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A projectile is launched over level ground and lands
some distance away.

a) Is there any point on the trajectory where the
velocity v and acceleration a are parallel to each

2 ?
other? If so, where: no

b) Is there any point on the trajectory where the
velocity v and acceleration a are perpendicular

to each other? If so, where? yes

c) Which of the following quantities are constant
throughout the flight?

x oy v (v v [(a)aq
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4 ConcepTest 1 Projectile Motion '

A ball rolls down a quarter-circle ramp and then A ball rolls horizontally off a

table, and at the same instant,
a second ball is simply dropped
from the table? Which ball
hits the ground first?

the rolling ball hits first
the_dropped ball hits first
both hit at the same time
I really have no idea

off a cliff. Sketch the trajectory of the ball from
the instant of its release until it hits the ground.

Hlwin =

LR R i 2

Gravity-free
Path

IProjestile
/| Motion

Yertical Motion
only
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Let's say that the ball takes to fall to the ground. At

each interval, draw the vectors for v, and v,. Label them

with the numerical value of the components at that point.

A ball rolls down a quarter-circle ramp and then
off a cliff. Sketch the trajectory of the ball from
the instant of its release until it hits the ground.

49 4.Pg5 331 5s 4.Pg6
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Let's say that the ball takes to fall to the ground. At

each interval, draw the vectors for v, and v,. Label them
with the numerical value of the components at that point.

’L Bo “- Uy = Voo
-4 Fm(s 4 P x
YVox : 8=—8,
g = 9.8 m/s? PR P IR A [: Y R »
~19.6 m/s
3.31 PHYS 21: Chap. 4, Pg 7 Uy = —Vouy v=0,
7 8

SYNTHESIS 3.1 Projectile motion

An object is launched ¥
into the air at an angle
010 the horizon
with initial spe

() -

componentof the
initial velocity is the
il velocity for E

the vertical motion.

Rising or falling, the

acceleration s the

SAME, By = = o
Rising ~ Falling

[The horizontal and vertical components of projectile motion are independent, but must be analyzed together.

¥
ey () @=0

After launch, the horizontal motion is uniform motion.

‘The horizontal component of the initial velocity
is the nitial velocity for the horizontal motion.

he acceleration
is zero.

is free fall. acceleration,
g=9.8m/s,

()= ()~ gAt
3= ik O At = (A7

(vr = (v,); = constant
X=X+ (v At

The two equations are linked by the
time interval Ar, which is the same for
the horizontal and vertical motions

The components of the initial velocity
are found from trigonometry

(v)i = vicosf  (vy); = v;sind

PHYS 21: Chap. 4, Pg 9

are independent

/
ConcepTest 2

A cart rolling along at constant
speed fires a ball straight up.
When the ball comes back
down, where will it land?

After launch, Will the answer change if the cart is
the vertical H i i i ion?
motion is free fall, ‘The kinematic equations for projectile motion are those for constant- accelerating in the forward direction?
7 i ; acceleration motion vertically and constant-velocity motion horizontally:
The vertical The vertical motion The free-fall  The horizontal motion
is uniform motion,

ConcepTest 2a
The same cart is now rolling
down a ramp and shoots the
ball out of the tube. Now
where does the ball land
when it comes back down?

2.
3.
4

b
Rolling Cart !

1. in front of the tube
2. behind the tube

3. directly in the tube

4. it will not come down

Rolling Cart on Incline
1.

in front of the tube
behind the tube
directly in the tube

depends on the speed of
the cart



independen

e il = — = ==
Kinematic Equations for Constant Acceleration in 2 Dimensions

i i

x Component (horizontal) y Component (vertical)

Ux = Uxo t axl vy = vy +oayl

: R ) J ) ] N
X =xg + vyol + 34, y =Y t vyl +3ayl°
2 5
x = Pxo T 2ax(x — xg)

= v} + 2ay(y — w)

e upward;

Vertical Motion '
(ay = —g = constant)

Horizontal Motion
(ay = 0,v, = constant)

Ux = Ux0 vy = vy — gt
§ x = X+ vyt Y = Yt Uyl = 78t
vy = vho — 2g(y — )

f y is taken positive downward, the minus (—) signs in front of g become plus (+)

13

Projectile
Motion

100g 100 200g 100

10 m/s 20 m/s 10 m/s 10m/s

10m 10m 10m

20m

Rank in order, from shortest to
it takes each

longest, the
of these balls to hit the ground.

