i.e., 80 m [—U—SW B

I |

Vsg = Vsw TVwg [

: | /
The current of the river causes the /
swimmer to drift downstream. Y [
(a) The triangles shown in the figure Vys _ 40m
are s1m1‘1ar right tr1ang1§s. Set up a Vey  80m
proportion between their sides and
and
solve for the speed of the water 1
relative to the bank: Vws = 7(1 .6m/s) =[0.80m/s
(b) Use the Pythagorean Theorem to v = p2 42
solve for the swimmer’s speed 58 Wowe
relative to the shore: = \/ (1.6m/s)’ +(0.80m/s )’
=| 1.8m/s

(c) The swimmer should head in a Vwe R
direction such that the upstream }
component of her velocity relative to
the shore (v ) is equal to the speed -
of the water relative to the shore VsB

(Vs ):
0

Referring to the diagram, relate
siné to vyzand v :

) y .l v
sin@ = Y2 = @ =sin l(ﬁJ

Vsp Vsp

=|30°

evaluate & 1.6m/s

Substitute numerical values and 0—si _1(0'80m/sj

57 = [SSM] A small plane departs from point A heading for an airport
520 km due north at point B. The airspeed of the plane is 240 km/h and there is a
steady wind of 50 km/h blowing directly toward the southeast. Determine the
proper heading for the plane and the time of flight.



204 Chapter 3

Picture the Problem Let the velocity
of the plane relative to the ground be
represented by v,;;the velocity of
the plane relative to the air by
vp.and the velocity of the air
relative to the ground by v,,. Then
Voo =Vpa +V5g (1)

Choose a coordinate system with the
origin at point A, the +x direction to
the east, and the +y direction to the
north. @ is the angle between north
and the direction of the plane’s
heading. The pilot must head so that
the east-west component of v,;is

zero in order to make the plane fly
due north.

Use the diagram to express the
condition relating the eastward
component of v, and the westward

component of v,,. This must be

satisfied if the plane is to stay on its
northerly course. [Note: this is
equivalent to equating the x-
components of equation (1).]

Now solve for @ to obtain:

Substitute numerical values and
evaluate G:

Add the north components of v,
and v, to find the velocity of the
plane relative to the ground:

Solving for vpg yields:

Substitute numerical values and evaluate vpg to obtain:

o .
Vg €0845° =v,, sind

6 Sin,l_vAG cos45°}
L Vea
0 = sin™! (50 km/h)cos45 _g470
| 240km/h
=|8.5°

1 o _ [¢]
Vpg TV, SIn45° =v,, cos8.47

— o 1 (e}
Vpg = Vpa €088.47°—v, . sin45

Vo = (240 km/h)cos8.47° — (50 km/h)sin 45° = 202.0 km/h



The time of flight is given by:

Substitute numerical values and
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distance travelled
flight —
Vg
520km
o=————=|257h
et 202.0km/h

evaluate #qign::

58 oo

Two boat landings are 2.0 km apart on the same bank of a stream

that flows at 1.4 km/h. A motorboat makes the round trip between the two
landings in 50 min. What is the speed of the boat relative to the water?

Picture the Problem Let v, be the

velocity of the boat relative to the shore;
Vs be the velocity of the boat relative

to the water; and vy represent the

velocity of the water relative to the
shore. Independently of whether the
boat is going upstream or downstream:

Ves = Vew T Vs

Going upstream, the speed of the boat
relative to the shore is reduced by the
speed of the water relative to the shore.

Going downstream, the speed of the
boat relative to the shore is increased by
the same amount.

For the upstream leg of the trip:
For the downstream leg of the trip:

Express the total time for the trip
in terms of the times for its
upstream and downstream legs:

Multiply both sides of the equation
by (Vg = Vys)(Vaw + Vys) (the
product of the- denominators) and
rearrange the terms to obtain:

B LA
o <=
Wy L R H e R e e B g e

—
Uys=1.4km/h
Going upstream:
Vs Ugs
— o r—
~—
Ugw

Going downstream:

Upw  Ows
— cm—
——-
Ups
Vs = Vew ~ Pws
Vgs = Vew T Vws
ttotal = tupstream + tdownstream
L L
= +
Vew ~VYws Vew T Vws
: _2L 2. =0
Vew Vew ~ Vws =

total
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Substituting numerical values yields:

vy —%}i‘m)vw ~(1.4km/h)> =0
6
or
i, —(4.80km/h vy, —1.96 (km)’ /h* =0
Use the quadratic formula or your Vew = | 5.2km/h

graphing calculator to solve the
quadratic equation for vgw (Note
that only the positive root is
physically meaningful.):

59 e During a radio-controlled model-airplane competition, each plane must
fly from the center of a 1.0-km-radius circle to any point on the circle and back to
the center. The winner is the plane that has the shortest round-trip time. The
contestants are free to fly their planes along any route as long as the plane begins
at the center, travels to the circle, and then returns to the center. On the day of the
race, a steady wind blows out of the north at 5.0 m/s. Your plane can maintain an
air speed of 15 m/s. Should you fly your plane upwind on the first leg and
downwind on the trip back, or across the wind flying east and then west?
Optimize your chances by calculating the round-trip time for both routes using
your knowledge of vectors and relative velocities. With this pre-race calculation,
you can determine the best route and have a major advantage over the
competition!

Picture the Problem Let v, be the velocity of the plane relative to the ground;
v,, be the velocity of the air relative to the ground; and v, the velocity of the
plane relative to the air. Then, v ,= v, + v, .. The wind will affect the flight times

differently along these two paths.

N
vpa
vag
AW 0 E
Ype |
S
The velocity of the plane, relative to v o= _y
pg pa ag

the ground, on its eastbound leg is
equal to its velocity on its westbound
leg. Using the diagram, express the
velocity of the plane relative to the
ground for both directions:
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Substitute numerical values and y = \/(1 Sm/s) —(5.0m/s) =14.1m/s
evaluate vpg: pe

Express the time for the east-west roundtrip in terms of the distances and
velocities for the two legs:

radius of the circle N radius of the circle

troundtrip,EW = teastbound + twestbound =
vpg,eastbound vpg,westbound
Substitute numerical values and , 2x1.0km 142
. == S
. dtrip,EW
evaluate troundtrip,EW : o 141 m/ S

Use the distances and velocities for the two legs to express the time for the
north-south roundtrip:

; radius of the circle N radius of the circle

troundtrip,NS = Lhorthbound + Z‘southbcound:

v

Vpg,northbound pg,southbound

Substitute numerical values and evaluate 7, qipxs -

1.0 km 1.0km

roundtrip,NS = + = 150 S
: (15m/s)—(5.0m/s) (15m/s)+ (5.0 m/s)

t

Because? <t you should fly your plane across the wind.

roundtrip,EW > roundtrip,NS »
60 - You are piloting a small plane that can maintain an air speed of 150 kt
(knots, or nautical miles per hour) and you want to fly due north (azimuth = 000°)
relative to the ground. (a) If a wind of 30 kt is blowing from the east (azimuth =
090°), calculate the heading (azimuth) you must ask your co-pilot to maintain.

(b) At that heading, what will be your groundspeed?

Picture the Problem This is a relative N
velocity problem. The given quantities
are the direction of the velocity of the
plane relative to the ground and the
velocity (magnitude and direction) of
the air relative to the ground. Asked for
is the direction of the velocity of the air
relative to the ground. Using
Vo = Vpa T VA, draw a vector addition

diagram and solve for the unknown
quantities.
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(a) Referring to the diagram, relate
the heading you must take to the
wind speed and the speed of your
plane relative to the air:

Substitute numerical values and
evaluate 9:

Because this is also the angle of the
plane's heading clockwise from
north, it is also its azimuth or the
required true heading:

(b) Referring to the diagram, relate
your heading to your plane’s speeds
relative to the ground and relative to
the air:

Solve for the speed of your plane
relative to the ground to obtain:

Substitute numerical values and
evaluate vpg:

y

- -1

0 =sin (LGJ
Voo

g = sin”[ 20K | 50
150 kts

Az=(011.5° =] (012°)

y
cos@ =S

Vpg = Vp, COSO

Vo = (150 kt)cos11.5° =147 kt
=[1.5x10” kt

61 e [SSM] Car A is traveling east at 20 m/s toward an intersection. As
car A crosses the intersection, car B starts from rest 40 m north of the intersection
and moves south, steadily gaining speed at 2.0 m/s°. Six seconds after A crosses
the intersection find (a) the position of B relative to A, (b) the velocity of B
relative to A, and (c) the acceleration of B relative to A. (Hint: Let the unit vectors

i and j be toward the east and north, respectively, and express your answers

using i and }.)
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Picture the Problem The position of Yy, m
B relative to A is the vector from A to i | i
B; that is, B

~ o 40

Fpp =1z =¥,

The velocity of B relative to A is
V,p =dr/dt

—

)

and the acceleration of B relative to A
1s

d,,=dv,,/dt

Choose a coordinate system with the

origin at the intersection, the positive x —
direction to the east, and the positive y A
direction to the north. 0

[

A
.

(a) Find Fyand F,: r, = [40 m—%(2.0 m/sz)tzl/
and
7, =[(20 m/s)t]f
Use F,y =r; —F,to find Fyy
Fos = [(-20 m/s)e]7 +[40 m— 1 (2.0 mss? )2 ]

Evaluate r,zat t=6.0s:

Fr(6.05) = [(- 20 m/s) (6.0 )]7 +[40 m— 4 (2.0 m/s? ) (6.0
=| (12x10° m)i +(4.0m) j

(b) Find ¥, = dF,, /dt :

—
.

V= dZ/;B = %[{(— 20 m/s)e}i + 40 m -1 (2.0 mis? ) }j]

= (=20 m/s)i +(-2.0 m/s>)¢ j

Evaluate v,zat t=6.0 s:

A
.

¥,5(6.05) = (20 m/s)i + (2.0 m/s*)(6.0s) j =| (—20m/s)i — (12 m/s)j
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(c) Find d,, =dv,, /dt: Ay = %[(_20 ms) i +(-2.0m/s*)z j]
= (—2.0m/52)}

Note that a,, is independent of time.

62 e+  While walking between gates at an airport, you notice a child running
along a moving walkway. Estimating that the child runs at a constant speed of
2.5 m/s relative to the surface of the walkway, you decide to try to determine the
speed of the walkway itself. You watch the child run on the entire 21-m walkway
in one direction, immediately turn around, and run back to his starting point. The
entire trip taking a total elapsed time of 22 s. Given this information, what is the
speed of the moving walkway relative to the airport terminal?

Picture the Problem We don’t need to know which direction the child ran first,
and which he ran second. Because we have the total length of the walkway, the
elapsed time for the round trip journey, and the child’s walking speed relative to
the walkway, we are given sufficient information to determine the moving
walkway’s speed. The distance covered in the airport is 21 m, and this is covered
in a total time of 22 s. When the child walks in the direction of the walkway, his
velocity in the airport is the sum of his walking velocity, v,,,, and the walkway

velocity, v,,. On the return trip, the velocity in the airport is the difference of
these two velocities.

Express the total time for the child’s At = Aty AL

run in terms of his running times

with and against the moving

walkway:

In terms of the length L of the L L

walkway and the speeds, relative to At = ;+ Vo @

the airport, of the child walking with
and against the moving walkway:

The s:peeds of thq child relative to Vg = vch“d| + |wa| =V Vo
the airport, then, in each case, are:

and

vagainst = vchild| - |vww| = vchild - vww
Substitute for vyim and Vagainst In Af = L N L
equation (1) to obtain: ot 4y Y.ty

child WW child wWwW
Solving this equation for v, yields: R 2v,., L
p— chn1
Vow = 4| Venila

tot
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Substitute numerical values and evaluate v, :

2(2.5m/s)(21m) _
225 B

1.2m/s

Vo =\/(2.5 m/s)’ —

63 < [SSM] Ben and Jack are shopping in a department store. Ben leaves
Jack at the bottom of the escalator and walks east at a speed of 2.4 m/s. Jack then
stands on the escalator, which is inclined at an angle of 37° above the horizontal
and travels eastward and upward at a speed of 2.0 m/s. (a) What is the velocity of
Ben relative to Jack? (b) At what speed should Jack walk up the escalator so that
he is always directly above Ben (until he reaches the top)?

Picture the Problem The velocity of Ben relative to the velocity of Jack v_, is the

—

difference between the vectors v, and v Choose the coordinate system

escalator *

shown and express these vectors using the unit vectors i and j .

vBen
0
i
vrel : escalator
|
|
|
I X
(a) The velocity of Ben relative to Vo = Vo — Vescatator
Jack is given by:
The velocities of the floor walker Voo, = (2.4m/s)i
and the escalator are:
and
Ve = (2.0m/s)cos37°%
+(2.0 m/s)sin37°}'

Substitute for v,  and v and simplify to obtain:

escalator

v, =(Q.4m/s)i— [(2.0 m/s)cos37° + (2.0 m/s)sin37°}J
= (0.803 m/s) i —(1.20 m/s) j

=| (0.80m/s)i - (1.2m/s)j
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The magnitude and direction of v, v

|2 2
rel| — vrel,x + vrel,y

are given by: and

\4
_ 1,
0 — tan 1 _rely
vrel,x

Substitute numerical values and v |= \/(0.803 m/s)? +(=1.20 m/s)’
evaluate v ,| and 6:
=|1.4m/s
and
6= tan”!| —LZOMS 5650
0.803 m/s
=| 56° below the horizontal

(b) If Jack walks so that he is always (Ve + Vescataror )COS37° = vy,

directly above Ben, the sum of the
horizontal component of his velocity
and the horizontal component of the Vi = VBen alaor
escalator’s velocity must equal the cos37°

velocity of Ben:

or, solving for v, ,

Substitute numerical values and 2.4m/s

) Vi = -2.0m/s=|1.0m/s
evaluate v, , : c0s37°

64 e A juggler traveling in a train on level track throws a ball straight up,
relative to the train, with a speed of 4.90 m/s. The train has a velocity of 20.0 m/s
due east. As observed by the juggler, (a) what is the ball’s total time of flight, and
(b) what is the displacement of the ball during its rise? According to a friend
standing on the ground next to the tracks, (c¢) what is the ball’s initial speed,

(d) what is the angle of the launch, and (e) what is the displacement of the ball
during its rise?

Picture the Problem The vector
diagram  shows the relationship N
between the velocity of the ball relative
to the train v, the velocity of the train

relative to the ground v,;,and the Var

velocity of the ball relative to the
groundv,,. Choose a coordinate 0

system in which the +x direction is to Vig
the east and the +y direction is to the
north.



(a) The ball’s time-of-flight is twice
the time it takes it to reach its
maximum height:

Use a constant-acceleration equation
to relate the ball’s speed to its initial
speed and the time into its flight:

At its maximum height, v, = 0:

Solving for ¢ yields:

max height

Substitute for ¢
(1) to obtain:

max height In equation

Substitute numerical values and
evaluate 7y,

(b) The displacement of the ball
during its ascent, as observed by the
juggler, is given by:

Because the acceleration of the ball
is constant, its average speed is
given by:

Because v, = 0:

Substitute for v,, in equation (2) to
obtain:

Substitute numerical values and
evaluate Ayy;

(¢) Vg is the sum of vy and v :

Express v, and v in terms of the

unit vectors i and j :

Motion in One and Two Dimensions

tﬂight = 2tmax height (1 )

v, =v,, tat

0 = vOy + aytmax height

or, because a, = —g,
0=v,, —gt

max height
t o
max height —
2,
Laight =
2(4.90 m/s)

=|1.00s

fight 9 81 m/s?

A-;)BT = h.;. = (vavtmax height ).;. (2)
where / is the maximum height of the
ball.

~ (490m/s) -

A, = = (1.22m)j
Var = o 217 ) ( )j
‘_;BG = ‘_;BT + ‘7TG 3)

Var = 0f +(4.90 m/s) j
and
Vi =(20.0m/s)i +0j

213
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Substitute for vy, and v in Vg = (20.0m/s)i +(4.90 m/s) j

equation (1) to obtain:

The magnitude of v, is given by: Voo = \/(20.0 m/s) +(4.90 m/s)’
=|21.6m/s

(d) Referring to the vector diagram, e.
express the angle of the launch &in 6 = tan b
terms of vgr and vrg: TG

Substitute numerical values and 0 — tan"" 490m/s) 23.8°
evaluate 0: ~ 200ms ) L
(e) When the ball is at its peak it is d = (20_0 m); n (1 79 m)}
20.0 m east and 1.22 m above the

friend observing from the ground.
Hence its displacement is:

Circular Motion and Centripetal Acceleration

65 - What is the magnitude of the acceleration of the tip of the minute hand
of the clock in Problem 387 Express it as a fraction of the magnitude of free-fall
acceleration g.

