Module 1: Describing Motion
Topic 3 Content: Acceleration

Acceleration

Now that we understand displacement and velocity, we will begin to understand how to
represent and analyze when velocity is changing.
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e
You Can Feel It!

When Kenny Bernstein rolls to the line in his Top Fuel dragster, preparing to run the quarter
mile, he must be anticipating the feeling to come. When the starting lights flash green, he
may go from zero to over three hundred thirty miles per hour, nearly one hundred and fifty
meters per second, in less than four and a half seconds. Most people can only imagine that
feeling which is more dramatic than astronauts in the space shuttle feel at launch.

In our everyday lives, as we drive down the street, starting and stopping and turning left
and right, we feel smaller versions of the same sensation.

All of these sensations come from being accelerated.
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" Acceleration

‘Definition of Acceleration
=

Acceleration = change in velocity

elapsed time

Acceleration is a Vector

Units for Acceleration

Acceleration is how fast your velocity changes. We calculate average acceleration by dividing the
change in welocity by the elapsed time required to make that change. In this course, we only will
be dealing with situations where the acceleration is smooth, or constant, so we will simply refer to
it as acceleration and not average acceleration.

The symbol we will use for acceleration is a lower case a, so our equation for acceleration is a
equals v minus v zero over t, or delta v ower t.
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" Acceleration

=,

Acceleration is a Vector

=

Positive
Acceleration is a Vector
Negative Positive
Units for Acceleration Negative
deeeleration — negative acceleration
[ ]
i

Acceleration is a vector quantity. Remember that vectors have both magnitude and direction. So
an acceleration to the right is very different from an acceleration to the left. In most cases, we will
indicate direction with the use of positive and negative. Typically up, North, right and East are
considered positive directions and down, South, left and West are considered negative. All the
equations would still work if you chose different directions to be positive, however. You mayhave
used the terms acceleration and deceleration in the past to describe motion. In physics, we will
awid the use of the term deceleration. Instead, we will identify the direction in which the
acceleration is happening and identify it as positive or negative acceleration. A car traveling with
a positive velocity will not be said to decelerate when the driver steps on the brakes, but instead it
will be said to accelerate in a negative direction, but instead will undergo negative acceleration.
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(Acceleration

‘Units for Acceleration
-

Meters per second, per second - “Meters per second squared”

Acceleration is a Vector

Q-

Units for Acceleration

What are the units for acceleration? We can see what they are by looking at the equation.

We have a change in velocity, which is measured in meters per second, divided by time in
seconds. The answer is in units of meters per second, per second. In math when dividing by a
number it is the same as multiplying by one owver the number. So we have meters per second
times one over seconds, or meters divided by seconds squared.

We call this meters per second squared.

Don’t worry that there’s no such thing as a square second. You will discover that often the units
in physics may be written in an interesting way, but that they will always be useful in helping you

to identify logical answers from illogical ones, as well as to see if an equation you use makes
sense.
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Example 1
" A car is traveling 10 meters per second.
The car accelerates smoothly to a speed

of 35 meters per second over a time of
five seconds.

10 m/s a=5m/s? 35 m/s
—_— _ —_
Table of Values S Substitution
vV, =10 m/s 5 V=1,
v=35m/s a=
t=5s t
/ / /
. . ms _10m/ 25 m/
Choice of Equation = 35 /s 0 /s _ 3 %

s =5 V
v—v, & S5s Ss s

t 4

a=

Let’s take a lookat how you calculateacceleration. Supposewe have a carthatis traveling 10 meters per
second. The driver steps on the accelerator and smoothly brings the car to a speed of 35 meters per second
over a time of five seconds. You’ll consider the direction the driver is goingto be positive.

Itis helpful to firstdrawa picture. You don’t actually need to draw a picture of a car, but you canifyou want
to . Inthis case, you’ll simply represent the car with a circle.

The initial speedis 10 meters per second to the right. You’ll show this with anarrow to the right to represent
the vector nature of velocity. The final velocity of the caris 35 meters per second, alsoto the right.

Now, let’s write down a table of values to collectourinformation.

Initial velocity, v zero, equals 10 meters per second.
Final velocity, v, equals 35 meters per second.
And time equals fiveseconds.