(1=2:3=4) < 5

1<(2=4)<5<3

Rank in order, from shortest to longest,

the horizontal distance that each of these
aan balls travels before hitting the ground.

17
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;Rr?:rl«omu 3.1 Projectile motion problems

1 strareize We will solve projectile motion problems by considering the hori-
zontal and vertical motions as separate but related problems.

prepare There are a number of steps that you should go through in setting up
the solution o a projectile motion problem:

Make simplifying assumptions. Whether the projectile is a car or a basket-
ball, the motion will be the same.

Draw a visual overview including a pictorial representation showing the
beginning and ending points of the motion.
Establish a coordinate system with the x-axis hori
tical. In this case, you know that the horizonta
and the vertical acceleration will be free fall: @, = 0 and a .

Draw a vector representing the initial velocity, and find its x- and y-compo-
nents in terms of the initial speed and the launch angle.

Define symbols and write down a list of known values. Identify what the
problem is trying to find.

al and the y-axis ver-
ation will be zero

3 souwe There are two sets of kinematic equations for projectile motion, one for
the horizontal component and one for the vertical:
Horizontal Vertical
xp=x+ ()i At ye=yi+ (v,); Ar— L g(Ar)?
(v)r= (v); = constant ()= (n)i— g At
l Atis the same for the horizontal and vertical components of the motion.
Find Ar by solving for the vertical or the horizontal component of the motion;

then use that value to complete the solution for the other component.

assess Check that your result has the correct units, is reasonable, and

answers the question. /S 21: ChEE_ 4, Pg 14

14

Four balls are launched at the same speed from
height h. Simultanously, ball 5 is dropped from
rest at the same height.

Rank in order, from shortest to longest, the time
it takes each of the balls to hit the ground.

4<3<(2=5) <1

3.39 PHYS 21: Chap. 4, Pg 16
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ConcepTest 3

Projectile Motion

Rank in order, from longest 1. 1>2>3

to shortest, the time in the

air for each of these kicks. 3. 3>2>1

Follow-up: how would you rank the
initial launch speeds of the kicks?




ConcepTest 4

Projectile Motion

A battleship simultaneously fires 1. ship A

two shells at enemy ships, and 2. shipB

the trajectories are shown. 3. both at the
Which ship gets hit first? same time

2

On the Apollo 14 mission, astronaut Alan Shepard hit a golf ball
on the surface of the Moon. The acceleration due to gravity on
the Moon is 1/6 that of Earth. Suppose that he hit the golf ball
with a speed of 25 m/s at an angle of 30° above the horizontal.

(a) How long was the ball in flight? +=153s

(b) How far did the ball travel? x=331m

(c) How far would the ball travel
if it had been hit on Earth?

x =553 m

21

The longest recorded pass in an NFL game traveled 83 yds
in the air from the quarterback to the receiver. If the pass
was thrown at a launch angle of 45°, what was the speed at
which the ball left the quarterback’s hand?

x = 27.3 m/s

%
ﬂAe'.J PHYS 21: Chap. 2, Pg 23
23
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30°
45°
)
complimentary angles
give the same range
50 - - -
4;=50m/s
60°

00

maximum range

50
§ occurs at 45° v -

x(m)

L I
50 100 150 200 250

PHYS 21: ChEE. 4, Pg 20

On the Apollo 14 mission, astronaut Alan Shepard hit a golf ball

on the surface of the Moon. The acceleration due to gravity on

the Moon is 1/6 that of Earth. Suppose that he hit the golf ball

with a speed of 25 m/s at an angle of 30° above the horizontal.