Picture the Problem We can use the definition of centripetal acceleration to
express a. in terms of the speed of the tip of the minute hand. We can find the
tangential speed of the tip of the minute hand by using the distance it travels each
revolution and the time it takes to complete each revolution.

Express the magnitude of the V2

acceleration of the tip of the minute a. = R (1)
hand of the clock as a function of the

length of the hand and the speed of

its tip:

Use the distance the minute hand _ 27R
travels every hour to express its V= T
speed:

Substituting for v in equation (1) 47°R

yields: ="
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Substitute numerical values and 47%(0.50m)

-6 2
evaluate a.: a, Wzl.ﬂxlo m/s

1.5%107° m/s?

Express the ratio of a. to g: a 1.52x10°m/s?

: YTV 1.55x1077
. S

66 You are designing a centrifuge to spins at a rate of 15,000 rev/min.

(a) Calculate the maximum centripetal acceleration that a test-tube sample held in
the centrifuge arm 15 cm from the rotation axis must withstand. (b) It takes 1 min,
15 s for the centrifuge to spin up to its maximum rate of revolution from rest.
Calculate the magnitude of the tangential acceleration of the centrifuge while it is
spinning up, assuming that the tangential acceleration is constant.

Picture the Problem The following diagram shows the centripetal and tangential
accelerations experienced by the test tube. The tangential acceleration will be zero
when the centrifuge reaches its maximum speed. The centripetal acceleration
increases as the tangential speed of the centrifuge increases. We can use the
definition of centripetal acceleration to express a. in terms of the speed of the test
tube. We can find the tangential speed of the test tube by using the distance it
travels each revolution and the time it takes to complete each revolution. The
tangential acceleration can be found from the change in the tangential speed as the
centrifuge is spinning up.

P

(a) Express the maximum centripetal V2

acceleration of the centrifuge arm as Qe max = R (1)
a function of the length of its arm

and the speed of the test tube:

Use the distance the test tube travels _ 27R
every revolution to express its speed: V= T
Substituting for v in equation (1) 4R

yields: Femax =72
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Substitute numerical values and 47%(0.15m)
evaluate a.: A max = i 3
Imin « 60s
15000rev  min

=|3.7x10° m/s*

(b) Express the tangential 27R 0
acceleration in terms of the ve-v, T = 27R
difference between the final and 4 = At At TA
initial tangential speeds:
Substitute numerical values and B 272(0.15m)
evaluate ar: 4= 1min 60s
x—— |(75s)
15000rev  min
=|3.1m/s’

67 ees [SSM] Earth rotates on its axis once every 24 hours, so that objects

on its surface that are stationary with respect to the surface execute uniform
circular motion about the axis with a period of 24 hours. Consider only the effect
of this rotation on the person on the surface. (Ignore Earth’s orbital motion about
the Sun.) (a) What is the speed and what is the magnitude of the acceleration of a
person standing on the equator? (Express the magnitude of this acceleration as a
percentage of g.) (b) What is the direction of the acceleration vector? (¢) What is
the speed and what is the magnitude of the centripetal acceleration of a person
standing on the surface at 35°N latitude? (d) What is the angle between the
direction of the acceleration of the person at 35°N latitude and the direction of the
acceleration of the person at the equator if both persons are at the same longitude?

Picture the Problem The radius of Earth is 6370 km. Thus at the equator, a
person undergoes circular motion with radius equal to Earth’s radius, and a period
of 24 h = 86400 s. At 35°N latitude, the person undergoes circular motion having
radius » c0s35° = 5220 km, and the same period.

The centripetal acceleration V2

experienced by a person traveling a= T (1)
with a speed v in a circular path of

radius 7 is given by:

The speed of the person is the 2rr

distance the person travels in one V= T

revolution divided by the elapsed
time (the period 7):
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Substitute for v in equation (1) to 277V
obtain: ( T ] 4nlr
“= r - T?
(a) Substitute numerical values and _ 27 (6370km) 163 m/
evaluate v for the person at the V= 86400s s
equator:
Substitute numerical values and 47 (6370 km) . 5
evaluate a for the person at the a= (86400's) =3.369x10" m/s
equator:
={3.37 cm/s’
The ratio of a to g is: =2 2
g 223.369x10 ;n/s _0353%
9.81m/s

(b) The acceleration vector points directly at the center of Earth.

(¢) Substitute numerical values and _ 27 (5220km) 330 m/
evgluate v for the person at 35°N V= 86400s s
latitude:

Substitute numerical values and _ 477 (5220km) 5
evaluate v for the person at 35°N a= (86 400 )2 =| 2.76 cm/s
latitude: ’

(d) The plane of the person’s path is parallel to the plane of the equator — the
acceleration vector is in the plane — so that it is perpendicular to Earth’s axis,
pointing at the center of the person’s revolution, rather than the center of Earth.

68 e  Determine the acceleration of the moon toward the earth, using values
for its mean distance and orbital period from the Terrestrial and Astronomical
Data table in this book. Assume a circular orbit. Express the acceleration as a
fraction of the magnitude of free-fall acceleration g.

Picture the Problem We can relate the acceleration of the moon toward the earth
to its orbital speed and distance from the earth. Its orbital speed can be expressed
in terms of its distance from the earth and its orbital period. From the Terrestrial
and Astronomical Data table, we find that the sidereal period of the moon is

27.3 d and that its mean distance from the earth is 3.84x10® m.

Express the centripetal acceleration V2
of the moon: Ge =77

(D
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Express the orbital speed of the _2mr

moon: VT

Substituting for v in equation (1) 471

yields: ="

Substitute numerical values and 47> (3.84 x10°¢ m)

evaluate a.: a, = 2
(27.3dxmx 36005)

d h

=2.72x107° m/s?
=[2.78x10" g

Remarks: Note that Zc = radius of earth

g distance from earthto moon
acceleration due to the earth’s gravity evaluated at the moon’s position).
This is Newton’s famous "falling apple” observation.

(ac is just the

69 e (a) What are the period and speed of the motion of a person on a
carousel if the person has an acceleration magnitude of 0.80 m/s* when she is
standing 4.0 m from the axis? (b) What are her acceleration magnitude and speed
if she then moves in to a distance of 2.0 m from the carousel center and the
carousel keeps rotating with the same period?

Picture the Problem The person riding on this carousel experiences a centripetal
acceleration due to the fact that her velocity is continuously changing. Use the
expression for centripetal acceleration to relate her speed to her centripetal
acceleration and the relationship between distance, speed, and time to find the
period of her motion.

In general, the acceleration and V2
period of any object moving in a a.= T (1)
circular path at constant speed are and
given by: 2y
I'= )
v
Solving equation (1) for v yields: v=1lar (3)
Substituting for v in equation (2) 2 B
yields: T= \/; =27 a_ 4)
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(a) qustitute numerical values in = \/(0.80 m/sz)(4.0 m) =1.79 m/s
equation (3) and evaluate v for a

person standing 4.0 m from the =| 1.8 m/s

axis:

Substitute numerical values in 4.0m

equation (4) and evaluate 7 for a I'=2rx 080 m/s> =14.05s=| 14s
person standing 4.0 m from the '

axis:

(b) Solve equation (2) for v to _2mr

obtain: V=7

For a person standing 2.0 m from 2 (2.0 m) B B

the axis: V_—14.055 =0.894 m/s =| 0.89 m/s
From equation (1) we have, for her (0_ 894 m/s)2 5
acceleration: a.= T oom =| 0.40 m/s

70 eee  Pulsars are neutron stars that emit X rays and other radiation in such a
way that we on Earth receive pulses of radiation from the pulsars at regular
intervals equal to the period that they rotate. Some of these pulsars rotate with
periods as short as 1 ms! The Crab Pulsar, located inside the Crab Nebula in the
constellation Orion, has a period currently of length 33.085 ms. It is estimated to
have an equatorial radius of 15 km, which is an average radius for a neutron star.
(a) What is the value of the centripetal acceleration of an object on the surface
and at the equator of the pulsar? (b) Many pulsars are observed to have periods
that lengthen slightly with time, a phenomenon called "spin down." The rate of
slowing of the Crab Pulsar is 3.5 x 107" s per second, which implies that if this
rate remains constant, the Crab Pulsar will stop spinning in 9.5 x 10'* s (about
3000 years). What is the tangential acceleration of an object on the equator of this
neutron star?

Picture the Problem We need to know the speed of a point on the equator where
the object sits. The circular path that the object at the equator undergoes has a
radius equal to that of the star, and therefore is simply the equatorial
circumference — and is traversed in a time interval of one period, 33.085 ms. In
(b) we need only consider the change in speed of an object on the surface over the
course of this time period.

(a) The centripetal acceleration of V2

the object is given by: a.= . (1)
The speed of the object is equal to _2mr

related to the radius of its path and V= T

the period of its motion:
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Substituting for v in equation (1) 217\
yields: ( T ] An?
e T
Substitute numerical values and 472 (1 5 km) 5 >
evaluate a.: a.= > =[54x10" m/s
(33.085 ms)
(b) The tangential acceleration of an Av, Ve final — Ve initial
obj ect on the equator of the neutron 4= Al o - Al o
star is given by:
Because v, g, =0 Vi initial
, q = :
t Atspin down
We can obtain the initial speed of the 2 r
object from equation (1): Yiinidal = "o
Substitute for v, g ., = 0 to obtain: 2rr
B 2
a - T __ Tr
Atspin down Atspin down
Substitute numerical values and 272(1 5 km)
a, =-—
evaluate a,: Y (9.5x105)(33.085x107 5
=|-3.0x10"° m/s’

71 eee Human blood contains plasma, platelets and blood cells. To separate
the plasma from other components, centrifugation is used. Effective
centrifugation requires subjecting blood to an acceleration of 2000g or more. In
this situation, assume that blood is contained in test tubes that are 15 cm long and
are full of blood. These tubes ride in the centrifuge tilted at an angle of 45.0°
above the horizontal (See Figure 3-34.) (a) What is the distance of a sample of
blood from the rotation axis of a centrifuge rotating at 3500 rpm, if it has an
acceleration of 2000g? (b) If the blood at the center of the tubes revolves around
the rotation axis at the radius calculated in Part (a), calculate the centripetal
accelerations experienced by the blood at each end of the test tube. Express all
accelerations as multiples of g.

Picture the Problem The equations that describe the centripetal acceleration and
speed of objects moving in circular paths at constant speed can be used to find the
distance of the sample of blood from the rotation axis as well as the accelerations
experienced by the blood at each end of the test tube under the conditions
described in the problem statement.



(a) The centripetal acceleration of
the blood sample is given by:

The speed of the blood’s revolution
is given by:

Substitute for v in the expression
for a. to obtain:

Solving for r yields:

Substitute numerical values and
evaluate r:

(b) The center of the tube undergoes
uniform circular motion with a
radius of 15cm. Because the tubes
are tilted at a 45 degree angle, the
top surface of the blood is
undergoing uniform circular motion
with a radius of:

The bottom surface is moving in a
circle of radius:

The range of accelerations can be
found from equation (1):

The minimum acceleration
corresponds to 7iop:
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2rr
v:

=2rrf

where f'is the frequency of revolution.

(27””f)2 — 472 [ (1)

ac =
r
r= e
4722f2
or, because a, = g,
2000g
r=""22
4r° f
2000(9.81m/s”)
47| 3500 TV LN
min 60s

=15cm

Fop =14.6cm — (7.5 cm)cos45°
=9.30cm

=14.6cm+ (7.5 cm)cos 45°
=19.90cm

rbottom

a, :47z2f2r

Substitute numerical values and evaluate aiq:

o = ar[ 3500 1V LM
min 60s

5 =0.146 m

2
j (9.30cm)=1.249x10* m/s* ~| 1300g
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. . o
The maximum acceleration a,.. =47 F 71 om
corresponds to #pottom:

Substitute numerical values and evaluate apay:

a, = 4;;2[3500 rev  lmmn
min 60s

2
j (19.90 cm)=2.673x10* m/s> ~| 2700g

The range of accelerations is 1300g to 2700g.

Projectile Motion and Projectile Range

72 o While trying out for the position of pitcher on your high school
baseball team, you throw a fastball at 87 mi/h toward home plate, which is 18.4 m
away. How far does the ball drop due to effects of gravity by the time it reaches
home plate? (Ignore any effects due to air resistance.)

Picture the Problem Neglecting air resistance, the accelerations of the ball are
constant and the horizontal and vertical motions of the ball are independent of
each other. We can use the horizontal motion to determine the time-of-flight and
then use this information to determine the distance the ball drops. Choose a
coordinate system in which the origin is at the point of release of the ball,
downward is the positive y direction, and the horizontal direction is the positive x
direction.

Express the vertical displacement Ay =v, At +La (At)
of the ball: ’ g
or, because vo, =0 and a, = g,
Ay =4 g(Arf (1)
Use vy = Ax/At to express the Af = Ax
time of flight: v,
. . . 5
Substlt}lte for At in equation (1) L (Aax) g( Ax)2
to obtain: Ay=1gl—| = :
Vx 2(vx )
Substitute numerical values and m 5
evaluate Ay: 9.81 s2 (1 8.4 m)
Ay = >=|1.1m
044707
2|87~ S
h e

h
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73 . A projectile is launched with speed v at an angle of &, above the
horizontal. Find an expression for the maximum height it reaches above its
starting point in terms of vy, €, and g. (Ignore any effects due to air resistance.)

Picture the Problem In the absence of air resistance, the maximum height
achieved by a projectile depends on the vertical component of its initial velocity.

Use a constant-acceleration equation . "i — ng
to relate the displacement of a vV, =V, T 2aAy=>Ay=———
projectile to its initial and final y

speeds and its acceleration:

Because v, = 0 and a, = —g: v
Ay =—2%
2g
The vertical component of the vy, =V,siné,
projectile’s initial velocity is:
Setting Ay = hand substituting for (Vo sin @), )2
voy yields: h = 2g

74 = A cannonball is fired with initial speed vy at an angle 30° above the
horizontal from a height of 40 m above the ground. The projectile strikes the
ground with a speed of 1.2vy. Find vy. (Ignore any effects due to air resistance.)

Picture the Problem Choose the
coordinate system shown to the right.
Because, in the absence of air
resistance, the horizontal and wvertical
speeds are independent of each other,
we can use constant-acceleration
equations to relate the impact speed of
the projectile to its components.

X, m

M = 1.2v0\

The horizontal and vertical velocity Vo, =V, =V,c0s6,
components are: and

vy, =v,sinf,
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Using a constant-acceleration vi = Véy +2a,Ay
equation, relate the vertical

component of the velocity to the or, because a, =—g and Ay =—h,

2 . 2
vertical displacement of the vy = (v sin@,)" +2gh
projectile:

Express the relationship between the vi=vl4 vi = ("o cos 6, )2 + vi
magnitude of a velocity vector and (. 5

its components, substitute for the =Y (sm 6, +cos” 6, )+ 2gh
components, and simplify to obtain: =v, +2gh

Substitute for v:

2gh
1.2v,) =vi +2gh=v, = ,|—>—
120 ) =2+ 2gh=v =[50
Substitute numerical values and 2(9. 81 m/s> )(40 m)
evaluate v, v, = 0.44 =|42m/s

Remarks: Note that v is independent of &. This will be more obvious once
conservation of energy has been studied.

75 e+ In Figure 3.35, what is the minimum initial speed of the dart if it is to
hit the monkey before the monkey hits the ground, which is 11.2 m below the
initial position of the monkey, if x is 50 m and # = 10 m? (Ignore any effects due
to air resistance.)

Picture the Problem Example 3-12 shows that the dart will hit the monkey
unless the dart hits the ground before reaching the monkey’s line of fall. What
initial speed does the dart need in order to just reach the monkey’s line of fall?
First, we will calculate the fall time of the monkey, and then we will calculate the
horizontal component of the dart’s velocity.

