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Introduction

When the velocity of a particle changes with time,
the particle is said to be accelerating.




2.3 Acceleration

= Average Acceleration

* The average acceleration a, of the particle is defined as the change
in velocity Av,divided by the time interval At during which that
change occurs:

Attt
* Because the dimensions of velocity are L/T and the dimension of
time is T, acceleration has dimensions of length divided by time

squared, or L/T2. The Sl unit of acceleration is meters per second
squared (m/s2).

In one dimension, positive and negative can be used to indicate
direction.




2.3 Acceleration

" |nstantaneous acceleration

Instantaneous acceleration define as the limit of the
average acceleration as At approaches zero.

. Avy _ dvy _ d (dx d?x
a, = lim —% =—% = = —
At—0 At dt dt \dt dt?

That is, the instantaneous acceleration equals the
derivative of the velocity with respect to time, which by
definition is the slope of the velocity—time graph.

The term acceleration will mean instantaneous
acceleration. If average acceleration is wanted, the
word average will be included.




2.3 Acceleration

" |nstantaneous acceleration

The slope of the velocity-time graph is the acceleration. The
green line represents the instantaneous acceleration. The
blue line is the average acceleration.

The slope of the green line is
the instantaneous acceleration

of the car at point 8 (Eq. 2.10).

The slope of the blue

line connecting ® and
is the average

acceleration of the car
during the time interval
At = tr— t; (Eq. 2.9).




2.3 Acceleration

= Acceleration and Velocity, Directions

When an object’s velocity and acceleration are in the same
direction, the object is speeding up. When an object’s
velocity and acceleration are in the opposite direction, the

object is slowing down.




2.3 Acceleration

Example 2.5 Average and Instantaneous Acceleration

The velocity of a particle moving along the x axis varies in
. . B ' v ,9 .
time according to the expression vy = (40 = 31%) m/s,
where {1s in seconds.

(A) Find the average acceleration in the time interval £ =0
tol=20s.

Solution Figure 2.8 is a v,-t graph that was created from
the velocity versus time expression given in the problem
statement. Because the slope of the entire v,-f curve is nega-
tive, we expect the acceleration to be negative.

We find the velocities at ;= fa = 0 and (= g =2.0's
by substituting these values of /into the expréssion for the
velocity:

U = (40 = SIAQ) m/s = [40 = 5(0)2] m/s = + 40 m/s

v = (40 = big?) m/s = [40 = 5(2.0))] m/s = + 20 m/s

Therefore, the average acceleration in the specified time in-
terval Af=tg—tp=2.05s1is

Uy Uy Up U (20-40)m/s
1, =— = =
N g — Iy (20 = 0) s
= —10m/s?

The negative sign is consistent with our expectations—
namely, that the average acceleration, which is represented
by the slope of the line joining the initial and final points
on the velocity-time graph, is negative.

(B) Determine the acceleration at { = 2.0 s.




2.3 Acceleration

Solution The velocity at any time fis vy; = (40 — 5t2) m/s
and the velocity at any later time ¢ + A¢ is

vy = 40 = 5(1 + An? = 40 — 51 — 101 At — 5(A)?
Therefore, the change in velocity over the time interval Atis

Av, = Uf =~ Uy = [— 10t At — 5(AH2] m/s

Dividing this expression by Af and taking the limit of the re-
sult as At approaches zero gives the acceleration at any time :

Av
a, = lim * = lim (=10t — 5Af) = —10¢f m/s?
Y oAat—o0 At At—>0( )

Therefore, at t = 2.0 s,
a, = (—10)(2.0) m/s2 = —20m/s

Because the velocity of the particle is positive and the accel-
eration is negative, the particle is slowing down.

Note that the answers to parts (A) and (B) are different.
The average acceleration in (A) is the slope of the blue line
in Figure 2.8 connecting points & and ®. The instanta-
neous acceleration in (B) is the slope of the green line
tangent to the curve at point ®. Note also that the accelera-
tion is nof constant in this example. Situations involving con-
stant acceleration are treated in Section 2.5.
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Figure 2.8 (Example 2.5) The velocityv—time graph for a
I ) ) graj
particle moving along the xaxis according to the expression

v, = (40 — 5¢%) m/s. The acceleration at {
slope of the green tangent line at that time.