(a) How long was the ball in flight? + = 15.3 s

(b) How far did the ball travel? x = 331 m x=553m
(c) How far would the ball travel if it had been hit on Earth?

v, = v(cosf) = 21.7m/s
) —v;
Vfy = Viy — (g) teop ‘ trop = _g" =765s
(")
ttight = 2teop = 15.3 - 8% = Uity = 332m

vy = v(sind) = 12.5m/s

On Earth, the flight
time is 6x shorter.

triigne = 2.55§ Ax = Vi tpigne = 55.3m

PHYS 21: Chap. 2, Pg 22

tfe.* R Why?
22

The longest recorded pass in an NFL game traveled 83 yds

in the air from the quarterback to the receiver. If the pass

was thrown at a launch angle of 45°, what was the speed at
which the ball left the quarterback’s hand? x = 27.3 m/s

vix = v(cosh) vy = v(sind)

Uy — 1, —2v(sin @)
vy=vy=vy-gt D = DTeo RO

2v2(cos 0)(sin@)
g

2 9G6m) B g76m)
Y= 2(cos45)(sin45) ‘ V= S cosaytenag) = 273 M

o
ﬁ‘l 'a PHYS 21: Chap. 2, Pg 24

Ax = vyt = v(cos )t = =83yds=76m

24
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A cannon is aimed at a 40° angle and fires at a wall 300 m A cannon is aimed at a 40° angle and fires at a wall 300 m
away on level ground. If the initial speed of the cannonball away on level ground. If the initial speed of the cannonball
is 89 m/s, at what height & does the ball hit the wall? 4 4 is 89 m/s, at what height / does the ball hit the wall? 1 = 4.4 s
’ ’ =4.4s
h=1568m vix = v(cosf) = 68.27 Vix = v(sind) = 57.2 % h =156.8 m

At 300 ,__300m _ 300m _
= vigt = 300m ‘ T (cost) 6B2Z  F

=t —igt? = mye L op2
), = 89 mis Vp = vyt —5gt* = (57.27)t - gt* = 156.8m

300 m
h
I v, = 89 m/s
R l,l :
QS.ZSe:J PHYS 21: Chap. 2, Pg 25 QS.ZSe:J k e
25 26

In a James Bond movie, our daring secret agent has to deliver a package
in a subtle manner. From the roof of one building, he must kick the
package horizontally off the roof at just the right speed to have the
package sail through the window of a neighboring building. The
window is located 8 m below the roof and is 14 m away horizontally.
What must be the initial speed of the package? v, = 10.9 m/s

What is the final velocity of the package? v=16.6 m/s 0=-48.9°

y:%gf ) - 2 [ e
g g

In a James Bond movie, our daring secret agent has to
deliver a package in a subtle manner. From the roof of one
building, he must kick the package horizontally off the roof
at just the right speed to have the package sail through the
window of a neighboring building. The window is located
8 m below the roof and is 14 m away horizontally.

‘What must be the initial speed of the package? v, = 10.9 m/s

. . 0
‘What is the final velocity of the package? v =16.6 m/s

6 = -48.9°

v, XM oomss
t 1.28s

v, =v,, tat=0-gt=-12.5m/s
2 2 _ Al Y |
sm v=,v;+v, =16.6m/s  O=tan (V—‘Jf—4849°
14m PHYS 21: Chap. 2, Pg 28

King Arthur’s knights fire a cannon from the top of the castle wall.
The cannonball is fired at a speed of 50 m/s and an angle of 30°.
A cannonball that was accidentally dropped hits the moat below in 1.5 s.

x=vt

Vi = Vi + a e

8m sp = 8 + wAr + %al‘(m)l

% w2 = w2 + 2aAs
|3 3 3 14m
27
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Slz0=dCr0n

King Arthur’s knights fire a cannon from the top of the
castle wall. The cannonball is fired at a speed of 50 m/s
and an angle of 30°. A cannonball that was accidentally

dropped hits the moat below in 1.5 s a) How far from the castle wall b) What is the cannonball’s

does the cannonball hit the ground? | maximum height above the

= round?
a) How far from the castle wall does the cannonball x =238 m g
hit the ground? x =238 m Xo, =V, c0s0=43.3m/s
Xy, =V,8in0=25.0m/s

b) What is the cannonball’s maximum height above

1 z_l, N
the ground? -31.9+11m y=58 fzg(I.SA) 11.0m

Ymax

1,
Yy, :y,+v0vt+Eavt“

1,
0=11+25t-—gt* t=55
So =) s

X, =v,t =(43.3m/5)5.55)=238m

Vi = W, + a,At

s¢ = 85 + v AF + %u,(At)l

viZ = w2 + 2aAs

%
iﬂ e'.a PHYS 21: Chap. 4, Pg 29
29
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King Arthur’s knights fire a cannon from the top of the castle wall.
The cannonball is fired at a speed of 50 m/s and an angle of 30°.
A cannonball that was accidentally dropped hits the moat below in 1.5 s.