Relate the horizontal velocity of the
dart to its launch angle and initial
velocity vy:

vx

cos @

v, =v,cos0=v, =

Use the definition of v, and the fact Ax
that, in the absence of air resistance, * T AL
it is constant to obtain:

Substituting in the expression for vy . Ax 1
yields: Yo = (1)
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Using a constant-acceleration 5 N
. — 1 —
equation, relate the monkey’s fall Ah=Lg(At) =AMt = |—
distance to the fall time: &
S}ﬂi(slti.tuting for At in equation (1) . Ax g
yielas: " cos@\ 2Ah (2)
Let @be the angle the barrel of the L(10m .
dart gun makes with the horizontal. 0=ta =113
50m
Then:
Subst‘itute 2numi:lricallvalues .in . 50m  [9.81m/s’ Vs
equation (2) and evaluate vy: 0 osl1.3° 2(1 12 m)

76 +» A projectile is launched from ground level with an initial speed of
53 m/s. Find the launch angle (the angle the initial velocity vector is above the
horizontal) such that the maximum height of the projectile is equal to its
horizontal range. (Ignore any effects due to air resistance.)

Picture the Problem Choose the coordinate system shown in the figure to the
right. In the absence of air resistance, the projectile experiences constant
acceleration in both the x and y directions. We can use the constant-acceleration
equations to express the x and y coordinates of the projectile along its trajectory
as functions of time. The elimination of the parameter ¢ will yield an expression
for y as a function of x that we can evaluate at (R, 0) and (R/2, k). Solving these
equations simultaneously will yield an expression for 6.

1 (R.H)

X

(R.0)

Express the position coordinates of X = (vo cos H)t
the projectile along its flight path in
terms of the parameter ¢:

and
y=(v,sin@) -1 gt

2

Eliminate ¢ from these equations to

obtain: Y= (tan H)X & ¥ (1)

2v; cos’ 0
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Evaluate equation (1) at (R, 0) to
obtain:

Evaluate equation (1) at (R/2, k) to
obtain:

Equating R and 4 yields:

Solve for @to obtain:

7

_ 2v;sinOcos O
g

R

(v,sin @)
2g

h=

2vsin@cos@  (v,sin@)

g 2g

0= tan_l(4) 76°

Note that this result is independent of v.

[SSM] A ball launched from ground level lands 2.44 s later

40.0-m away from the launch point. Find the magnitude of the initial velocity
vector and the angle it is above the horizontal. (Ignore any effects due to air

resistance.)

Picture the Problem In the absence of
air resistance, the motion of the ball is
uniformly accelerated and its horizontal
and vertical motions are independent of
each other. Choose the coordinate
system shown in the figure to the right
and use constant-acceleration equations
to relate the x and y components of the
ball’s initial velocity.

Express @ in terms of vy, and vy,:

Use the Pythagorean relationship
between the velocity and its
components to express vy:

Using a constant-acceleration
equation, express the vertical speed
of the projectile as a function of its
initial upward speed and time into
the flight:

Because v, = 0 halfway through the
flight (at maximum elevation) and

a,=-g:

y,m
Vo
6,
20 oM
v
6, =tan'| (1)
va
[ 2 2
vO = va +v0y (2)

=V, —ayt

vO v =8 tmax elevation
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Substitute numerical values and vy, = (9.81 m/s> )(1 22 s) =11.97 m/s
evaluate vo,:

Because there is no acceleration in _Ax 40.0m

the horizontal direction, vy, can be Yox = T S aas 16.39m/s
found from:
(S2u)bsti;ute flor 1t/Ox and v, in equation v, = \/(1 6.39m /5)2 + (1 1.97m /5)2
and evaluate vy:
=1|20.3m/s
Substitute for vox and voy in equation (11.97m/s
(1) and evaluate 6 : 6,=t T639ms |~ 36.1

78 e Consider a ball that is launched from ground level with initial speed vy
at an angle € above the horizontal. If we consider its speed to be v at height /
above the ground, show that for a given value of 4, v is independent of &. (Ignore
any effects due to air resistance.)

Picture the Problem In the absence of y .

friction, the acceleration of the ball is v, ik A
constant and we can use the constant- h} — — — I
acceleration equations to describe its v
motion. The figure shows the launch
conditions and an  appropriate

coordinate system. The speeds v, v,, and 0y

v, are related by the Pythagorean X
Theorem.

The squares of the vertical and v, =v;sin’ 6, —2gh

horizontal components of the and

object’s velocity are: v2 =v?cos” 6,

The relationship between these vi=vl+ vi

variables is:

Substitute for v, and v, and v’ =v; cos’ @, +v;sin’ 6, —2gh
simplify to obtain: = y? (c052 g, +sin’ 90)_ 2gh
=| v —2gh

79 e At 1 ofits maximum height, the speed of a projectile is 2 of its initial
speed. What was its launch angle? (Ignore any effects due to air resistance.)
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Picture the Problem In the absence of Y
air resistance, the projectile experiences
constant acceleration during its flight
and we can use constant-acceleration
equations to relate the speeds at half the
maximum height and at the maximum
height to the launch angle &, of the
projectile.

o
>
=

The angle the initial velocity makes
with the horizontal is related to the
initial velocity components.

tan 6, _ Yoy (1)

Substitute Ay = & and vy = 0 in the Ay=h=0= ng —2gh (2)
equation v, = vy, +2aAy to obtain:

Write the equation vj = véy +2aAy Ay = h 2 =2 2gﬁ 3)
o y oy

for Ay =1h: 2 2

(4)

We are given that v =3y, when 32
4‘0 V2 +V2= — (VZ +V2 )
Ay =1 h. Square both sides and ox T Vy ox T Vo,

express this using the components of where we have used v, =v,, .
the velocity. The x component of the
velocity remains constant.

(Equations 2, 3, and 4 constitute three equations in the four unknowns voy, voy, vy,
and 4. To solve for any of these unknowns, we first need a fourth equation.
However, to solve for the ratio (voy/vox) of two of the unknowns, the three
equations are sufficient. That is because dividing both sides of each equation by

2 . .
v, gives three equations and three unknowns vy/voy, voy/vox, and 4/ v, .

Solve equation (3) for gh and , ., , ng
substitute in equation (2): Voy = 2("0y Vi ):> vy = By
. 2 . . .
Substitute for v, in equation (4): , 1, (3 2 ( ) ) )
Vo T = Vo, Vor T Vo,

Yo _ 9 Yo 7

for voy/vox to obtain: 22 16l v
0x 0x

va

Divide both sides by v, and solve 1v: 9 ( vo, J
1+
v
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Substitute for Yoy in equation (1) and 0, =tan”' (Vﬂ] =tan (\/7 ): 69.3°

va vo

X

evaluate 6 :

80 e A cargo plane is flying horizontally at an altitude of 12 km with a
speed of 900 km/h when a large crate falls out of the rear-loading ramp. (Ignore
any effects due to air resistance.) (a) How long does it take the crate to hit the
ground? (b) How far horizontally is the crate from the point where it fell off when
it hits the ground? (c) How far is the crate from the aircraft when the crate hits the
ground, assuming that the plane continues to fly with the same velocity?

Picture the Problem The horizontal y
speed of the crate, in the absence of air h v,
resistance, is constant and equal to the
speed of the cargo plane. Choose a
coordinate system in which the
direction the plane is moving is the
positive x direction and downward is
the positive y direction and apply the
constant-acceleration  equations  to
describe the crate’s displacements at ® X
any time during its flight.

(a) U.sing a constant-acc;eleration Ay = vy, At +1 g(At)2
equation, relate the vertical

displacement of the crate Ay to or, because vo, = 0 and Ay = £,

the time of fall Az: h=1g(At) = At = 2k
Substitute numerical values and 3
12x10°m
9.81m/s
(b) The horizontal distance traveled R=Ax=v, At
in time Af is:
Substitute numerical values and 1h
evaluate R: R = (900km/h 600 (49.465)
S

=| 12km

(c) Because the velocity of the plane is constant, it will be directly over the crate
when it hits the ground; that is, the distance to the aircraft will be the elevation of

the aircraft. Therefore Ay =| 12km
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81 e

[SSM] Wile E. Coyote (Carnivorous hungribilous) is chasing the

Roadrunner (Speedibus cantcatchmi) yet again. While running down the road,
they come to a deep gorge, 15.0 m straight across and 100 m deep. The
Roadrunner launches himself across the gorge at a launch angle of 15° above the
horizontal, and lands with 1.5 m to spare. (a) What was the Roadrunner’s launch
speed? (b) Wile E. Coyote launches himself across the gorge with the same initial
speed, but at a different launch angle. To his horror, he is short the other lip by
0.50 m. What was his launch angle? (Assume that it was less than 15°.)

Picture the Problem In the absence of
air resistance, the accelerations of both
Wiley Coyote and the Roadrunner are
constant and we can use constant-
acceleration equations to express their
coordinates at any time during their
leaps across the gorge. By eliminating
the parameter ¢ between these
equations, we can obtain an expression
that relates their y coordinates to their x
coordinates and that we can solve for
their launch angles.

(a) Using constant-acceleration
equations, express the x coordinate
of the Roadrunner while it is in flight
across the gorge:

Using constant-acceleration
equations, express the y coordinate
of the Roadrunner while it is in flight
across the gorge:

Eliminate the variable ¢ between
equations (1) and (2) to obtain:

When y =0, x = R and equation (3)
becomes:

Using the trigonometric identity
sin2 8= 2sinf cos 6, solve for vy:

Substitute numerical values and
evaluate vy:

¥y, m 7,

| (x, )
|
| ”u
0 —_——— 2 11

15 R

-100

X=X, +v,t+tat’

or, because xo =0, a, = 0 and
Vox = Vo 0SB,

x=(v0 cos&’o)t (1)
Y=Y+t +%ayt2

or, because yo = 0, a, =—g and

Voy = Vo SInéh,

y=(v,sin 6, )1 —4 g’ )

g 2
27 cos’ 0,
Vv, €os” 6,

v =(tang, Jx - 3)

0=(tan,)R-—2 R’

2v, cos’ §,
R
y, = |—2
sin 26,

2
v0:\/(l6.5m‘)(9.81m/s ) iz
sin30°




(b) Letting R represent Wiley’s
range, solve equation (1) for his
launch angle:

Substitute numerical values and
evaluate 6:

82
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1. (R
6, =§sm l[v—;zgj
g _ L[ (45m)081ms)
‘2 (18.0m/s)’
=[13°

A cannon barrel is elevated 45° above the horizontal. It fires a ball

with a speed of 300 m/s. (a) What height does the ball reach? (o) How long is the
ball in the air? (¢) What is the horizontal range of the cannon ball? (Ignore any

effects due to air resistance.)

Picture the Problem Because, in the
absence of air resistance, the vertical
and horizontal accelerations of the
cannonball are constant, we can use
constant-acceleration  equations  to
express the ball’s position and velocity
as functions of time and acceleration.
The maximum height of the ball and its
time-of-flight are related to the
components of its launch velocity.

(a) Using a constant-acceleration

equation, relate 4 to the initial and
final speeds of the cannon ball:

The vertical component of the firing
speed is given by:

Substituting for vy, yields:

Substitute numerical values and
evaluate A:

(b) The total flight time of the
cannon ball is given by:

(x. )

V= vgy +2a,Ay

or, because v=0, a, = —g, and Ay = h,
2

v
0:v§y—2gh:>h=ﬂ

2g
Vo, =V, 8in6,
he Ve sin” 6,
2g
2 .2 a0
_ (300 m/s) s1n2 45° _ 2 3 km
29.81m/57)

At = Y
t_tup+tdn_ tup— ?

_ 2v,siné,
4
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Substitute numerical values and 2(3 00 m/ s)sin 45°
] At = =43.2s
evaluate At: 9.81m/s?
=|43s
(c) Express the x coordinate of the x=v, At = (v0 cosé, )At
cannon ball as a function of time:
Evaluate x (= R) when At =43.2 s: X = [(300 m/s)cos45°](43.2 s)
=|9.2km

83 e+« [SSM]A stone thrown horizontally from the top of a 24-m tower hits the
ground at a point 18 m from the base of the tower. (Ignore any effects due to air
resistance.) (@) Find the speed with which the stone was thrown. () Find the

speed of the stone just before it hits the ground.

Picture the Problem Choose a
coordinate system in which the origin is
at the base of the tower and the x- and
y-axes are as shown in the figure to the
right. In the absence of air resistance,
the horizontal speed of the stone will
remain constant during its fall and a
constant-acceleration equation can be
used to determine the time of fall. The
final velocity of the stone will be the
vector sum of its x and y components.

Because the stone is thrown
horizontally:

(a) Using a constant-acceleration
equation, express the vertical
displacement of the stone as a
function of the fall time:

Substituting for Az in equation (1)
and simplifying yields:

Substitute numerical values and
evaluate v,

y,m
Yy
24
X, m
18
Ax
v. =y, =— 1
x 0x At ()

Ay =v, At+1a, (At)

or, because vo, = 0 and a = —g,

Ay =—Lg(Atf = At = /—ﬁ
4

g

v, =Ax
—2Ay

2
v, =(18m) ,%r;‘/sm) =|8.1m




(b) The speed with which the stone
hits the ground is related to the x and
y components of its speed:

The y component of the stone’s
velocity at time ¢ is:

Substitute for v, and v, in equation
(2) and simplify to obtain:
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v=vi+v] ()

v, =V, — &t

or, because vg, =0,

v, =—gt
2
v\/(Ax j} +(—gt)2
2
_ g(Ax) + 2t
-2Ay

Substitute numerical values and evaluate v:

v= \/(9'81”52)(18“‘)2 +081m/s*f (2215) =

—2(-24m)

23 m/s

84 = A projectile is fired into the air from the top of a 200-m cliff above a
valley (Figure 3-36). Its initial velocity is 60 m/s at 60° above the horizontal.
Where does the projectile land? (Ignore any effects due to air resistance.)

Picture the Problem In the absence of air resistance, the acceleration of the
projectile is constant and its horizontal and vertical motions are independent of
each other. We can use constant-acceleration equations to express the horizontal

and vertical displacements of the projectile in terms of its time-of-flight.

Using a constant-acceleration
equation, express the horizontal
displacement of the projectile as a
function of time:

Using a constant-acceleration
equation, express the vertical
displacement of the projectile as a
function of time:

Substitute numerical values to
obtain the quadratic equation:

Ax =v, At+1a (At}
or, because vg, = vocosé and a, = 0,
Ax = (v, cos @, )At

Ay =v, At++a (At)
or, because vo, = vosiné and a, = g,
Ay = (vo cosé, )At -4 g(At)2

~200m = (60m/s )(sin 60°)Az
~1(9.81m/s% )(Ar)
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Use the quadratic formula or your
graphing calculator to obtain:

Substitute for At and evaluate the
horizontal distance traveled by the
projectile:

85 [ 1)

At=13.6s

Ax = (60 m/s)(cos60°)(13.6 s)
0.41km

The range of a cannonball fired horizontally from a cliff is equal to the

height of the cliff. What is the direction of the velocity vector of the projectile as
it strikes the ground? (Ignore any effects due to air resistance.)

Picture the Problem In the absence of
air resistance, the acceleration of the
cannonball is constant and its
horizontal and vertical motions are
independent of each other. Choose the
origin of the coordinate system to be at
the base of the cliff and the axes
directed as shown and use constant-
acceleration equations to describe both
the horizontal and vertical
displacements of the cannonball.

Express the direction of the velocity
vector when the projectile strikes the
ground:

Express the vertical displacement

using a constant-acceleration
equation:

Set Ax = —Ay (R = —h) to obtain:
Find the y component of the

projectile as it hits the ground:

Substituting for v, in equation (1)
yields:

86 oo

Yy
Yy

R\ ¢ X
14

(1)

6 =tan™ (V—y]
VX

Ay =v, At+1a, (At)
or, because v, = 0 and a, = —g,
Ay =—fg(Ar)

Ax=v At=1g(At)f =v, :%:ggm

v, =V,, +aAt =—gAt = -2v,

0= tan_l[_ 2v"] =tan” (— 2)

v

X

=[-63.4°

An archerfish launches a droplet of water from the surface of a small

lake at an angle of 60° above the horizontal. He is aiming at a juicy spider sitting
on a leaf 50 cm to the east and on a branch 25 cm above the water surface. The
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fish is trying to knock the spider into the water so that the fish may eat the spider.
(@) What must the speed of the water droplet be for the fish to be successful?

(b) When it hits the spider, is the droplet rising or falling?