You now write down our acceleration equation, acceleration equalsfinalvelocity minus initial velocity divided
by time.

Now you can plug inyour values andsolve.

We find that the accelerationis positivefive meters per second per second, or five meters per second
squared.

Positive means that the acceleration was inthe same direction as the initial velocity thatwe had defined as
positive. You can add anarrow representing the acceleration to our picture.

Notice that five meters per second per second means that each secondsawan velocityincreaseoffive
meters per second. After one second the car went from ten to fifteen meters per second. Over the next
second, the car added another five meters per second to its velocity to go from fifteen to twenty, andsoon.
An additional five meters per second added to the velocity, each second. That’s what five meters per second
per second means.
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Example 2

A car is traveling 35 meters per second.
The car accelerates smoothly to a stop over
a time of two and a half seconds.

om/s
. 35m/s a=-14 m/s?

E?Elggixillles 258 Substitution
v=o0m/s V=y,
t=25s a=—-"
1
Choice of Equation 0-35 ’",»"r 35 sk
1= /s _ /s _ m

v—=y, Av a= = ——14/:

a=—7"L=— 25§ 255 s
t t

For our next example, let’s start with the same car, now moving positive thirty five meters
per second. When the brakes are applied, the car smoothly comes to a stop over the next
two and a half seconds.

Again, we’ll draw a picture showing the car at its initial velocity and later at rest at its final
velocity.

As we complete our table of values, the initial velocity is 35 meters per second, the final
velocity is zero meters per second and the time is two and a half seconds.

We again select our acceleration equation.

When substituting here, you must be very careful to place v and v zero in the right places.
Since the car goes from 35 meters per second to a stop, the change in velocity is actually
negative thirty five meters per second, resulting in a negative acceleration.

We can now place an acceleration arrow on our diagram. The acceleration is negative
(since itis to the left), and thus the acceleration arrow must also point toward the left. A
negative acceleration will cause a positive velocity to decrease.

Again, you might still be tempted to call this a deceleration, but let’s see what happens if a
negative acceleration continues to act.
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Example 3
/An ice skater is gliding to the right at 5 meters R

per second when a constant headwind arises and

accelerates the skater to the left at a rate of 1.5

meters per second squared. What will be the

\ velocity of the skater after six seconds? -
5m/s a=-1.5m/s?
_—
Table of Values @ Substitution
Vo =35m/s 6s o BV
a= -1.5m/s? e _{
t=6s s
‘,l —
Choice of Equation -1.5= p
)
X% AV -9=v-5
t t —

An ice skater glides along on some frictionless ice at five meters per second and a strong
wind comes up opposite the skater's motion changing the skater’s acceleration to the left
at one point five meters per second squared. What will be the velocity of the skater after
six seconds?

First, we candraw a diagram to represent the situation. The initial velocity is to the right,
sowe’ll call that positive. The acceleration is in a negative direction, so we’ll draw that
arrow to the left.

Now we can fill out our table of values. The initial velocity is five meters per second, the
acceleration is negative one point five meters per second squared and the time is six
seconds.

Again, we’ll use our acceleration equation and substitute in the values. In this case, we
have to solve for the final velocity, v, and we see that our resultis negative four meters per
second. That means that the skater is now moving at four meters per second to the left.

So the skater was moving to the right, had a negative acceleration, which caused it to slow
down in the positive direction, then speed up in the negative direction, leading to a
negative velocity. If an object is speeding up in a negative direction, canyou consider it to
be decelerating? This is why we simply choose to call it negative acceleration instead of
deceleration, so we can avoid the confusion about speed decreasing or increasing.
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' Acceleration Summary

Acceleration
(

¥,
[ .
Acceleration

Let's summarize acceleration.
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' Acceleration Summary

Change in position over time = velocity
f

(

r . Ly
Change in position over
time = velocity g crange velociry ;

A change in position over time was defined as velocity.
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' Acceleration Summary

Change in velocity over time = acceleration
f

7

@ : .
Change in velocity over
time = acceleration g cnange velacly ;

We define a change in velocity over time as an acceleration.
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§Acceleration Summary

Acceleration is a vector
f

—
rJlkcceleraticm is a vector.
We use “negative
acceleration” instead of
"deceleration."