2 sis equal to the




2.3 Acceleration

ple, suppose xis proportional to some power of ¢, such as in the expression
x = At"

where A and n are constants. (This is a very common functional form.) The derivative
of x with respect to {1s

dx 1
— = nAt"
(!

Applying this rule to Example 2.5, in which v, = 40 — 512 , we find that the accelera-
tion is a, = dv,/dt = —10t.
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2.5 One-Dimensional Motion with
Constant Acceleration

If the acceleration of a particle
varies in time, its motion can be
complex and difficult to analyze.

Slope

Slope = n,;

 Simple type of 1-D motion is 0
that in which the acceleration
is constant. When this is the

fa)

case, the average acceleration M =TT
over any time interval is R %
numerically equal to the g —
instantaneous acceleration a, ”"”

at any instant within the

interval, and the velocity Slope = 0
changes at the same rate [
throughout the motion. 0




2.5 One-Dimensional Motion with
Constant Acceleration

average acceleration

AV, Uyp — Uy

a. = =
Aty
average velocity
_ Ax  Xf — X
VI= =
* At At

or
Xf— X; = Uy At

Ax = x5 — X;

Atztf—ti




2.5 1-D Motion with Constant Acceleration

dvy d?x

for situations a = == Consand At =t —t; =t—0=t
Vi f — Uy
a, = xtf_oxl O VUxf = Uy + Ayt
f
U_x=vxi-|2_vxf

While xp — x; = U, At = 1/2(vxf + vxl-)t

1
X = X + f(vxi + vxf)t

1 1
Xf = X; +§(v’d + Uy + ayt )t = x; +§(2vxi + a,t)t
L
Xf = Xj T Uyl + Eaxt
1 Uxf — Uxi vxfz _ vxiz
Xp = X; + > (vxi + vxf) < n = Xx; + 2a,

Uyf? = Uy + 20, (xp — X;)




2.5 One-Dimensional Motion with
Constant Acceleration

For constant acceleration
a, = Consand At =t
I Uyi T Uxf
Uy =
2
This applies only in situations where the acceleration is constant.

1
Xf = Xj + E(Uxi + Uxf)t

This gives you the position of the particle in terms of time and velocities. Doesn’t

give you the acceleration

! 2
xf = X + vxl-t i Eaxt
Gives final position in terms of velocity and acceleration Doesn’t tell you about final

velocity
Uyp® = Uy + 20, (X — x;)

Gives final velocity in terms of acceleration and displacement Does not give any
information about the time




2.5 One-Dimensional Motion with
Constant Acceleration

For motion at zero acceleration
a,=0and v, =C
Uxf = Uxi = Uy

1
Xf = X; +§(vx + v, )t

Xf = X T Uyt

That is, when the acceleration of a particle is zero, its
velocity is constant and its position changes linearly with
time.

The constant acceleration model reduces to the constant
velocity model.




2.6 Freely Falling Objects

A freely falling object is any object moving freely
under the influence of gravity alone, regardless of its
initial motion. Objects thrown upward or downward
and those released from rest are all falling freely
once they are released. Any freely falling object
experiences an acceleration directed downward,
regardless of its initial motion.

e At the Earth’s surface, the value of gis
approximately 9.80 m/s2.

* we always choose a,,=-g=-9.80 m/s2




Lecture Summary

The average acceleration of a particle is defined as the ratio of the
change in its velocity v, divided by the time interval At during which
that change occurs:

Attt

: 'y . - . A
The instantaneous acceleration is equal to the limit of the ratio % as

At approaches 0. By definition, this limit equals the derivative of vy
with respect to t, or the time rate of change of the velocity:
Avy dvy d <dx> d?x

— i _ Rem ) _ T T
T A0 At dt dt\dt)  dt?

When the object’s velocity and acceleration are in the same direction,
the objectis speed in gup. On the other hand, when the object’s
velocity and acceleration are in opposite directions, the objectis
slowine down.




Lecture Summary

The equations of kinematics for a particle moving along the x axis
with uniform acceleration a, are:

Kinematic Equations for Motion of a Particle Under Constant Acceleration

Equation Information Given by Equation

Upf = Uy T @yl Velocity as a function of time

xp =x;t %(zrﬁ + zrxf}ﬁ Position as a function of velocity and time
Xp = x;t vyt + %axtg Position as a function of time

zr:J,rE = T.Jm'g 1 Eax{xjr — X;) Velocity as a function of position
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