Picture the Problem The diagram to

the right shows the trajectory of the ¥, cm
water droplet launched by the »pF--------=
archerfish. We can wuse constant- () [
acceleration  equations to  derive Y :
expressions for the required speed of |
the droplet and for the vertical velocity 0 |
of the droplet as a function of its S0 o em
position.
(a) Use a constant-acceleration xX=Xx,+v, t+iat’
equation to express the x- and and
y-coordinates of the droplet: L
y=y,+ voyt +7ayt
Because xo = yp = 0, vo, = vocos 6, X = (vo cos 0)t (1)
voy = vosing, and, in the absence of and
air resistance, a, =0 : y= (Vo sin 0)t —lgt’ )
Solve equation (1) for 7 to obtain: o X
v,cos@
Substituting for ¢ in equation (2) x x 2
yields: y =(v,sin@ ~lg
v,cos@ v,cosé

Simplify this equation to obtain:

» = (tan H)x—(L]xz

2v; cos’ @

& x
2(xtan@— y)cos’ @

Solving for v yields: \/
0 =

When the droplet hits the spider, its coordinates must be x = 0.50 m and
v =0.25 m. Substitute numerical values and evaluate vy:

(0.50m)=2.822m/s =| 2.8 m/s

. 9.81m/s’
* 1 2((0.50 m)tan 60° — 0.25 m)cos® 60°
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(b) Use a constant-acceleration v, (t) =v,, +a,t
equation to express the y component

b — vosin@and a, = —
of the speed of the droplet as a or, because vo, = vosinfand a, = ~g,

function of time: Yy (t) =V, sin® - gt 3)
From equation'(l)', the time-to-the- . _ Xurget _ Xuger _ Vg
target, i target, 1S given by: to target v V. v, cos @
where Xiarget 15 the x-coordinate of the
target.
Substitute in equation (3) to obtain: v, (tm arget ) =, 8N 60— gt e
. x arge
v,cos6
Substitute numerical values and evaluate vy(f target):
. 9.81m/s*)(0.50 m
¥, (£ e ) = (2.822 m/s)sin 60° — ( X ) 1032 ms

(2.822 m/s)cos 60°

Because the y-component of the velocity of the droplet is negative at the location
of the spider, the droplet is falling and moving horizontally when it hits the spider.

87 e+ [SSM] You are trying out for the position of place-kicker on a
professional football team. With the ball teed up 50.0 m from the goalposts with a
crossbar 3.05 m off the ground, you kick the ball at 25.0 m/s and 30° above the
horizontal. (a) Is the field goal attempt good? (b) If so, by how much does it clear
the bar? If not, by how much does it go under the bar? (¢) How far behind the
plane of the goalposts does the ball land?

Picture the Problem We can use y,m
constant-acceleration  equations  to
express the x and y coordinates of the
ball along its flight path. Eliminating ¢
between the equations will leave us
with an equation for y as a function of x
that we can use to find the height of the
ball when it has reached the cross bar.
We can use this same equation to find
the range of the ball and, hence, how
far behind the plane of the goalposts the
ball lands.
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(a) Use a constant-acceleration x(t)=x, +v, t+1a r’
equation to express the x coordinate

. ) or, because xo = 0, vy, = vocos &, and
of the ball as a function of time: 0 0x = V0C0S bh

a,=0,
x(t)=(v,cos, )t =1 = ﬂ
v,cos6,
Use a constant-acceleration y(t) . %aytz

equation to express the y
coordinate of the ball as a function B
of time: b=

()= (v,sin8, )t -4 gt

or, because yo = 0, v, = vosinéb, and

2

Substituting for # yields:

y(x)=(v,sin8,) x(t) _%g( x(?) T

v, cosé, v, cosé,

Simplify to obtain:

y(x)=(tan g, )x(e) - - ——E——(x(e))’

2v; cos’ 6,
Substitute numerical values and evaluate »(50.0 m):

9.81 m/s?

50.0m)=(tan30°)(50.0 m)—
$(30.0m)=(ian30°)(50.0m) 2(25.0 m/s)’ cos® 30°

(50.0m) =2.71m

Because 2.71 m < 3.05 m, the ball goes under the crossbar and the kick is no
good.

(b) The ball goes under the bar by: d, .. =305m-271m=]034m
(¢) The distance the ball lands behind dyind the goal posis = B—=50.0m  (3)
the goalposts is given by:

Evaluate the equation derived in (a) 3 g 5
for y =0 and x(¢¥) = R: 0= (tan6) )R- 2v2 cos> 6, R
Solving for v yields: R v, sin 26,

4
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Substitute for R in equation (3) to v sin 26,
obtain: behindthe = —20.0m
goal posts g
Substitute numerical values and evaluate d, . .. :
goal posts
25. ? sin2(30°
dyina e = ( > Om/s) sz (30 )—S0.0m =|52m
goal posts 9.81m/s

88 e The speed of an arrow fired from a compound bow is about 45.0 m/s.
(a) A Tartar archer sits astride his horse and launches an arrow into the air,
elevating the bow at an angle of 10° above the horizontal. If the arrow is 2.25 m
above the ground at launch, what is the arrow’s horizontal range? Assume that
the ground is level, and ignore any effects due to air resistance. () Now assume
that his horse is at full gallop and moving in the same direction as the direction
the archer will fire the arrow. Also assume that the archer elevates the bow at the
same elevation angle as in Part (a) and fires. If the horse’s speed is 12.0 m/s,
what is the arrow’s horizontal range now?

Picture the Problem Choose a coordinate system in which the origin is at ground
level. Let the positive x direction be to the right and the positive y direction be
upward. We can apply constant-acceleration equations to obtain equations in time
that relate the range to the initial horizontal speed and the height /4 to which the
initial upward speed. Eliminating time from these equations will leave us with a
quadratic equation in R, the solution to which will give us the range of the arrow.
In (b), we’ll find the launch speed and angle as viewed by an observer who is at
rest on the ground and then use these results to find the arrow’s range when the
horse is moving at 12.0 m/s.

X

R

(a) Use constant-acceleration Ax = x—x, =, t
equations to express the horizontal and
and Ve’rtlcal .coordlnates of the y=hivt+d (_ g) /2
arrow’s motion: J

where

vy, =V, cosf and v,, =v,sin6,



Solve the x-component equation for
time:

Eliminating time from the
y-component equation yields:

When y =0, Ax =R and:

Solve for the range R to obtain:
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g Bx_ Ax
Vo, V,C086,
2

gy A1 fAX
y * va 2 g va

_ 8 2
0=h+(tang,)R———=2>——R

2 2
2y, cos” 6,

2 1n2
o sin” 6,

2
R="0sin 20{1+ 1+i]
4

2g

Substitute numerical values and evaluate R:

2 2
o (45.0mss) Sin200[1+\/1+2(9.81m/s X2.25m)J= T

"~ 2(9.81m/s?)

(b) Express the speed of the
arrow in the horizontal direction:

Express the vertical speed of the
arrow:

Express the angle of elevation from
the perspective of someone on the
ground:

Substitute numerical values and
evaluate 6 :

The arrow’s speed relative to the
ground is given by:

Substitute numerical values and
evaluate vy:

(45.0m/s)’ (sin2 10°)

\4 4

arrow

= (45.0m/s)cos10°+12.0m/s
=56.32m/s

varcher

v, =(45.0m/s)sin10° = 7.814m/s

6, = tan™ (—J
vx

6, = tan™ (M] =7.899°

<

56.32m/s

_ 2 2
vy =4[V tV,

v, =+/(56.32m/s)’ +(7.814m/s)’
=56.86m/s

239
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Substitute numerical values and evaluate R:

o (5686 ms) sin(15.8°)[1+ \/1+( 200.81m/s*)(2.25m) J: o

~ 2(9.81m/s) 56.86 m/s)’(sin’7.899°)

Remarks: An alternative solution for part (b) is to solve for the range in the
reference frame of the archer and then add to it the distance the frame
travels, relative to the earth, during the time of flight.

89 e« The roof of a two-story house makes an angle of 30° with the
horizontal. A ball rolling down the roof rolls off the edge at a speed of 5.0 m/s.
The distance to the ground from that point is about two stories or 7.0 m.

(a) How long is the ball in the air? () How far from the base of the house does it
land? (¢) What is its speed and direction just before landing?

Picture the Problem Choosing the coordinate system shown in the figure to the
right, we can use a constant acceleration equation to express the y coordinate of
the ball’s position as a function of time. When the ball hits the ground, this
position coordinate is zero and we can solve the resulting quadratic equation for
the time-to-the-ground. Because, in the absence of air resistance, there is no
acceleration in the horizontal direction we can find R, v, and ¢ using constant-

acceleration equations.
y,m

7.0

L

Yo

- 1 _ 2
(@) Use a constant acceleratlgn y(t)=y, + v, t+lat
equation to relate the y coordinate

of the ball to its time-in-flight: or, because vo, = vosinth and a, = g,

y(t)= Yo +(v0 Sinao)t_%gt2

Wtground) = 0 when the ball hits the 0=y, +(v,siné, )tgroun =1 gt;roun .
ground and:



Substitute numerical values to obtain:

0=7.0m+(—5.0m/s)sin 30°¢

Simplifying yields:

(4.91m/s?)2 ., +(2.50 mss)e

Use the quadratic formula or your
graphing calculator to obtain:

Because only the positive root has
physical meaning:

(b) The distance from the house R
is related to the ball’s horizontal
speed and the time-to-ground:

Substitute numerical values and
evaluate R:

(c) The speed and direction of the
ball just before landing are given
by:

Express v, and v, in terms of vy:

Substitute numerical values and
evaluate v, and v,:
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—1081mis?)e2,

ground

ground — 7.0m=0
?youna = 0.966s0r —1.48 s
gond = | 097 s
R = vatground = ("'0 cos 00 )tground

R = (5.0 m/s)(cos30°)(0.966s)

=142m
V= 1/v,2{ + vi (D)
and
¢ = tan™ (V—y] @)
vx

v, =v,cos6,
and

v, =v,, +at=vsing +gt

v, =(5.0m/s)cos30°=4.330m/s

and
v, =(5.0m/s)sin30°

+(9.81m/s%)(0.966s)
=11.98 m/s
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Subst.ituting numericalivalues in y— \/( 4330 m/s)> +(11.98 m/s)?
equations (1) and (2) yields:
=|13m/s
and
4= tan" 11.98 m/s
4.330m/s

=| 70° below the horizontal

90 e+ Compute dR/d& fromR = (vﬁ / g)sin(26)) and show that setting
dR/d 6, = 0 gives & = 45° for the maximum range.

Picture the Problem An extreme value (i.e., a maximum or a minimum) of a
function is determined by setting the appropriate derivative equal to zero.
Whether the extremum is a maximum or a minimum can be determined by
evaluating the second derivative at the point determined by the first derivative.

. 2 2
Evaluate dR/d 6y: AR v, d sin(26, )] = 2&005(290)
g

Set dR/d 6= 0 for extrema:

g
Solve for ) to obtain: 6, = Lcos™'(0)=45°
Determine whether 45° corresponds d*R , .
to a maximum or a minimum value 10 = [_ 4("0 / g )sm 290]%:450
of R: 0 1 gy=4s°

<0
Therefore R is a maximum at &, = 45°.

91 e+ Inascience fiction short story written in the 1970s, Ben Bova
described a conflict between two hypothetical colonies on the moon—one
founded by the United States and the other by the USSR. In the story, colonists
from each side started firing bullets at each other, only to find to their horror that
their rifles had large enough muzzle velocities that the bullets went into orbit.

(a) If the magnitude of free-fall acceleration on the moon is 1.67 m/s?, what is the
maximum range of a rifle bullet with a muzzle velocity of 900 m/s? (Assume the
curvature of the surface of the moon is negligible.) () What would the muzzle
velocity have to be to send the bullet into a circular orbit just above the surface of
the moon?

Picture the Problem We can use constant-acceleration equations to express the x
and y coordinates of a bullet in flight on the moon as a function of z. Eliminating
this parameter will yield an expression for y as a function of x that we can use to
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find the range of the bullet. The necessity that the centripetal acceleration of an
object in orbit at the surface of a body equals the acceleration due to gravity at the
surface will allow us to determine the required muzzle velocity for orbital motion.

y

C)

(x.»)

(a) Using a constant-acceleration
equation, express the x coordinate of
a bullet in flight on the moon:

Using a constant-acceleration
equation, express the y
coordinate of a bullet in flight on
the moon:

Using the x-component equation,
eliminate time from the y-component
equation to obtain:

When y =0 and x = R:

Substitute numerical values and
evaluate R:

X
R

_ 1 2
X=Xx,+Vv,t+z5atl
or, because xo =0, a, = 0 and

Vox = vocos &b,
x =(v,cosf,)t

_ 1 2
Y=Y +v0yt+3ayt
or, because yo = 0, @, = —Zmoon and
Voy = V()Sintgo,

y = (VO Sin 90 )t _%gmoont2

g 2
= (tan @, Jx ——2mon__
y=(ané,) 2v; cos’ 6,

g 2
0=(tang, )R ——>22—R
(tan ) 2v; cos’ 6,

and

2
R=-—1gin 26,
ngOn

2
R= Msin%" —[ 485km
1.67m/s

This result is probably not very accurate because it is about 28% of the moon’s
radius (1740 km). This being the case, we can no longer assume that the ground is
"flat” because of the curvature of the moon.

(b) Express the condition that the
centripetal acceleration must satisfy

for an object in orbit at the surface of

the moon:

vZ
ac = gmoon :7:‘} = \Y gmoonr
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Substitute numerical values and v = \/(1 67 m/s> )(1 74%10° m)
evaluate v:

=|1.70km/s

92 eee  On alevel surface, a ball is launched from ground level at an angle of
55° above the horizontal, with an initial speed of 22 m/s. It lands on a hard
surface, and bounces, reaching a peak height of 75% of the height it reached on its
first arc. (Ignore any effects due to air resistance.) (@) What is the maximum
height reached in its first parabolic arc? () How far horizontally from the launch
point did it strike the ground the first time? (¢) How far horizontally from the
launch point did the ball strike the ground the second time? Assume the horizontal
component of the velocity remains constant during the collision of the ball with
the ground. Note: You cannot assume the angle with which the ball leaves the
ground after the first collision is the same as the initial launch angle.

Picture the Problem The following diagram shows a convenient coordinate
system to use in solving this problem as well as the relevant distances and angles.
We can use constant-acceleration equations to find 4;. In (b) we can use the
same-elevation equation to find R;. In (¢) we know the speed with which the
tennis ball hits the ground on its first bounce — this is simply the speed with which
it was launched. As it collides with the ground, it accelerates such that it leaves
the surface with a speed that is reduced and is directed generally upward again.
We are told that it reaches a height of 75% of its first peak height, and to assume
that there is no horizontal acceleration. Again, we can use constant-acceleration
equations to find 6 and the components of v, and hence the range of the ball after

its bounce. We can then find the total range from the sum of the ranges before and
after the bounce.

0,

R, R,
(a) Use constant-acceleration X=x,+v, t+iat’ (1)
equations to express the x and y and
coordinates of the tennis ball along oty filaf 2)
its first parabolic trajectory as Y= Yor Vot a4,
functions of time:
Because xo =0, v,, =v,cosé,, and x =(v,cos,)t 3)

a, =0, equation (1) becomes:
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Because yy =0, v,, =v,sin§,,and y=(v,sin6,)t—1 g’ “4)
a, = —g, equation (2) becomes:
Use a constant-acceleration v, =y, +at=v,sinb, - gt

equation to relate the vertical
velocity of the ball to time:

Wl}en the ball is at the top of its 0=V, SN0, = &0, of wajectory
trajectory v, = 0 and:
Solving for 7, ot imjcctory Yi€lds: _ v, sing,

ttop of trajectory ~ T

Substitute in equation (4) and simplify to obtain:

3 . 2 5 . 9
h, = ("o sin 6{)(@}_%(&,[”0 Sm 9()} _ Y sin 0,

g 28
Substitute numerical values and (22 m/s)’ sin? 55°
evaluate Ai: = 2 =16.55m
' 2(0.81m/s?)
=|17m
(b) The same-elevation range v .
equation is: R = ;sm 26,
Substitute numerical values and (22 m /S)2
. R =——-5in2(55°)=46.36 m
evaluate R;: 179 81 m/s? ( )
=| 46m
(c) The total range of the ball is the R, =R +R, (5)
sum of the ranges R; and Ry:
Provided we can determine the 2
initial velocity v,9 and rebound R, = ?sm 26, (6)
angle 6 of the rebounding ball, we where
can use the same-elevation 2 2 5
equation to find Ry: Va =Vax TV (7)
Substituting equation (6) in v+ szy .
equation (7) yields: R, = ———sin20, (®)

4

245
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Use a constant-acceleration
equation to relate the rebound
height 4, to the y component of the
rebound velocity:

Solving for v, yields:

Because there is no horizontal
acceleration, the ball continues
with the same horizontal velocity it
originally had:

The rebound angle 6 is given by:

Substituting for v,, and v, and
simplifying yields:

Substitute numerical values and
evaluate 6-:

Substitute (9) and (10) in equation
(8) to obtain:

v =v; +2ah,

or, because v, = 0 and a, = —g,
2

0=v,, —2gh,

v22y = 2gh2
or, because h, =0.75h,,
v22y =1.5gh, )

v, =V, =V,cos6,
and

2 .2 2
v, =V;cos 6,

(10)

v,

X

y
0, = tan™ i]

o — -t VL38H J
-

v, cosé,

6 — tan J1.5(9.81m/s*) (16.55 m)
? (22 m/s)cos55°

=51.04°

_vpcos’ @, +1.5gh, ”
g

R, n26,

Substitute numerical values and evaluate R»:

R
g 9.81 m/s?