a) How far from the castle wall b) What is the cannonball’s
does the cannonball hit the ground? | maximum height above the
- 9 -
x =238 m ground? y_ = 31.9+11m
Xop =Vyc0860=433m/s .
v =v; —2gy
Xy, =V,8in0 =25.0m/s
0= vz‘ -2gy
y:%gt2 :%g(LSs)Z =11.0m 20'
1, y=—2=319m
y/:y,+vojt+§ajt 2g

Voax = 31.9m+11m =42.9m

1
0=11+25t——gt’ ‘ t=55s
2&

x, =vy,t =(43.3m/5)5.55)=238m

PHYS 21: CIEE. 4, Pg 31

“lzo=dcron

You pick up the ball 65 m from home plate, you see a runner rounding
third base and heading for home with the tying run. You throw the ball at
an angle of 30° above the horizontal with just the right speed so that the
ball is caught by the catcher at home plate at the same height as you
threw it. As you release the ball, the runner is 20 m from home plate and
running full speed at 8 m/s.  Will the ball arrive in time for your
team’s catcher to make the tag and win the game? fbn" =277 s

X -
x=65m=v1=(v,cos0) ‘ Y= d trun =2.50s

= _ 1

o Yy :y,+v0),t+5f1:t

[ I - ; Ly -

070+(v(,sm9)£—zgt e v g

[ &

L) _x _ g P 2.7csint9_277Y

L] tcos@® 2siné bl geos®

,207'”7250

N e " e PHYS 21: Chap. 4, Pg 33
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4) During which
section is the
magnitude of
the acceleration
experienced by g Tummmen
a rider the

greatest?

L=60m

1. The first section of the motion is a
ramp with no friction; riders start at
rest and accelerate down the ramp

circular segment at a constant
speed and end with a velocity
that is horizontal

3. The third section of the motion is a parabolic trajectory
through the air at the end of which riders land in the water. ***

5) Suppose the designers of the water slide want to
adjust the height h above the water so that riders
land twice as far away from the bottom of the slide.
What would be the new height h' above the water?

T, h"=4h=24m

35

PHYS 21: Chap. 4, Pg 35

1/24/2022

You are playing left field for the baseball team. Your team is up by
one run in the bottom of the 9 inning when a ground ball slips
through the infield and comes straight toward you.

As you pick up the ball 65 m from home plate, you see a runner
rounding third base and heading for home with the tying run. You
throw the ball at an angle of 30° above the horizontal with just the
right speed so that the ball is caught by the catcher at home plate at
the same height as you threw it. As you release the ball, the runner
is 20 m from home plate and running full speed at 8 m/s.

Will the ball arrive in time for your team’s catcher to make the
tag and win the game?

tou = 2.77 s

t 250 s

run

4.48 J PHYS 21: Chap. 4, Pg 32

1) At the end of the

first section, what is \
. L=60n o
the speed of a rider? " 1. The fist section of the mation i

b with no friction: riders start at
and accelerate down the ramp

2) What is the vertical

component of the 2. The second section of the
motiol la ent

velocity of a rider ihuch direction o
mot > around this

as she hits the circular segment at a constant :
speed and end with 2 VElogity sesereusssssmserssss™™”

water at the end? that is horizontal

- 3. The third section of the motion is a parabolic trajecton
vy = 3.4 m/s il S S A e i o b A I 5 e et

3) Suppose the accel. in the 2" section is too large to be
comfortable for riders. What can be done to decrease it?
a) reduce the radius of the circular segment

b) increase the radius of the circular segment

c) increase the ramp angle d) increase the ramp length
3.78-82 PHYS 21: Chap. 4, Pg 34
34

Jideo AnalYSS

Projectile
Motion




1/24/2022

L B
4 ConcepTest 5 Shoot the Monkey! ' gravity-free path Ai—.\g&_

If the monkey is released at ._path #1
the same moment as the dart . path #2
gun is fired, which path should . path #3

. oo
you use to determine your aim? depends on the

\ " speed of the dart

gravity-free path ‘l i@_

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, X S
,,,,,,,,,,,,,,,,,,,,,,,, P
,,,,,,,,,,,, o
2
38
high launch speed ’&%
When the Hunter Fires the Gun
the Monkey Drops the Coconut
gnaviivafieelpally o The gun is aimed at the coconut.

e Air resistance is negligible.
e Figure is not to scale.
Time is slowed down.

low launch speed ;;%
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In a contest at the county fair, a spring-loaded plunger
launches a ball at an initial speed of v, = 3 m/s from one
corner of a smooth board that is tilted up at a 20° angle.
To win a prize, you must make the ball hit a target at the
adjacent corner L = 2.5 m away.