Acceleration, like velocity and displacement, is a vector quantity that includes both magnitude and
direction. We will use the term negative acceleration instead of referring to deceleration because
a negative acceleration can cause slowing down in the positive direction or speeding up in the
negative direction.
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“Acceleration Summary

Acceleration will change velocity in the direction of the acceleration vector
f

. i

( . .
Acceleration will change
velocity in the direction of
the acceleration vector

As we saw in the examples, the direction of the acceleration vector shows the direction that the
velocity vector will change. When velocity and acceleration have opposite signs, objects slow
down. When welocity and acceleration have the same sign, objects speed up.
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“Acceleration Summary

Constant acceleration only
f

o Joange velucjry

o
e
p
(5
&
b

o

~

( . 3
Constant acceleration only

)a\a)'.}V

o

A
o

Finally, in this course, we will only be dealing with situations invlving constant acceleration.
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Acceleration Practice Problems Set 1

Now that you've seen some examples of calculating acceleration, you should try a few of
your own. Work out the problems yourself before looking at the answers. Remember to
follow the problem solving steps that we’ve been using, in order to properly organize your
thoughts and have the best chance of effectively solving the problems.

15
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e —
Problem Set 1, #1 |

on and bounces back in
the opposite direction at
10 m/s. If the ball is in
contact with the wall for
0.025 seconds, what is
the acceleration of the

\ ball as it strikes the wall? | /

A tennis ball moving at twelve meters per second strikes a wall head-on and bounces back
in the opposite direction atten meters per second. If the ball is in contact with the wall for
zero point zero two five seconds, what is the average acceleration of the ball as it strikes
the wall?

Note that we mention average acceleration here. Just as when looking at a situation where
position is changing over time, we can look at the absolute change in position over a period
of time to calculate average velocity, we will look at the absolute change in velocity in this
example to calculate average acceleration.

16
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Problem Set 1, #1 Answer

A tennis ball moving at 12 m/s strikes a wall head-on and
bounces back in the opposite direction at 10 m/s. If the
ball is in contact with the wall for 0.025 seconds, what is
the acceleration of the ball as it strikes the wall?

12 m/s
Table of Values E— @
v,=12m/s a=-880m/s?
v=-10m/s
t=0.025s -10 m/s. 0.025s
—
Choice of Equation
POt Av Substitution
t t V=
a=—=
!
-10-12 -22
a= =——=-880"/,
0.025 0.025 s

First, you should draw a picture to represent the situation. Let’s consider right to be
positive. The initial velocity of the ball is twelve meters per second. The final velocity of
the ball has to be negative ten meters per second because itis in the opposite direction.
The time of contact with the wall was zero point zero two five seconds.

Now you will choose an equation, which is the same acceleration equation we’ve been
using. As you substitute your values and solve, you must be careful to substitute the values
for vand v zero in the right places and pay close attention to positive and negative values.
Students will often make the mistake that the change in speed from plus twelve to negative
ten is a change of only two, but if you think of these two numbers on the number line, to
get from plus twelve to negative ten, you’d have to move twenty two spaces. This is why it
is important to identify values with variables and place them carefully into the equations.

You can now add the acceleration vector to the diagram, showing that the change in the
ball’s velocity, from positive to negative, is in the same direction as the acceleration.

17
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I
Problem Set 1, #2

~ An astronaut is floating
backwards away from the
space station at 2 m/s. He
activates his rocket pack,
which accelerates him
towards the station at
constant rate of 0.5 m/s2.
If he reaches the space
station with a speed of 2.5 <
m/s, how long did it take

him to reach the station?J

An astronaut is floating backwards away from the space station at 2 meters per
second. He activates his rocket pack, which accelerates him towards the station at
constant rate of 0.5 meters per second squared. If he reaches the space station
with a speed of 2.5 meters per second, how long did it take him to reach the
station?