Substitute numerical values for R; and
R» in equation (5) and evaluate Ryq:

93 (1 1]

_ (22m/s)’ cos’ 55°+1.50.81m/s*)(16.55 m) _

in2(51.04°)=40.15m

R, =4636m+40.15m=| 87 m

In the text, we calculated the range for a projectile that lands at the

same elevation from which it is fired as R = (vg / g) sin 26, . A golf ball hit from

an elevated tee at 45.0 m/s and an angle of 35.0° lands on a green 20.0 m below
the tee (Figure 3-37). (Ignore any effects due to air resistance.) (a) Calculate the

range using the same elevation equation R = (v(z) / g) sin 26, even though the ball
is hit from an elevated tee. (b) Show that the range for the more general problem
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2
(Figure 3-37) is given by R = (1 + N —f#]”—Osin 2, , where y is the height
v,sin“ 6, |2g

of the tee above the green. That is, y = —A. (c) Compute the range using this
formula. What is the percentage error in neglecting the elevation of the green?

Picture the Problem The initial position is on the +y axis and the point of impact
is on the +x axis, with the x axis horizontal and the y axis vertical. We can apply
constant-acceleration equations to express the horizontal and vertical coordinates
of the projectile as functions of time. Solving these equations simultaneously will
leave us with a quadratic equation in R, the solution to which is the result we are
required to establish.

(a) The same elevation equation is: p2
o

same =—Ssm 2 00

elevation g
Substitute numerical values and (45.0m/s)* . .
evaluate R: same ;S 2(35.0°)

elevation 9.81 m/S

=194 m
(b) Write the constant-acceleration X =Vt
equations for the horizontal and and
Ver‘FlcaI' cc:mponpnts of the y=htv t+i(-g)f
projectile’s motion: Y
where

Vo, =V, cosf,and v, =v;siné,

Solve the x-component equation for ¢ X __ X

to obtain: V.. V,c0s6,

Using the x-component equation,
eliminate time from the y-component
equation to obtain:

g %2

=h+(tanf,)x ——2>——
y (tané) 2v; cos’ 6,

When the projectile strikes the
ground its coordinates are (R, 0) and
our equation becomes:

Using the plus sign in the? quadratic 2gh 2
formula to ensure a physically R=|1+ |1+ ik 12g" 20,
meaningful root (one that is Vo SINGy )28

positive), solve for the range to
obtain:

g 2
0=h+(tanf))R——=>-—R
(1an8) 2v; cos’ 6,
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Because y = —h: 2
R=||1+ [1- 28 | Y gnog,
vosin“ 6, |2g

(¢) Substitute numerical values and evaluate R:

o (H\/l_ 2(9.81m/s?)(=20.0 m)] (45.0 m/s)z)Sin 235.0°)~[305m

(45.0m/s) sin>35.0° |2(9.81m/s’
The percent error is given by: R-R, .
(y _ elevation
o €ITOI =
R
Substitute numerical values and . 219m—-194 m| .
evaluate the percent error: 7o error = 200m | = 11%

94  eee In the text, we calculated the range for a projectile that lands at the
same elevation from which it is fired as R = (v; / g) sin 26, if the effects of air
resistance are negligible. (a¢) Show that for the same conditions the change in the
range for a small change in free-fall acceleration g, and the same initial speed and
angle, is given by AR/R = —Ag/g. (b) What would be the length of a homerun at a
high altitude where g is 0.50% less than at sea level if the homerun at sea level
traveled 400 ft?

Picture the Problem We can show that AR/R = —Ag/g by differentiating R with
respect to g and then using a differential approximation.

(a) Differentiate the range equation dR d (v 9 V2 9
: . — =—/| —sin2f, |= ——%sin2
with respect to g: de  de| g 0 pe 0

__R
g
Approximate dR/dg by AR/Ag: AR R
Ag g
Separate the variables to obtain: AR Ag
R | g

That is, for small changes in gravity
(g = g £ Ag), the fractional change in
R is linearly opposite to the fractional
change in g.
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(b) Solve the proportion derived in e,
(a) for AR to obtain: =

e el values and AR = —=9:00508 (450 5)_ 5
evaluate AR: .

The length of the homerun at this high-altitude location would be 402 ft.

Remarks: The result in (a) tells us that as gravity increases, the range will
decrease, and vice versa. This is as it must be because R is inversely
proportional to g.

95 eee  [SSM] In the text, we calculated the range for a projectile that lands
at the same elevation from which it is fired as R = (vﬁ / g) sin 26, if the effects of

air resistance are negligible. (a) Show that for the same conditions the change in
the range for a small change in launch speed, and the same initial angle and free-
fall acceleration, is given by AR/R = 2Avy/vy. (b) Suppose a projectile's range was
200 m. Use the formula in Part (@) to estimate its increase in range if the launch
speed were increased by 20.0%. (c¢) Compare your answer in (b) to the increase in
range by calculating the increase in range directly from R = (v, / g) sin 26, . If the

results for Parts (b) and (c) are different, is the estimate too large or too small?

Picture the Problem We can show that AR/R = 2Avy/ vy by differentiating R with
respect to vy and then using a differential approximation.

(a) Differentiate the range equation dR d (v} . 2v, .
with respect to vo: a’_ =—| —sin26, |=—sin 26,
Ve dvy\ g
R
Vo
Approximate dR/dvy by AR/Avy: AR _ ) R
Ay, Vo
Separate the variables to obtain: AR Av,
R Vo

That is, for small changes in the launch
velocity (v, = v, + Ay, ), the fractional

change in R is twice the fractional
change in vy.

(b) Solve the proportion derived in AR— 2R Av,
(a) for AR to obtain: = T
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Substitute nl.lmerical values and AR =2 (2 00 m) 0.20v, _%0m
evaluate AR: v,
(c) The same-elevation equation is: V2o
R =-"sin26, (1)
g
The longer range R’ resulting from , (Vo +0.20v, )2 )
a 20.0% increase in the launch R = Tsm 26,
speed is given by: , (2)
= (L20%, ) sin 26,
g
Divide equation (2) by equation (1) (1 20y )2 _
and simplify to obtain: . ———-sin2g,
; R s )
= : =(1.20) =1.44
Y0 §in 26,
g
Solving for R’ yields: R'=1.44R
Substitute the numerical value of R R'=14 4(200 m) —[288m

and evaluate R':

The approximate solution is larger. The estimate ignores higher-order terms and
they are important when the differences are not small.

Remarks: The result in (a) tells us that as launch velocity increases, the
range will increase twice as fast, and vice versa.

96 ee= A projectile, fired with unknown initial velocity, lands 20.0 s later on
the side of a hill, 3000 m away horizontally and 450 m vertically above its starting
point. Neglect any effects due to air resistance. (a) What is the vertical component
of its initial velocity? (b) What is the horizontal component of its initial velocity?
(c¢) What was its maximum height above its launch point? (d) As it hit the hill,
what speed did it have and what angle did its velocity make with the vertical?
(Ignore air resistance.)

Picture the Problem In the absence of air resistance, the horizontal and vertical
displacements of the projectile are independent of each other and describable by
constant-acceleration equations. Choose the origin at the firing location and with
the coordinate axes as shown in the pictorial representation and use constant-
acceleration equations to relate the wvertical displacement to the vertical
component of the initial velocity and the horizontal velocity to the horizontal
displacement and the time of flight.
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y,m
(3000,450)
Vo
6,
X, m
(a) Using a constant-acceleration Ay =v, At+1a, (At)2
equation, express the vertical b B
displacement of the projectile as a or, because d, = =g, 5
function of its time of flight: Ay =v, At - 38 (At ) (1)
Solve for vg,: Ay+d g(At)2
o At
Substitute numerical values and 450m+1 (9.8 1 m/s> XZ0.0 s)
evaluate vy, Vo, = 20.0s
=120.6 m/s
= 121m/s
(b) The horizontal velocity remains . Ax 3000m
constant, so: Yor =V T T 008 150 m/s

(c) From equation (1) we have, when
the projectile is at its maximum
height 4:

Use a constant-acceleration
equation to relate the y component
of the velocity of the projectile to
its initial value and to the elapsed
time:

The projectile is at its maximum
height when its upward velocity is
zero. Under this condition we
have:

2
h=v, At—1g(At)
or, because vg, = vsSiné,

h = (v,sinf, )At -1 g(At) 2)

v, =v,, +a At =v;sing, — gAt (3)

v,siné,
g

0=v,sinf, — gAt = At =
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Substitute for Az in equation (2) to
obtain:

Simplifying yields:

2 . . .
v, 1s given by:

Substitute numerical values and
evaluate v :

The horizontal displacement of the
projectile is given by:

Solving for the launch angle &
yields:

Substitute numerical values and
evaluate 6y:

Substitute numerical values in
equation (3) and evaluate 4:

. . 2
P (vosiné?o)[% sin 6, J —%g( v,siné, J

g g
202
jy = Yosin o, )
2g
Vo = Vo, Vo,
v, = (150 m/s) +(120.6 m/s )’
=192.5m/s
Ax = v, At = (v, cosf, )At
6, = cos™ Ax J
v, At
6, = cos™ 3000 m = 38.80°
(192.5m/s)(20.0s)
2 . 2 °
. (192.5 m/s)’ sin*38.80° _ om

2(9.81mvs?)

(d) Use equation (3) to evaluate v, (20.0 s) :

v,(20.05)=120.6 m/s - (9.81m/s*)(20.0s) = ~75.60 m/s

The speed of the projectile at impact is given by:

¥(20.05)= /(v (20.05)" + (v, (20.05))

Substitute numerical values and evaluate v(20.0 s):

v(20.0s)= \/(150 m/s) +(=75.6 m/s)’

The angle at impact is given by:
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Substitute numerical values and p 4 —75.60m/s
evaluate Gmpaci: ! 150 m/s

mpact = j =-26.75°
=| 63.3° with the vertical

97 e« [SSM] A projectile is launched over level ground at an initial elevation
angle of 6. An observer standing at the launch site sees the projectile at the point
of its highest elevation, and measures the angle ¢ shown in Figure 3-38. Show
that tan¢ = Jtan 8. (Ignore any effects due to air resistance.)

Picture the Problem We can use trigonometry to relate the maximum height of
the projectile to its range and the sighting angle at maximum elevation and the
range equation to express the range as a function of the launch speed and angle.
We can use a constant-acceleration equation to express the maximum height
reached by the projectile in terms of its launch angle and speed. Combining these
relationships will allow us to conclude thattan¢ = S tan @.

Referring to the figure, relate the
maximum height of the projectile to
its range and the sighting angle ¢:

N

tang =
¢ R

1
2

2

Express the range of the rocket and v v
R =-"5in(20) =2-2sinHcos O
g g

use the trigonometric identity
sin20 = 2sinfcosd to rewrite the
expression as:

Using a constant-acceleration Vi = ng —2gh
equation, relate the maximum height ) )
h of a projectile to the vertical
component of its launch speed:

or, because v, =0and v, =v,sind,
V2
vesin®@=2gh=h=—"sin’ 6

2g
Substitute for R and 4 and simplify Ve .,
to obtain: 2 2g sin” 6
tang =—— =| ttané
Z[VO sin @ cos QJ
g

98 eee A toy cannon is placed on a ramp that has a slope of angle ¢. (a) If the
cannonball is projected up the hill at an angle of &, above the horizontal (Figure
3-39) and has a muzzle speed of vy, show that the range R of the cannonball (as

2v¢ cos’ f,(tan 6, —tan @)
gcos ¢

measured along the ramp) is given by R = . Neglect

any effects due to air resistance.
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Picture the Problem The equation of a particle’s trajectory is derived in the text
so we’ll use it as our starting point in this derivation. We can relate the
coordinates of the point of impact (x, y) to the angle ¢ and use this relationship to
eliminate y from the equation for the cannonball’s trajectory. We can then solve
the resulting equation for x and relate the horizontal component of the point of
impact to the cannonball’s range.

The equation of the cannonball’s

g 2
: R : : 7). x)=(tand,)x — X
trajectory is given in Equation 3-22: y(x) =( 0) [ 202 cos 90]

Relate the x and y components of a y(x) =(tan ¢)x
point on the ground to the angle ¢:

Express the condition that the

cannonball hits the ground: (tan ¢ )x = (tan 6, )x _[ 2,2 § 2 Jx ’
v, cos” 6,

Solving for x yields: o 2v; cos’ 6, (tan 6, — tan @)
g

Relate the range of the cannonball’s x=Rcos¢
flight R to the horizontal distance x:

Substitute to obtain: 2 0052 -
Reosg= 2v, cos” G, (tan 6, — tan @)
g
Solving for R yields: R 2v2 cos’ 6, (tan 6, — tan ¢)
- gcosg

99 eee A rock is thrown from the top of a 20-m-high building at an angle of
53° above the horizontal. (@) If the horizontal range of the throw is equal to the
height of the building, with what speed was the rock thrown? () How long is it in
the air? (c¢) What is the velocity of the rock just before it strikes the ground?
(Ignore any effects due to air resistance.)

Picture the Problem In the absence of air resistance, the acceleration of the rock
is constant and the horizontal and vertical motions are independent of each other.
Choose the coordinate system shown in the figure with the origin at the base of
the building and the axes oriented as shown and apply constant- acceleration
equations to relate the horizontal and vertical coordinates of the rock to the time
into its flight.
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(a) Using constant-acceleration
equations, express the x and y
coordinates of the rock as functions
of the time into its flight:

Because xo =0, a, =0, and g, = —g:

Eliminating time between these
equations yields:

When the rock hits the ground,
x =yo and:

Solve for v, to obtain:

x=x,+v, t+1iat’
and

_ 1 2
Y=y +v0yt+7ayt

x=v,t=(v,cos6,)t (1
and

Y=oty =58t
=y, +(v0 sineo)t—%gt

2

2

g 2

=y, +(tanf, )x ——2——x
Y=Y ( 0) 2v§c05200

8 2

0=y, +(tan@ -
Yo ( o)yo 2v§<:05200 Yo

or
g
0=1+tanf, -——=>5—
2w cos’ 6, Yo
1
- 8Yo

o cos@, || 2(1+ tan 4,)

Substitute numerical values and evaluate vo:

V. =

: \/(9'81 m/s’J(20m) =10.79 m/s ~| 11m/s

" cos53° 2(1+tan53°)
(b) Solve equation (1) for the time-to- X
impact to obtain: 1= v, cosé),
Substitute. numerical values and . 20m _308s=]31s
evaluate #:

(10.79 m/s)cos53°
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(c) Using constant-acceleration y
equations, find v, and v, at impact:

=v,, =v,cos@ = (10.79 m/s)cos 53°
=6.50m/s
and

v, =v,, —gt=v,sinf,— gt

= (10.79 m/s)sin 53°— (9.8 1 m/s” )

X

x(3.08)
=-21.6m/s
Express the velocity at impact in v =] (6.5m/s) H (=22 m/s) j
vector form: '
100 ee= A woman throws a ball at a vertical wall 4.0 m away (Figure 3-40).

The ball is 2.0 m above ground when it leaves the woman’s hand with an initial
velocity of 14 m/s at 45° as shown. When the ball hits the wall, the horizontal
component of its velocity is reversed; the vertical component remains unchanged.
(a) Where does the ball hit the ground? () How long was the ball in the air before
it hit the wall? (¢) Where did the ball hit the wall? (d) How long was the ball in
the air after it left the wall? Ignore any effects due to air resistance.