At what angle 0 should you aim the launcher?

0 = 34.3°

20 -~ v, = v, +

sp = 8 + wAr + %z{‘.(Ar)3

v = w2 + 2a,As

By, |
ls".r
41 42




In a contest at the county fair, a spring-loaded plunger launches a ball at
an initial speed of v, = 3 m/s from one corner of a smooth board that is
tilted up at a 20° angle. To win a prize, you must make the ball hit a
target at the adjacent corner L = 2.5 m away. 0 = 34.3°

At what angle 0 should you aim the launcher?

v, =v,cosd L

v, =v,sind . V088

g'=g(sin20°)=3.35m/ s>

B 2
0=(v,sind L ) &g L
vycos60 ) 2| v,cosf

trig gL
identity =— 2sindcosd =" =0.93
o

0

sin20-093 EEEED  20=68.6° [EEEE) §-343°

PHYS 21: CIEE. 4, Pg 43
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Relative Motion

Joan runs to the right at 5 m/s. Balls
1. both th

1 and 2 are thrown to her at 10 m/s ° ¢ same

by friends on the ground. According 2._ball #1

to Joan, which ball is moving faster? <3._ball #2

|

ConcepTest 3

10 m/s

K‘; 10 /s :2
s

,*/J\

Ryan, Samantha and Tom are driving in their cars.
At the same time, a plane moving at 200 m/s is
flying overhead. Rank in order, from largest to

smallest, the jet's speed according to each person.

What are these relative speeds?

(R=220) > (5=180) > (T=160)

3.43 PHYS 21: Ch_aE 4, Pg 47
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T
4 ConcepTest 4 Relative Motion '

Joan runs to the right at 5 m/s. Balls 1

and 2 are thrown to her by friends on 1. both the same
the ground. According to Joan, both 2. ball #1

balls are approaching her at 10 m/s. 3. ball #2

Which ball was thrown faster? /

What are the ground
speeds of the balls?

ConcepTest 5 Relative Motion
Zack is driving past his house

and wants to toss his physics 1. path 1
book into the driveway. How 2. path 2

should he direct his throw to 3. path 3
\ accomplish this? /




/

Relative Motion
Zack and Yvette are driving side by

side with their windows rolled down. 1. path 1
Zack wants to toss his physics book @
into the front seat of Yvette's car. 3. path 3

\ How should he direct his throw? J

ConcepTest 6

2

A kayaker wants to paddle north across a 100 m wide river.
The current in the river is flowing to the east at 2 m/s.
The kayaker can paddle in still water at a speed of 3 m/s.

In which direction should the kayaker paddle in order
to travel straight across the river? 0= 418°

How long will it take the kayaker to cross the river?
t=446s

@ Landing %< @ Landing position

s Vaiver, and

straight path

Vaoat, River

Veoat, Land » i
3 4 Veoat, and N

angled path

1/24/2022

4 ConcepTest 8 Relative Motion

A jet has an airspeed of 980 km/hr 1. v=120

and it flies in a wind of 120 km/hr 2. 120 < v < 980

in a different direction. What is 3. v =980

the ground speed of the plane? 4. 980 < v < 1100
5. v =1100

Bemerkung: Die
Richtung von Y ugeeus

ist beziiglich der Luft|
eingezeichnet.

A kayaker wants to paddle north across a 100 m wide river.
The current in the river is flowing to the east at 2 m/s.
The kayaker can paddle in still water at a speed of 3 m/s.

In which direction should the kayaker paddle in order
to travel straight across the river?

How long will it take the kayaker to cross the river?

&

is :J PHYS 21: Chap. 4, Pg 51
9
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2 5| & Landing

s sinf == EE) 0=418° v 21

[ = J

. m Voat, Land|
w Vboat,land = 3cosO = 2.24 ? "

n

n Ax 100m 446

=—= =446s

o 2247

N
52