18
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e
Problem Set 1, #2 Answer

* An astronaut is ﬂoatmg backwards away from the space
station at 2 m/s. He activates his rocket pack, which

accelerates him towards the station at constant rate of
= O
— ——
vV, =-2m/s
V- \_!0 ’ _ V=V
25-(-2) _45

0.5 m/s? If he reaches the space station with a speed of
2.5 m/s, how long did it take him to reach the station?
2.5 m/s
a=0.5m/s?
Table of Values —
v=25m/s
a=0.5m/s? Substitution
Choice of Equation a=—" S 2
t a
v=y, Av
= p=2r AR a0
J { 0.5 05

a=

Your first step is should be to draw a picture to better represent the information you have
been given. In this case, since the astronaut is moving backwards, we’ll have him moving
to the left at a negative velocity, with the space station to his right. It is easiest to
represent the astronaut as a simple circle. After the acceleration, the astronaut is moving
to the right at an unknown speed. Since he reaches the station, the acceleration must be
to the right.

You can now complete the table of values. Initial velocity is negative two meters per
second. Final velocity is two point five meters per second and acceleration is positive zero
point five meters per second squared. Your equation, once again is the acceleration
equation.

When you substitute and solve, you have a choice of rearranging the equation to solve for
your unknown variable first, or plugging in the values right away and solving. Here, we’ve
rearranged the equation showing that t equals v minus v zero over a.

We solve and get a result of nine seconds.

Notice that the acceleration vector initially points in an opposite direction to the velocity
vector, causing the astronaut to slow down. The acceleration continues at a constant rate,
even when the astronaut momentarily passes through zero velocity so that the velocity
vector now points in the same direction as the acceleration vector, making the astronaut
speed up in a positive direction.

19



Q
whro

EDUCATION

Module 1: Describing Motion
Topic 3 Content: Acceleration Presentation Notes

e —
Problem Set 1, #3

r
accelerates his car
from rest at a
constant rate of 31
m/s? for 4.5
seconds. What is
the final speed of
the car?

L /

A drag racer accelerates from rest at a constant rate of acceleration of thirty one meters
per second squared for four point five seconds. What is the final speed of the car?

20
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I
Problem Set 1, #3 Answer

A drag racer accelerates his car from rest at a constant

rate of 31 m/s? for 4.5 seconds. What is the final speed
of the car?

i om/s a=31m/s? i v

455

Table of Values Substitution

Yo=0 m’{s,. vy

sl a=h

Choice of Equation at=v-v, v=0+(31)(4.5)
v—v, Av v=y, +at v=139.5%

aq=——=
t t

The first step, as always is to draw a diagram. You know that direction to the right is
positive. The initial velocity of the caris zero and the acceleration is positive 31 meters per
second squared, so the final velocity is going to also be to the right. The time is four point
five seconds.

You can enter these values into a table of values and again choose the acceleration
equation.

Now you can either substitute your values directly into the equation or rearrange the
equation, solving for the unknown variable. In this case, we’ll rearrange the equation to
solve for v.

We multiply both sides of the equation by t, then add v zero to both sides. The final
equation is v equals v zero plus a t, or final velocity equals initial velocity plus acceleration
times time. This is a useful form of this equation that you will come across againin a later
lesson.

Now, we’ll substitute values and solve and see that the final velocity is one hundred thirty
nine point five meters per second.

This is about three hundred and twelve miles per hour, actually a reasonable speed for
professional drag racing.

21
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Motion Graphs

We have already taken a look at describing motion graphically. We created and analyzed
position time graphs that represented objects in constant motion and at various speeds. In
this lesson, we will extend our understanding, adding velocity and acceleration graphs so
that we can see the relationship between all three.

22



Module 1: Describing Motion
Topic 3 Content: Acceleration Presentation Notes

" Position-Time Graphs

Velocity airplane
automobile

=

(o bike rider
o

s —

3

(= walker

Time (s)

Negative Slope

Slope = Velocity

Remember that on a position-time graph, the slope of the graph represents the velocity of the
object.
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" Position-Time Graphs

Flat

Position (m)

Negative Slope flat = zero slope = at rest

Flat lines have a slope of zero and represent a zero velocity, or an object at rest.
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" Position-Time Graphs

‘Negative Slope

a

Postion (m)

Negative Slope

negative slope = negative velocity

Lines with negative slope represent objects with negative velocity.
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"Velocity-Time Graphs

‘Introduction

Constant Positive P

Position(m)

Straight Line

Constant

Velocity (m/s)

Add Values

We could also create \elocity-time graphs. The welocity-time graph displays the slope of the
position-time graph at each instant of time.