Picture the Problem Choose the coordinate system shown below with the
positive x axis to the right and the positive y axis upward. The solid curve
represents the trajectory of the ball as it bounces from the vertical wall. Because
the ball experiences constant acceleration (except during its collision with the
wall), we can use constant-acceleration equations to describe its motion.

yam wall
/
(x.») %
. L/
J /
W% ;
L/
s
/
L/

X, m

x' 4 ’

(a) The ball hits the ground at a point
x" whose coordinate is given by:

Using a constant-acceleration
equation, express the vertical
displacement of the ball as a function
of At:

x'=Ax-4.0m (1)
where Ax is the displacement of the ball
after it hits the wall.

Ay = v, At — 1g(At)
or, because Vo, = vosiné,
Ay = (v,sin8, )At — L g(At)
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Substitute numerical values to obtain:
Ay = (14m/s)cos 45°) At — 1 (9.8 1m/s” )(Ar )
When the ball hits the ground, Ay = —2.0 m and A¢ = tgign:

—2.0m = (14 m/s)(cos 45°)ty,,,, — %(9.8 1m/s’ )téight

Using the quadratic formula or your Loign = 2.203s
graphing calculator, solve for the

time of flight:

The horizontal distance traveled in Ax = (v, cos, )t i

this time is given by:

Substitute numerical values and Ax = (14 m/s)(cos 450)(2.203 S)
evaluate Ax: ~21.8m

Use equation (1) to find where the x'=21.8m-4.0m=|18m
ball hits the ground:

(b) The time-to-the-wall, Atyan, 1S Ar = Ax,,  Axgy
related to the displacement of the Yy v, cos6,

ball when it hits the wall and to the
x component of its velocity:

Substitute numerical values and 4.0m

evaluate Aty At = (1 4 m/s)cos 450 =0.4041s
=|0.40s
(¢) First we’ll find the y component v, (Atwall) =v,, +a,Af,,

of the ball’s velocity when it hits
the wall. Use a constant-
acceleration equation to express

Vy(Atwau)I

or, because vo, = vosiné and a,, = g,
v, (At,,,)=v,sin6, — gAt

wall

Substitute numerical values and evaluate v,(0.4041 s):
v,(0.40415) = (14 m/s)sin 45° - (9.81m/s* )(0.4041 ) = 5.935 m/s

Now we need to find the height of A = 1 ?
WAL )=y, +v, At +5a (At

the ball when it hit the wall. Use a ( u) ool y( “)

constant-acceleration equation to

express Y(Atyan):
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Because v, = vosiné and a, = —g:

2

y(Atwall) = yO + (VOSin 00 )Atwall - %g(Atwall)

Substitute numerical values and evaluate 1(0.4041 s):

7(0.40415) = 2.0 m + (14 m/s)(sin45°)(0.4041s)— 1(9.81 m/s? ) (0.4041s)’
=5.199m=|52m

(d) Letting At,ner represent the time the ball is in the air after its collision with the
wall, express its vertical position as a function of time:

y(Atafter ) = yO + vy (0404 1 S)Atafter - % g(Atafter )2

Noting that y(Atser) = 0 when the ball hits the ground, substitute numerical values
to obtain:

0=5.199 m+(5.935 m/s)At,. —1(9.81m/s?)(At,,,,

after

Solving‘ this equation using the ' At =1798s=[18s
quadratic formula or your graphing
calculator yields:

101 eee Catapults date from thousands of years ago, and were used historically
to launch everything from stones to horses. During a battle in what is now
Bavaria, inventive artillerymen from the united German clans launched giant
spaetzle from their catapults toward a Roman fortification whose walls were

8.50 m high. The catapults launched spaetzle projectiles from a height of 4.00 m
above the ground, and 38.0 m from the walls of the fortification, at an angle of
60.0 degrees above the horizontal. (Figure 3-41.) If the projectiles were to impact
the top of the wall, splattering the Roman soldiers atop the wall with pulverized
pasta, (a) what launch speed was necessary? (b) How long was the spaetzle in the
air? (c¢) At what speed did the projectiles hit the wall? Ignore any effects due to air
resistance.

Picture the Problem The simplest solution for this problem is to consider the
equation relating y and x along the projectile’s trajectory that is found in equation
3-17. This equation is valid for trajectories which begin at the origin. We’ll let the
origin of coordinates be the point of launch (as shown in the diagram). Thus the
impact point on top of the walls is y = 4.50 m, rather than 8.50 m. Our launch
angle & is 60.0°, and the position of the center of the wall is 38.0 m. We can
solve Equation 3-17 for the launch speed.
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X, m
(a) Equation 3-17 is: g
x)=(tanf, )x —| —2>—— |x°
y( ) ( 0) 2v§c05290
Solving for vy yields: x g
o cosé, Z[x tan @, — y(x)]
Substitute numerical values and evaluate vy:
2
v, = 38.0m 081 ms =21.50m/s =| 21.5m/s
c0s60.0° | 2[(38.0 m)tan 60.0° — 4.50 m]
(b) Relate the x component of the A& Ax
spaetzle’s velocity to its time-of- Fnighe = v,. v,cos6,
flight: *
Substitute numerical values and 38.0m
. Lo = =3.535s
evaluate figh: #(21.50 m/s)cos 60.0°
=[3.53s
(c)The speed with which the v=[p? 42 1
projectiles hit the wall is related to Y M)
its x and y components through the
Pythagorean Theorem:
Because the acceleration in the x v, =V, =V,c0s6,
direction is zero, the x component of
the projectile’s velocity on impact
equals its initial x component:
Substitute numerical values and v, = (21.5 m/s)cos 60.0°=10.75m/s

evaluate v,
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Use a constant-acceleration equation v (t)=v,, +a,t
to express the y component of the
projectile’s velocity at any time
along its flight path:

or, because vo, = vosiné and a,, = —g,
vy(t) =v,sin6, — gt

Substitute numerical values and evaluate v,(3.535 s):

v,(3.5355) = (21.5 m/s)sin 60.0°— (9.81m/s* )(3.5355) = ~16.06 m/s

Substitute numerical values for v 5 >

- =4/(10.75m/s)” +(—16.06 m/
and v, in equation (1) and evaluate Y \/( m S) ( m, S)
v =|19.3m/s

Hitting Targets and Related Problems

102  eee The distance from the pitcher’s mound to home plate is
18.4 m. The mound is 0.20 m above the level of the field. A pitcher throws a
fastball with an initial speed of 37.5 m/s. At the moment the ball leaves the
pitcher’s hand, it is 2.30 m above the mound. (a) What should the angle between
v, and the horizontal be so that the ball crosses the plate 0.70 m above ground?

(Ignore any effects due to air resistance.) (b) With what speed does the ball cross
the plate?

Picture the Problem The acceleration of the ball is constant (zero horizontally
and —g vertically) and the vertical and horizontal components are independent of
each other. Choose the coordinate system shown in the figure and use constant-
acceleration equations to express the x and y coordinates of the ball along its
trajectory as functions of time. Eliminating ¢ between these equations will lead to
an equation that can be solved for &. Differentiating the x and y coordinate
equations with respect to time will yield expressions for the instantaneous speed
of the ball along its trajectory that you can use to find its speed as it crosses the

plate.
y,m

2.50

0.70

(@) Express the horizontal position of x = (v, cos@, )t (1)
the ball as a function of time:



Express the vertical position of the
ball as a function of time:

Eliminate ¢ between these equations
to obtain:

When the ball crosses the plate:

0.70m=2.50m —(tan @, )(18.4

Simplifying yields:

Use your graphing calculator to find
the magnitude of &:

(b) The speed with which the ball
crosses the plate is related to the x
and y components of its speed
through the Pythagorean Theorem:

Differentiate equation (1) with
respect to time to express the ball’s
speed in the x direction:

Differentiate equation (2) with
respect to time to express the ball’s
speed in the y direction:

Substituting in equation (3) and
simplifying yields:

From equation (1), the time required
for the ball to reach home plate is:

Motion in One and Two Dimensions

y=y,+(v,sinf, )t -Lgt> (2)

8 %2

= — tan9 X ——
Y=Y ( o) 2v5005200

2
m)_ 9.81rr12/s : (18.4m)2
2(37.5m/s)’ cos’ 6,
1
———+15.58tan g, =1.524
cos” 6,
6,=1922°=|1.9°

3)

_ 2 2
v=,\v,+v,

dx
vy, =—=v,cos0,
dt 0 0

X

—v,sin@, — gt

y
v, =—
Yoodt

V= \/(vo cos@,) +(v,sinf,gt)

2 c .2 2.2
=v0\/c0s 6, +sin" 6 gt

xto plate

v, cos 6,

toplate —

261
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Substitute # plate for # and simplify to obtain:

x
_ 2 2 2 .2 2
v—\/vo cos” @, +v; sin 00g£

to plate

v, cos6,

2
_ 2 2 2 2.2
j —\/v0 cos” 6, +tan" 0, g X0 plate

Substitute numerical values and evaluate v:

v =+/(37.5 m/s)’ cos>1.922° + tan® 1.922°(9.81 m/s*  (18.4 m)’ =[ 38 mv/s

103 = You are watching your friend play hockey. In the course of the game,

he strikes the puck is struck in such a way that, when it is at its highest point, it

just clears the surrounding 2.80-m-high Plexiglas wall that is 12.0 m away. Find
(a) the vertical component of its initial velocity, () the time it takes to reach the
wall, and (c¢) the horizontal component of its initial velocity, its initial speed and
angle. Ignore any effects due to air resistance.

Picture the Problem The acceleration
of the puck is constant (zero
horizontally and —g vertically) and the
vertical and horizontal components are
independent of each other. Choose a
coordinate system with the origin at the
point of contact with the puck and the
coordinate axes as shown in the figure
and use constant-acceleration equations
to relate the variables vy, the time ¢ to
reach the wall, vg,, vo, and 6.

(a) Using a constant-acceleration
equation for the motion in the y
direction, express v, as a function of
the puck’s displacement Ay:

Solve for vy, to obtain:

Substitute numerical values and
evaluate vo,:

(b) The time to reach the top of
the wall is related to the initial
velocity in the y direction:

22
v, =V, +2a,Ay

or, because v,= 0 and a, = —g,
0= vgy —2gAy

vy, =+/28Ay

vy, =+/2(9.81m/s%)(2.80m)
=7412m/s=| 7.41m/s

At:vﬂ

,m
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Substitute numerical values and Af = 7.412m/s 075555 =1 0.756 s
evaluate At: 9.81m/s>
(c) Use the definition of average A
velocity to express vo,: Yor =V =700
Substitute numerical values and 12.0m
evaluate vo,: Voo = 075555 15.88m/s =| 15.9m/s
Vo is given by: y, = /vgx +V02y
Substitute numerical values and y, = \/(1 588 m/s)2 4 (7. 412 m /s)2
evaluate vy:
=|17.5m/s
& is related to vy, and vy 0, = tan” ( Vo, J
va
Substitute numerical values and 7.412m/s
evaluate 6 : 6, = tan”'| ————|=25.0°
: 15.88m/s

104 e+ Carlos is on his trail bike, approaching a creek bed that is 7.0 m wide.
A ramp with an incline of 10° has been built for daring people who try to jump the
creek. Carlos is traveling at his bike’s maximum speed, 40 km/h. (@) Should
Carlos attempt the jump or brake hard? (b) What is the minimum speed a bike
must have to make this jump? Assume equal elevations on either side of the
creek. Ignore any effects of air resistance.

Picture the Problem In the absence of air resistance, the acceleration of Carlos
and his bike is constant and we can use constant-acceleration equations to express
his x and y coordinates as functions of time. Eliminating the parameter # between
these equations will yield y as a function of x ... an equation we can use to decide
whether he can jump the creek bed as well as to find the minimum speed required
to make the jump.

y,m

Vo (x.»)




264 Chapter 3

(a) Use a constant-acceleration
equation to express Carlos’
horizontal position as a function
of time:

Use a constant-acceleration equation
to express Carlos’ vertical position
as a function of time:

Because y = 0, vo, = vosin@, and
a,=—g:

Eliminate ¢ between the x- and
y-equations to obtain:

Substitute y =0 and x = R to
obtain:

Solving for R yields:

Substitute numerical values and
evaluate R:

X=X,V b+ %axt2

or, because xo = 0, vo, = vocos &, and
a,=0,

x = (v, cos8, )t

2
Y=Y+ Vot +%ayt

2

y=v,sin6, ) -4 gt

g 2
2 2 X
2v, cos” 6,

y=(tan@, )x -

g 2
0=(tan@,)R———=>———R
(1an8) 2v; cos’ 6,

v2
R = 5in(26,)

g

2

(40x103?x36101:) j

R= D57 sin2(10°)
9.81m/s
=43m

Because 4.3 m < 7 m, he should apply the brakes!

(b) Solve the equation we used in
the previous step for vo min:

Letting R =7 m, evaluate vo min:

v, = Rg
0.min = sin(26’0)

o _ |G.om)o81ms’)
Omin sin2(10°)

=|14m/s =50 km/h

105 eee [SSM] Ifa bullet that leaves the muzzle of a gun at 250 m/s is to hit
a target 100 m away at the level of the muzzle (1.7 m above the level ground), the
gun must be aimed at a point above the target. (a) How far above the target is that
point? (b) How far behind the target will the bullet strike the ground? Ignore any
effects due to air resistance.



Picture the Problem In the absence of
air resistance, the bullet experiences
constant  acceleration  along its
parabolic  trajectory. Choose a
coordinate system with the origin at the
end of the barrel and the coordinate
axes oriented as shown in the figure
and use constant-acceleration equations
to express the x and y coordinates of
the bullet as functions of time along its
flight path.

(a) Use a constant-acceleration
equation to express the bullet’s
horizontal position as a function of
time:

Use a constant-acceleration equation
to express the bullet’s vertical
position as a function of time:

FEliminate ¢ between the two
equations to obtain:

Because y = yo when the bullet hits
the target:

Solve for the angle above the
horizontal that the rifle must be
fired to hit the target:

Substitute numerical values and
evaluate 6y:

Referring to the diagram, relate /4 to

O:

Substitute numerical values and
evaluate A:
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x=x,+v,l+1ar’

or, because xo = 0, vy, = vocos G, and
a,=0,
x =(v,cos@, )t

Y=Y+ Vot +%ayt2
or, because vy, = vosiné, and a, = —g,
¥ =y, +(v,sin6, )t —4 g’

g

=y +(tanf, Jx ———2——
Yy=JX ( 0) 2v3008200

g

0= (tan@o)x—m

8

3

o

0
=0.450°
Note: A second value for &, 89.6° is
physically unreasonable.

= Lqin™
0, = +sin (

100m)9.81m/s?)
(250m/s)’

1

2

6, =

tan g, = IL: h =(100m)tan 6,

Om

h=(100m)tan(0.450°) =| 0.785m
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(b) The distance Ax behind the target Ax =R-100m (1)
where the bullet will strike the where R is the range of the bullet.
ground is given by:

When the bullet strikes the

g
ground, y =0 and x = R: 0=y, +(tan6 )R- ——>—5—R

2 2
2v, cos” 6,

Substitute numerical values and simplify to obtain:

2
08l ms R* —(tan0.450°)R—1.7m =0
2(250 m/s)’ cos® 0.450°
Use the quadratic formula or your R =206m

graphing calculator to obtain:

Substitute for R in equation (1) to Ax =206m—100m =/ 105m
obtain:

General Problems

106 °»  During a do-it-yourself roof repair project, you are on the roof of your
house and accidentally drop your hammer. The hammer then slides down the roof
at constant speed of 4.0 m/s. The roof makes an angle of 30° with the horizontal,
and its lowest point is 10 m from the ground. (a) How long after leaving the roof
does the hammer hit the ground? (b) What is the horizontal distance traveled by
the hammer between the instant it leaves the roof and the instant it hits the
ground? (Ignore any effects due to air resistance.)

Picture the Problem In the absence of ), M
air resistance, the hammer experiences
constant acceleration as it falls. b
Choose a coordinate system with the
origin and coordinate axes as shown in
the figure and use constant-acceleration
equations to describe the x and y
coordinates of the hammer along its
trajectory. We’ll use the equation
describing the vertical motion to find
the time of flight of the hammer and the
equation describing the horizontal
motion to determine its range.
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(a) Using a constant-acceleration X =X, + Vo L+ %axtz
equation, express the x
coordinate of the hammer as a
function of time:

or, because xo = 0, vy, = vocos &, and
a,=0,
x=(v, cos8, )t

Using a constant-acceleration Y=Y+t + %aytz
equation, express the y coordinate of

. ) or, because yy = A, vy, = vosind, and
the hammer as a function of time: ’ Yo » Yoy — 0 ’

ay=-8,
y=h+(v,sin@)t -1 gt

2

Substituting numerical values yields:
y=10m+(-4.0m/s)(sin30°)z —%(9.81m/s2 )t2
When the hammer hits the ground, y = 0 and our equation becomes:

0 =10m— (4.0 m/s)sin30°¢,, —+(9.81m/s? )2,

Use the quadratic formula or your t.,=1238s=[12s
graphing calculator to solve for the
time of fall:

(b) Use the x-coprdinate .equation to R=v, t., =(v,c0s6, ),
express the horizontal distance

traveled by the hammer as a function

of its time-of-fall:

=
I

(4.0 m/s)(cos30°)(1.238s)
=143m

Substitute numerical values and
evaluate R:

107 e A squash ball typically rebounds from a surface with 25% of the speed
with which it initially struck the surface. Suppose a squash ball is served in a
shallow trajectory, from a height above the ground of 45 cm, at a launch angle of
6.0° degrees above the horizontal, and at a distance of 12 m from the front wall.
(a) If it strikes the front wall exactly at the top of its parabolic trajectory,
determine how high above the floor the ball strikes the wall. () How far
horizontally from the wall does it strike the floor, after rebounding? Ignore any
effects due to air resistance.

Picture the Problem The following diagram shows the trajectory of the ball, a
coordinate system, and the distances relevant to the solution of the problem. This
problem is another variation on the projectile motion problem in which we are
given the launch angle and the horizontal distance to the point at which the ball
reaches its peak. At that point, the ball’s velocity is solely horizontal. In order to
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answer the question raised in (b), we’ll need to find the (horizontal) speed with
which the ball strikes the wall. We can then use this rebound speed to find the
distance Ax by applying appropriate constant-acceleration equations.

wall

(a) The height above the floor at
which the ball strikes the wall is
given by:

The distance # is related to the time
At required for the ball to rise to its
maximum height:

At is also related to vo, and Axgerve:

Substituting both (3) and (4) in
equation (2) yields:

Simplifying this expression yields:

Substitute for / in equation (1) to
obtain:

12

ymax :yscrvc+h (1)
where / is the height above the service
elevation to which the ball rises.

h=1%g(At) ®)
v,, = gAt = At = Yoy 3)
Oy g
8
and

Ax.. = v, At = At = Dene (4

serve
Yo

{ vO.V J(Axserve )
g — ———
g va

or, because v, = vosiné and
Vox = Voc0S B,

h — 1 vO Sin 00 Axserve
i g v, cosé,

h= _Ax;m tan @,

X

h:

=

Axserve
ymax = yserve + Ttan 00



Substitute numerical values and
evaluate ymax:

(b) The distance Ax the ball lands
away from the wall is given by

Because the ball rebounds with
25% of the speed with which it
initially struck the surface:

At 1s related to distance the ball
falls vertically before hitting the
floor:

Substitute for Az in equation (5) to
obtain:

To find v,, equate equations (3)
and (4):

From the diagram, we can see that:

Substituting for vg, in equation (7)
yields:

Solving for v, yields:

Substitute for vy, in equation (6) to
obtain:

Substitute numerical values and
evaluate Ax:
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ymax :O4Sm+12mtan60021081m
=|1.1m
Ax=v At

x,rebound

where At is the time it takes for the ball
to fall to the floor.

vx,rebound = 0'25v0x
and
Ax = 0.25v, At (5)

Yinax :%g(At)ZSAt :\/@
8
Ax = O.25v0x\/% ©)

v
_Oy _ Axserve (7)
8 va

vy, =V, tan6,
va tan 00 — A'xserve

8 va
vox — gAxSCI'VC

tan @,
Ax — 0.25 gAxserve 2ymax
tan @, g
— 0'25 2Axserveymax
tan 6,
Ax o 0.25\/2(12 m)(1.081m)
tan 6.0°

=(39m
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108 e

A football quarterback throws a pass at an angle of 36.5° above the

horizontal. He releases the pass 3.50 m behind the line of scrimmage. His
receiver left the line of scrimmage 2.50 s earlier, goes straight downfield at a
constant speed of 7.50 m/s. In order that the pass land gently in the receiver's
hands without the receiver breaking stride, with what speed must the quarterback
throw the pass? Assume that the ball is released at the same height it is caught
and that the receiver is straight downfield from the quarterback at the time of the
release. Ignore any effects due to air resistance.

Picture the Problem This problem deals with a moving target being hit by a
projectile. The range required for the projectile is simply the distance that the
receiver runs by the time the ball lands in his hands. We can use the equations
developed in the text for both the range and time of flight of a projectile for any
value of launch speed and angle, provided the launch and landing occur at the
same height. The following diagram shows a convenient choice of a coordinate
system as well as the trajectory of the ball. Note that the diagram includes the
assumption that the ball is released at the same height it is caught.

Yy, m
Yo
()
6
. X, M
3.5 R
The distance the receiver runs is Ax=v At (1)
given by:
The time-of-flight of the ball is Aty =Nt = Aty (2)

given by:

The same-elevation range of the
ball is:

Equate equations (1) and (3) to
obtain:

Solving for Aty yields:

The time-of-flight of the ball is given
by:

where Aty 1s the time the receiver ran
before the quarterback released the ball.

v2
R =-"sin26, 3)
g
v2
v At =—>sin26,

2
v, .
At =—"—sin26,
gv

rec

At = 2% sin 8,
4
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Substitute for At and Aty In 2v, vg

equation (2) to obtain: ?Sin 6, = o $in 26, — Aty
Rearrange and simplify to obtain: sin 26, v — 2sin 6, vy~ Ay, =0
gvrec g
Substituting numerical values yields:
sin 22(36.5 ) y?2 251n36.52 yo—2.505 =0
(9.81m/s*)(7.50m/s) ° 9.81m/s

or

s’ s

(0.0130 —zjvg - [0. 1213 —]vo -2.50s=0

m m

Use the quadratic formula or your v, =-9.97m/sor19.3 m/s

graphing calculator to obtain: and, because the negative throwing

speed is not physical,
v, =| 19.3m/s

109 <  Suppose a test pilot is able to safely withstand an acceleration of up to
5.0 times the acceleration due to gravity (that is, remain conscious and alert
enough to fly). In the course of maneuvers, he is required to fly the plane in a
horizontal circle at its top speed of 1900 mi/h, (a¢) What is the radius of the
smallest circle he will be able to safely fly the plane in? () How long does it take
him to go halfway around this minimum-radius circle?

Picture the Problem This is a simple application of centripetal acceleration.

(a) Express the radius of the pilot’s v?
circular path: r=-

1%
ry =
5.0g
Substitute numerical values and : 2
mi m lh
: 1900 —x1609 — x
evaluate r: o ( h mi 3600 sj

5.0(9.81m/s* )
=14.70km =| 15km
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(b) The time required to reverse his ; |
dire?ction is. equalito one-half the rev 2 7 v
period of his motion:

Substitute numerical values and ;= T (14.70 km)
evaluate z.ey: rev ;
1900 ™ 1609 ™ 1D
h mi 3600s

=|54s

110 e A particle moves in the xy plane with constant acceleration. At =0
the particle is at ¥, = (4.0 m)i + (3.0 m)j , with velocity v;. At=2.0s, the
particle has moved to r, = (10 m)f —(2.0m) f and its velocity has changed to

v2=(5.0 m/s)f — (6.0 m/s)f . (a) Find v . (b) What is the acceleration of the

particle? (c) What is the velocity of the particle as a function of time? (d) What is
the position vector of the particle as a function of time?

Picture the Problem Because the acceleration is constant; we can use the
constant-acceleration equations in vector form and the definitions of average
velocity and average (instantaneous) acceleration to solve this problem.

(a) The average velocity is given . _AF _F-r
N A\ % = =
by: YA A
= (3.0m/s)i +(=2.5m/s)j

The average velocity can also be vy, % 5

expressed as: Vav = =N =V ™Y
Sglagtimte numerical values to ¥ =| (1.0m/s) i +(1.0m/s)j

obtain:

(b) The acceleration of the particle . Ay v, -,

is given by: VI

(2.0 m/s?)i +(=3.5m/s%)j

(c) The velocity of the particle as a function of time is:

¥(¢) =¥, +at =| [(1.0 m/s)+ (2.0 m/s>)¢]i +[(1.0 m/s) + (=3.5 m/s>)t]j

(d) Express the position vector as a F(t)=F +vt+tat’
function of time:
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Substitute numerical values and evaluate 7(¢):

[(4.0m)+ (1.0 m/s)¢ + (1.0 m/s*)¢*]i

F(t) = i
+[(3.0m)+ (1.0 m/s)e +(~1.8 m/s?)e* 1

111 = [SSM] Plane A is headed due east, flying at an air speed of

400 mph. Directly below, at a distance of 4000 ft, plane B is headed due north,
flying at an air speed of 700 mph. Find the velocity vector of plane B relative to
A.

Picture the Problem The velocity of plane B relative to plane A is independent
of the reference frame in which the calculation is done. The solution that follows
uses the reference frame of the air. Choose a coordinate system in which the +x
axis is to the east and the +y axis is to the north and write the velocity vectors for
the two airplanes using unit vector notation. We can then use this vector to
express the relative velocity in speed and heading form.

The velocity of plane B relative to Voa = Vg, —Vas (1)
plane A is given by: where the subscript a refers to the air.
Using unit vector notation, write Vg, = (7()0 mi/h)j’

expressions for v, and v,, : and

V,, = (400 mi/h)i

~n
.

Substitute for v,, and ¥,, in equation V54 = (700 mi/h) j — (400 mi/h)i

(1) to obtain: — (400 mi/h)7 + (700 mi/h) j
The speed of plane B relative to |‘7 | _ \/(_ 400 mi /h)z 4 (700 i /h)z
plane is the magnitude of v, : BA
=| 806 mi/h
The heading of plane B relative to 4 700 mi/h
lane A is: Opr =t -
p —400 mi/h

=| 60.3° north of west

112 ~= A diver steps off the cliffs at Acapulco, Mexico 30.0 m above the
surface of the water. At that moment, he activates his rocket-powered backpack
horizontally, which gives him a constant horizontal acceleration of 5.00 m/s” but
does not affect his vertical motion. (a) How long does he take to reach the surface
of the water? (b) How far out from the base of the cliff does he enter the water,
assuming the cliff is vertical? (c¢) Show that his flight path is a straight line.
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Picture the Problem Choose a
coordinate system in which the origin is
at the base of the cliff, the positive x
axis is to the right, and the positive y
axis is upward. Let the height of the
cliff be 4 and the distance from the
bottom of the cliff where the diver hits
the water be d.Use constant-
acceleration equations to  obtain
expressions for the x and y coordinates
of the diver along his flight path, shown
here as a straight line.

(a) Using a constant-acceleration
equation, relate the vertical
position of the diver to his initial
position, initial speed, acceleration,
and time of fall:

When the diver reaches the surface
of the water, y = 0 and:

Substitute numerical values and
evaluate ¢:

(b) Using a constant-acceleration
equation, relate the horizontal
position of the diver to his initial
position, initial speed, acceleration,
and time of fall:

When the diver hits the water, his x
coordinate is d and the time is
given by equation (2):

Substitute numerical values and
evaluate d:

(¢) Solving equation (3) for #* yields:

(X))

2
Y=y, +v0yt+%ayt

or, because yo = A, vo, =0, and a, = —g,

y=h-igt’
O=h-1gt=t= 2h
8
‘= /2—(3001112): 2475
9.81m/s

— 1 2
X=Xx,+v, t+7a.t

or, because xo = 0 and vy, =

x=Llat
d= %ax% = ah
8§ 8

4 (5.00m/5*)(30.0m)
9.81m/s’

2x

="
a

X

(1)

0,
3)

153m
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Substitute for ¢ in equation (1) to B . 2x g
obtain: y-h—;ga——h—a—x
or
y= ~E x+h 4)

Because equation (4) is of the form y = mx + b, the diver’s trajectory into the
water is a straight line.

113 e [SSM] A small steel ball is projected horizontally off the top of a
long flight of stairs. The initial speed of the ball is 3.0 m/s. Each step is 0.18 m
high and 0.30 m wide. Which step does the ball strike first?

Picture the Problem In the absence of air resistance; the steel ball will
experience constant acceleration. Choose a coordinate system with its origin at
the initial position of the ball, the x direction to the right, and the y direction
downward. In this coordinate system y, = 0 and a = g. Letting (x, ) be a point on
the path of the ball, we can use constant-acceleration equations to express both x
and y as functions of time and, using the geometry of the staircase, find an
expression for the time of flight of the ball. Knowing its time of flight, we can
find its range and identify the step it strikes first.

The angle of the steps, with respect 0.18m
. . _ -1 : _ o
to the horizontal, is: 6 = tan =31.0
30m
Using a constant-acceleration X=X, +v,t +%axt2

equation, express the x coordinate of

,b «=0and a, =0,
the steel ball in its flight: Of, beeause o ancd

xX=v, t=vt (1)

Using a constant-acceleration Y=YVl +%ayt2
equation, express the y coordinate of

the steel ball in its flight: or, because yo =0, vo, =0, and a, = g,

y=1tg’
The equati‘OI.l of the dashed line in Y tand = gt . 2v, tan @
the figure is: x 2v, g
Substitute for ¢ in equation (1) to find 2v, v
the x coordinate of the landing X =Vl =V, ?tan 6 |= ?tane
position:
Substitute numerical values and 2(3.0m/s)’
evaluate x: x=———-tan31°=1.1m

9.81m/s*
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The first step with x > 1.1 m is the 4" step.

114 e

Suppose you can throw a ball a maximum horizontal distance L when

standing on level ground. How far can you throw it from the top of a building of
height & = xq if you throw it at (a) 0°, (b) 30°, (c) 45°? Ignore any effects due to air

resistance.

Picture the Problem Ignoring the
influence of air resistance, the
acceleration of the ball is constant once
it has left your hand and we can use
constant-acceleration  equations  to
express the x and y coordinates of the
ball. Elimination of ¢ will yield an
equation from which we can determine
vo. We can then use the y equation to
express the time of flight of the ball and
the x equation to express its range in
terms of xo, vy, #and the time of flight.

Use a constant-acceleration equation
to express the ball’s horizontal
position as a function of time:

Use a constant-acceleration equation
to express the ball’s vertical position
as a function of time:

Eliminate ¢ between equations (1) and
(2) to obtain:

For the throw while standing on
level ground we have:

Solving for v yields:

X=X, +V,t+ %axt2
or, because xo = 0, vy, = vocos &, and
a,=0,
x = (v, cosf, )t (1)
_ L, 42
y=y,+ voyt + ant
or, because yo = xo, Vo, = Vosinéb, and
a,=-§,
y:x()"'("o Sineo)t_%gtz (2)

8 e

=x, +(tan@, )x - —2——
y=x+(anf,) 2v, cos’ 6,

8 2
0=(tan@, )L ——2——L
(tan6,) 2v, cos’ 6,
and
2 2 2
L="05in2g, =Y sin2(45°) = 2o
g 8 g

vO:\/g_L
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At impact equation (2) becomes: 0=x,+ ( | gL sin 6, )tﬂight -1 gtéight

Solve for the time of flight:
Lhigh = \/Z(sin 6, ++/sin’ , + 2)
g

Substitute in equation (1) to express the range of the ball when thrown from an
elevation xo at an angle € with the horizontal:

R= ( gL cos¢90)tﬂight = ( gL coseo)\/%(sin 8, ++/sin’ 6, +2)
= Lcos0(sin¢9O +4/sin” @, +2)

(a) Substitute = 0° and evaluate R: R(O°) =[141L
(b) Substitute #= 30° and evaluate R(30°) ~11.73L
R:

(¢) Substitute 8= 45° and evaluate R(45°) -[1.62L
R:

115 eee Darlene is a stunt motorcyclist in a traveling circus. For the climax of
her show, she takes off from the ramp at angle &, clears a ditch of width L, and
lands on an elevated ramp (height /) on the other side (Figure 3-42). (a) For a
given height 4, find the minimum necessary takeoff speed vy, needed to make the
jump successfully. (b) What is viin for & =30° L =8.0 m and 7 =4.0 m?

(c) Show that no matter what her takeoff speed, the maximum height of the
platform is /. < L tan 6. Interpret this result physically. (Neglect any effects
due to air resistance and treat the rider and the bike as if they were a single
particle.)

Picture the Problem Choose a coordinate system with its origin at the point
where the bike becomes airborne and with the positive x direction to the right and
the positive y direction upward. With this choice of coordinate system we can
relate the x and y coordinates of the rider and bike (which we’re treating as a
single particle) using Equation 3-17.