\
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" Velocity-Time Graphs

‘Constant Positive
Constant Positive P
- 4
=)
S 3
=] o
o -1
Time (s)
Straight Line s " ]
¢ constant postne Zope - conmant postive velosty
~
-
=
—
Constant -:'
8 Time (s)
)
=
Add Values

The first section of the position-time graph has a constant positive slope. The position increases
at a constant rate as time increases indicating a constant velocity that is greater than zero. The
velocity-time graph for this section would show a constant positive value.

27
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"Velocity-Time Graphs

Constant Positive

-

Position(m)

Straight Line

Constant

erosiope = 2870 velocky

Velocity (m/s)

Add Values

The next section is a flat line, with zero slope. The position remains constant as time passes, so

the velocity in this section has a value of zero.
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" Velocity-Time Graphs

‘Straight Line

Constant Positive p

Position(m)

Time (s)

Straight Line

2670 dope = 2er0 valocky

II .‘I
Time (5)

Constant

—

z
-

o]
o=t
]
k-
LY
-

Add Values

You'll notice that the two line segments were connected with a vertical line. In real life, the
velocity can’t change to zero instantaneously, but in this example, for simplicity, we’ll simplify the
situation and use a straight line.
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" Velocity-Time Graphs

- = NI
Constant ‘
Constant Positive P
8
F
o
Time (s) -
E:- conmant nagative siope = conmant nagative velseity
Straight Line E —I
=
g Time(s) L
@
) v
Constant
shows slope of position-time graph
Add Values
_1'_""“

In our final segment, the position is changing in a negative direction rather quickly. The slope of
the line is constant and negative, so the velocity is constant and negative. We therefore draw the
velocity as constant and negative. Notice that this portion of the velocity-time graph is further
away from zero than our first portion because the slope of this segment of the position-time graph
is steeper than the first one.
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"Velocity-Time Graphs

'Add Values

Constant Positive P

.

—
—
—
—

S
—
—_
=

- —

-—

-
]

O

—

Time(s)

Straight Line

Constant

Velocity (m/s)

Add Values

If we were to add actual values to our graphs, the value for velocity would be the slope of that
section of the position-time graph.
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Acceleration-time Graphs

I/_\ '1‘1/ )
\/ me (s

&

Velocity (im/s)

Position (m)

—

\/rime (s)

Time (s) ! Time (s)

Velocity (m/s)
Acceleration (m/s?)

What does acceleration look like on these graphs?

Remember that just like velocity is change in position over time, acceleration is change in
velocity over time. The slope of a position-time graph gave us velocity, so the slope of a
velocity-time graph must give us acceleration.
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" Acceleration SUmmary

‘Slope of Position-Time Graph

Slope OfEﬁ’;gLO“’Time slope of position-time graph gives velocity

Slope of Velocity-Time
Graph

Curvature

Peaks and Valleys

The slope of a position-time graph indicates the velocity of the object.
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| Acceleration Summary

‘Slope of Velocity-Time Graph

Slope c’fgf;;t:]o“‘-”"‘e slope of velocity-time graph gives acceleration

Slope of Velocity-Time
Graph

Curvature

Peaks and Valleys

The slope of the velocity-time graph indicates the acceleration of the object.
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| Acceleration Summary

‘Curvature |

Slope c’fgfas;t;o“‘-”me curvature of a position-time graph shows acceleration

Slope of Velocity-Time
Graph

Curvature

Peaks and Valleys

The curvature of the position-time graph indicates the acceleration of the object, with positive,
“smile” curvature indicating positive acceleration and negative, “frown” curvature indicating
negative acceleration.
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" Acceleration SUmmary

‘Peaks and Valleys Y

Slope °fg°5it*i1°”‘Time peaks and valleys of position-time graphs show when
P velocity equals zero and where object is at maximum
and minimum displacements

Slope of Velocity-Time
Graph

Curvature

Peaks and Valleys

The peaks and valleys of a position-time graph indicate where the wvelocity momentarily passes
through zero and the object is at rest. This is also where the object reaches local maximum and
minimum displacements.
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