(a) The path of the motorcycle is

— g 2
; i -17: x)=(tanf))x—| —=>—— |x
given by Equation 3-17: y(x) = (tan6,) (2v§ cos? 0())
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For the jump to be successful, L g
h <y(x). Solving for vy with x =L, Vo > \/
we find that: cosé, | 2(Ltan6, — h)

(b) Substitute numerical values and evaluate vp,:

8.0m 9.81m/s’
vmin> =| 26 m/s
c0s30° | 2[(8.0 m)tan30° — 4.0 m]

(c¢) In order for our expression for vy, to be real valued; that is, to predict values
for vmin that are physically meaningful, L tanéh — simax > 0. Hence hmax < L tané.

The interpretation is that the bike "falls away” from traveling on a straight-line
path due to the free-fall acceleration downward. No matter what the initial speed
of the bike, it must fall a little bit before reaching the other side of the ditch.

116 e+ A small boat is headed for a harbor 32 km directly northwest of its
current position when it is suddenly engulfed in heavy fog. The captain maintains
a compass bearing of northwest and a speed of 10 km/h relative to the water. The
fog lifts 3.0 h later and the captain notes that he is now exactly 4.0 km south of
the harbor. (a) What was the average velocity of the current during those 3.0 h?
(b) In what direction should the boat have been heading to reach its destination
along a straight course? (¢) What would its travel time have been if it had
followed a straight course?

Picture the Problem Let the origin be at the position of the boat when it was
engulfed by the fog. Take the x and y directions to be east and north, respectively.
Letvy,, be the velocity of the boat relative to the water, v, be the velocity of the

boat relative to the shore, and v, be the velocity of the water with respect to the
shore. Then

Ves = Vew Vws-

0 is the angle of v, with respect to the x (east) direction.
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Harbor

(a) Find the position vector for the boat at # = 3.0 h:

7. = {(32km)cos135°)}i +{(32km)(sin135°)¢ — 4.0 km}j

= {(~22.6km)e}i +{(22.6km)t —4.0km};
Find the coordinates of the boat at = 3.0 h:

r. =[(10km/h)cos135°+ v,  cos@](3.0h)

and

r, = [(10km/h)sin 135°+ v, sin @](3.0h)
Simplify the expressions involving 3wy cos@ =—1.41km/h
ry and r,, and equate these simplified and
expressions to the x aqd y 3v,,, sin@ = —2.586 km/h
components of the position vector
of the boat:

Divide the second of these equations ([ —2.586km
by the first and solve for to obtain: 0=t T 141km

] =61.4°0r241.4°

Because the boat has drifted south, 1.41km/h
use 0= 241.4° to obtain: % 3

X

A % = =
"> cos@  cos(241.4°)
=1 0.98km/h at@ = 241°
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(b) Letting ¢ be the angle between east and the proper heading for the boat,
express the components of the velocity of the boat with respect to the shore:

Vgs.. = (10 km/h)cos @ +(0.982 km/h)cos(241.3°) (1)

and

vgs, = (10 km/h)sin g +(0.982 km/h)sin(241.3°)

For the boat to travel northwest:

Substitute the velocity components,
square both sides of the equation,
and simplify the expression to obtain
the equations:

Solving for ¢ yields:

Because the current pushes south, the
boat must head more northerly than
135°:

(c¢) Substitute for ¢ in equation (1)
and evaluate vy  to obtain:

From the diagram:

To find the time to travel 32 km,
divide the distance by the boat’s
actual speed:

117 +  [SSM]

Vesx = “Vas,y

sing +cos¢ =0.133 and
sin® ¢+ cos’ ¢+ 2singcosg = 0.0177

or
1+sin(2¢)=0.0177

$=129.6° or 140.4°

Using 129.6°, the correct heading
1s| 39.6° west of north |.

Vgs. = —6.846 km/h

Vs —6.846 km/h
Ves = o o
cos135 cos135
=9.681 km/h
(o 2km e 3h 1Smin
9.681km/h

Galileo showed that, if any effects due to air resistance are

neglected, the ranges for projectiles (on a level field) whose angles of projection
exceed or fall short of 45° by the same amount are equal. Prove Galileo’s result.

Picture the Problem In the absence of air resistance, the acceleration of the
projectile is constant and the equation of a projectile for equal initial and final
elevations, which was derived from the constant-acceleration equations, is
applicable. We can use the equation giving the range of a projectile for equal
initial and final elevations to evaluate the ranges of launches that exceed or fall

short of 45° by the same amount.



Express the range of the projectile as
a function of its initial speed and
angle of launch:

Letting 6, =45°+ 6 yields:

Because cos(—6) = cos(+6) (the
cosine function is an even
function):
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2
R=""0sin 26,
g
v2
R =-%sin(90°+20) =
g

v

2
~0 cos(+26)
g

R(45°+0) = R(45°—

0)

118 <=  Two balls are thrown with equal speeds from the top of a cliff of
height 4. One ball is thrown at an angle of & above the horizontal. The other ball
is thrown at an angle of below the horizontal. Show that each ball strikes the
ground with the same speed, and find that speed in terms of /4 and the initial speed
vo. Neglect any effects due to air resistance.

Picture the Problem In the absence of ¥

air resistance, the acceleration of both
balls is that due to gravity and the
horizontal and vertical motions are
independent of each other. Choose a
coordinate system with the origin at the
base of the cliff and the coordinate axes
oriented as shown and use constant-
acceleration equations to relate the x

and y components of the ball’s speed.

The speed of each ball on impact is:

Independently of whether a ball is
thrown upward at the angle & or

downward at f, the vertical motion is
described by:

The horizontal component of the
speed of each ball is:

Substitute for v, and v, in equation
(1) and simplify to obtain:

v=1/vi+vi (D)
2 .2
v, =v,, +2a,Ay
=v, —2gh
Ve = Vox
v = \/vgx +v§y —2gh = ng —2gh
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119 e In his car, a driver tosses an egg vertically from chest height so that the
peak of its path is just below the ceiling of the passenger compartment, which is
65 cm above his release point. He catches the egg at the same height at which he
released it. If you are a roadside observer, and measure the horizontal distance
between catch and release points to be 19 m, (@) how fast is the car moving?

(b) In your reference frame, at what angle above the horizontal was the egg
thrown?

Picture the Problem For the first part of the question, we simply need to
determine the time interval for the ball’s "flight.” In order to determine that, we
need only consider the time required for an egg to fall 65 cm under the influence
of gravity and then double that time. The path taken by the egg, according to the
one observing on the side of the road, is a parabola — in fact, its path is
indistinguishable from that of a projectile. We can obtain the apparent angle of
launch by noting that the horizontal component of the egg’s motion is simply
given by the speed of the car, while the vertical component is given by the speed
of the toss necessary to reach a height of 0.65 m.

(a) The speed of the car is given by: . Ax
Atﬂight

(1

car

where Ax is the distance the car moves
during the time Aty;gn the egg is in

flight.
The fall time, Az, for the egg to 5 2Ah
Ah =1 g(At Aty = |—
fall (from rest) and the distance Ah (At ) = Aty g
it falls are related according to:
The time-of-flight is twice the egg’s Aty =200,
fall time:
Substitute for At to obtain: 2Ah
Atﬂight =2 |—
g
Substituting for Az, in equation (1) Ax Ax | g )
. \% = = — | —
yields: “ 5 2Ah 2 \2Ah

Substitute numerical values and . 19m [9.81m/s>2 e
evaluate v_ : car > 2 (0. 65 m)

b) The angle 6 at which the e
(b) g gg ] ( Yoy j 3)
va

was thrown is given by: 6, =
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Use a constant-acceleration vi = véy +2a,h
equation to relate the final upward

speed of the egg to its initial speed or, because v, = 0 and a, = —g,

.2
and its maximum height 4: 0=, —2gh
Solve for vy, to obtain: vy, = /2 gh
vox 18 the speed of the car. Ax [ g
Substituting in equation (2) yields: Ver =Vox = BRIV
Substitute for v, in equation (3) to
obtain: "
6, =tan| —X— | = tanl[ﬂj
Av | g Ax

2 \2Ah

Substitute numerical values and
, 6, = tan™ 40-65m) =|7.8°

evaluate 6: 0 19m
120 oo A straight line is drawn on the surface of a 16-cm-radius turntable

from the center to the perimeter. A bug crawls along this line from the center
outward as the turntable spins counterclockwise at a constant 45 rpm. Its walking
speed relative to the turntable is a steady 3.5 cm/s. Let its initial heading be in the
positive x-direction. As the bug reaches the edge of the turntable, and falls off,
(still traveling at 3.5 cm/s radially, relative to the turntable, what are the x and y
components of the velocity of the bug?

Picture the Problem In order to determine the total velocity vector of the bug we
need to consider the two components that must be added together, namely, the
bug’s velocity relative to the turntable at its point of departure from the turntable,
and the velocity of the point on the turntable from which the bug steps off relative
to the ground.

Express the velocity of the bug Vg, = Vg TV, (1)

relative to the ground vy, : where v, is the velocity of the bug

relative to the turntable and v, is the

velocity of the turntable relative to the
ground.

turntable has rotated when the bug o

; .. y
reaches its edge is given by: where R is the radius of the turntable

and v is the speed of the bug.

lrev

Th le th h which th ° °
e angle through which the A0:[f60 jAt:[%O J(R]
rev
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Substitute numerical values and evaluate A&

A = 360 ><45fevxlm1n 16 cm _ 12340
lrev. min  60s J\3.5cm/s
The number of degrees beyond an 6 = AG—360°n =1234°—-360°(3)
integer multiple of revolutions is: — 1540
Now we can express the velocity Vi = (v c0s0)i + (v, sin@) j

of the bug relative to the turntable:

Substitute numerical values and evaluate v, :

Vv = ((3.5 cm/s)cos154°)i + (3.5 cm/s)sin154°)}'

A
.

= (=3.146 co/s )i +(1.534 cm/s) j

The velocity of the point on the turntable from which the bug leaves the turntable
is moving with a velocity vector pointed 90° ahead of v, ; that is, tangent to the

turntable:
ng = vtumtable COS(0 + 900)5 + vturntable Sin(e + 900).}

The velocity of the turntable is given 2z R

by: vturntable = T
where T is the period of the turntable’s
motion.

Substitute numerical values and 2716 cm/

. Vumtable = M =75.40 cm/s
evaluate v, ... 60s

45 rev

Substitute in the expression for v, and simplify to obtain:

v, = (75.40 cm/s)cos(154° + 90°)f +(75.40 cm/s )sin(154° + 90°)}
=(-33.05 cm/s)i + (-67.77 cm/s)}'

Finally, substitute for v,; and v, in equation (1) and simplify:

¥y, = (~3.146 cm/s)i +(1.534 cm/s) j + (- 33.05 cm/s)i + (~ 67.77 cm/s) j
= (~36.cm/s)i + (- 66 cm/s) j



Motion in One and Two Dimensions 285

The x and y components of the V. g = | —36Cs
velocity of the bug are: '

and

V, gy =| —66cm/s

121 = On a windless day, a stunt pilot is flying his vintage World War I
Sopwith Camel from Dubuque, Iowa, to Chicago, Illinois for an air show.
Unfortunately, he is unaware that his plane’s ancient magnetic compass has a
serious problem in that what it records as "north” is in fact 16.5° east of true
north. At one moment during his flight, the airport in Chicago notifies him that
he is, in reality, 150 km due west of the airport. He then turns due east,
according to his plane’s compass, and flies for 45 minutes at 150 km/hr. At that
point, he expected to see the airport and begin final descent. What is the plane’s
actual distance from Chicago and what should be his heading if he is to fly
directly to Chicago?

Picture the Problem The error in the guidance computer aboard the airplane
implies that when the pilot flies the plane at what he thinks is a heading of due
East, he is in fact flying at a heading of 16.5° south of east. When he has flown at
150 km/hr for 15 minutes along that heading he is therefore somewhat west and
south of Chicago. In the following diagram, D identifies the location of Dubuque,
C the location of Chicago, and P the location of the plane. Choose a coordinate
system in which the positive x direction is to the east and the positive y direction
is to the north. Expressing the vector 7., in unit vector notation will allow us to

find the plane’s actual distance from Chicago (the magnitude of 7. ) and the

heading of Chicago (the direction of —7,.

N
r
w2 " E
U [
Iy 10 Ter
Pos
The plane’s true distance from o= [p2 2 (1)
Chicago is given by the magnitude of “r Chx " TChy
vector Fp:
The actual heading of Chicago [ re
relative to the plane’s current 6 = tan " = (2)
position is given by: CP.y
Express Ehe rflationshjp between the Foo +Fep = Fop
vectors 7., Fep, and rpp or

’_;CP :FDP_FDC (3)
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The vector 7, is given by: Fop = Fop COSPE — 1oy SING J
Substitute numerical values and simplify to obtain:

P = (ISOk—mx 0.75 hjcosl6.5°f—(150k—mx0.75 hjsin16.5°}'
h h

= (107.9 km)i —(31.95km)
The vector 7, is given by: Foe = (150 km)i

Substitute for r,, and 7, in equation (3) to obtain:

7o =(107.9km)i —(31.95km) j — (150 km)i

~
.

= (~42.10km)i +(~31.95km) ]

Substituting numerical values in = J4210km) +(=31.95 km)

equation (1) and evaluate rcp: Fer \/( ' m) ( ' m)
=|52.9km

Substituting numerical values in 6 — tan” 42.10km | 57 go

equation (2) and evaluate & =t 31.95km |

=| 52.8° east of north

122 <= A cargo plane in flight lost a package because somebody forgot to
close the rear cargo doors. You are on the team of safety experts trying to analyze
what happened. From the point of takeoff, while climbing to altitude, the airplane
traveled in a straight line at a constant speed of 275 mi/h at an angle of 37° above
the horizontal. During this ascent, the package slid off the back ramp. You found
the package in a field a distance of 7.5 km from the takeoff point. To complete
the investigation you need to know exactly how long after takeoff the package
slid off the back ramp of the plane. (Consider the sliding speed to be negligible.)
Calculate the time at which the package fell off the back ramp. Ignore any effects
due to air resistance.

Picture the Problem We can solve this problem by first considering what the
projectile is doing while it is still in the cargo plane and then considering its
motion as a projectile. The following diagram shows a convenient choice of
coordinate system and the trajectory of the package both in the plane and when it
has become a projectile. We can use constant-acceleration equations to describe
both parts of its motion.
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», km
Yo
Yal_ _ Lo\ _
, ()
I
I
= 0, =
=0 | =1 x, km
X, x
Express the x- and y-coordinates of X, =V, 1, (1)
the drop point: and
Yi=V,ils (2)

Express the x- and y-coordinates of
the package along its parabolic
trajectory (after it has fallen out of
the plane):

Substitute for x; and y,; from
equations (1) and (2) and simplify
to obtain:

Express the x and y components of
the plane’s (and package’s)
velocity at the drop point:

v =[275 M, 1609 My LD
’ h 36

and

v =(275ﬂx16092x 1h
% h 36

At impact (¢ = tio):

The distance-to-impact is also
given by:

x(t): Xy +vx,d(t_td)
and

J’(t): Ya +vy,d(t_td)_%g(t_td)

2

x(t) =Veala Ty (t -1, ) =Vt
and

y(t):vy,dtd +vy,d(t_td)_%g(t_td)

=v t-tglt-t,)

2

vx,d = vplane Cos 00

and

v sin@,

y.d = vplane

Jcos37° =98.16 m/s
0s

jsin 37°=73.97m/s
0s

x(ttot ) = xé and y(ttot ) = O

X,
=t =——

x( = vx,dttot tot
x,d
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Substitute for o in the y(¢)
equation to obtain:

Expand the binomial term and
simplify the resulting expression to
obtain the quadratic equation:

Substitute numerical values to obtain:

(7.5km)’

— 1 2
0= vy,dttot _Eg(ttot _td)
or, because ¢, = x,/v_,,

2
X X
_ (1 . _
0= Vya 28 ¥
vx,d vx,d

2x x> 2xw
tj_ /'td-l-{ L — L rd =0

vx,d

. 2(7.5km)t .
" 98.16m/s *

Simplification of this expression
yields:

Use the quadratic formula or your
graphing calculator to obtain:

(98.16 m/s)’

2(7.5km)(73.97 m/s)
(9.81m/s?)(98.16 m/s)}

t2 —(152.8s)t, + 4686 = 0

t,=110sor42s

Because 110 s gives too long a distance
for the range of the package,

t,=|42s




