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Circular Motion Uniform Circular Motion
. . The velocity is tangent to the
. = To begin the study of circular circle. The velocity veetors
= Consider a ball on a roulette motion, consider a particle that e areall the same fength
wheel moves at constant speed —

= |t moves along a circular
path of radius r

= Other examples of circular
motion are a satellite in an
orbit, or a ball on the end of a

around a circle of radius r

= This is called uniform
circular motion

= The time interval to complete
one revolution is called the

strirjg o period, T
= Circular motion isan = The period T is related to the o
example of two-dimensional speed v:
motion in a plane :
1 circumference 2mr
y=r =2
1 period T
Angular Position Angular Velocity
v Sitl
= Consider a particle at a = Aparticle on acircular path {j‘;:g‘;f’";‘,‘ Ty
distance r from the origin, at This is the particle’s moves through an angular : \
an angle 6 from the POSitive X angular position. o Particle displacement A = 0f — 0i ina Ihe particle has &
axis — Arc length time interval At = t;—t; anangular dis-
H ) . lacement Af."%
= The angle may be measured i . = In analogy with linear g : _Position
in degrees, revolutions (rev) or ! motion, we define: \ attime
radians (rad), that are related L \0 . _As \
by: - average angular velocity = Al |
Y- 1 = 360° = 27 rad > Center of t | 0 ¥
rev = = ral circular motion . ) ' .
= If the angle is measured in radians, then there is a simple * As the time interval At becomes very small, we arrive at the
relation between 6 and the arc length s that the particle travels definition of instantaneous angular velocity
along the edge of a circle of radius r: AO  d
. w=lim —=— angular velocit
s=rf (with 6 in rad) a—0 At dt (ang y)



Angular Velocity — wisposiive

counterclockwise

= Angular velocity w is the rate

at which a particle’s angular

position is changing

= As shown in the figure, » can

be positive or negative, and this

follows from our definition of

= A particle moves with

uniform circular motion if  is alstea
constant

= w and 0 are related graphically:

= slope of the 6-versus-z graph at time ¢
6; = 0; + area under the w-versus-f curve between £ and #;
=6, + wAt

Section 4.6

The instantancous
velocity v is tangent to

the circle at all points

Centripetal Acceleration

= In uniform circular motion, .
although the speed is constant, ¥
there is an acceleration because |
the direction of the velocity Y\ iw
vector is always changing ]
= The acceleration of uniform
circular motion is called
centripetal acceleration

For uniform circular motion

the acceleration d points to

the center of the circle.
lar velocity

= The direction of the centripetai éccgiyération is toward the
center of the circle

= The magnitude of the centripetal acceleration is constant for
uniform circular motion
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Angular Velocity in Uniform Circular Motion

= When angular velocity w is constant, this is uniform
circular motion

= In this case, as the particle goes around a circle one
time, its angular displacement is A9 = 2z during one
period At=T

= The absolute value of the constant angular velocity is
related to the period of the motion by

27r rad 27t rad
ol == o T=TT0C
T o]
Tangential Velocity llts V8 gt

the circle at all points.

= The tangential velocity
component v, is the rate ds/dt at
which the particle moves )
around the circle, where s is the « ‘
arc length \
= The tangential velocity and
the angular velocity are related
by

v, = wr (with @ in rad/s) the center

The angular velocity

is constant

= In this equation, the units of v, are m/s, the units of w are
rad/s, and the units of r are m

dv is the arc of a circle
with arc length dv = vdf

Centripetal Acceleration
= The figure shows the These are the velocities at times

. . tand 1 + dt. The inset shows
velocity V; at one instant and . ne change in velocity.
the velocity V; an
infinitesimal amount of time

dt later ol
= By definition, & = dv/dt

= By analyzing the isosceles |
triangle of velocity vectors, \

we can show that:

=

v A 2 B
a= = toward center of circle (centripetal acceleration)

which can be written in terms of angular velocity as: a = w?r



Section 4.7

Angular Acceleration

1=0s
| a=2rnds

= Suppose a wheel’s rotation is
speeding up or slowing down

= This is called nonuniform circular
motion

= We can define the angular
acceleration as

© = 0 rad/s

r=1s

I - S T a=2radls?
aw J
a= dr (angular acceleration) — Ancu
velocity
increases by
2 rad/s per
H second.
= The units of « are rad/s? N
= The figure to the right shows a wheel” 1=2s

a =2 radls?

with angular acceleration a = 2 rad/s?

Angular Kinematics

= The same relations that hold for linear motion between a,, v,
and x apply analogously to rotational motion for o, w and 6
= There is a graphical relationship between a and w:

a = slope of the w-versus-7 graph at time ¢

w; = w; + area under the a-versus-f curve between ¢ and 7;

= The table shows a comparison of the rotational and linear
kinematics equations for constant o or constant a,:

Rotational kinematics Linear kinematics

w; = w; + a At
>

0;= 0.+ w, At + s a(Ar)?
o = o’ +2a A0

v = v, +a, At
sp= 8+ v, Ar+ -%a\(Al‘)2

2

"
Vi = v+ 2a,As

Angular Velocity of a
Rotating Object

= The figure shows a wheel
rotating on an axle

= Points 1 and 2 turn through
the same angle as the wheel
rotates

= Thatis, Af; = A8, dUring gyery pointon

the wh

some time interval At
= Therefore v, = w, = @

circula
same a

Axle

eel undergoes
r motion with the
ngular velocity .
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= All points on the wheel rotate with the same angular velocity
= We can refer to w as the angular velocity of the wheel

The Sign of Angular Acceleration

= If w is counter-clockwise and |w| is increasing, then a is positive
= If w is counter-clockwise and |w] is decreasing, then « is negative
= If w is clockwise and || is decreasing, then « is positive

= If w is clockwise and |w| is increasing, then a is negative

Initial angular velocity

r— NI

/

Slowing down ccw

w>0
a>0

Speeding up cew

Acceleration in
Nonuniform Circular
Motion
= The particle in the figure is
moving along a circle and is

speeding up

The tangential
acceleration
causes the
particle 1o

change speed

The velocity is

the circle, so the
radial component
v, is always zero.

= The centripetal acceleration is / bl >a, \\

a, = v@/r, where v, is the [ acceleration (48 ______ L
tangential speed ‘\‘ fﬁ‘.\".\,fl-”ffﬂ peme S Reference
= There is also a tangential direction. j i
acceleration a, which is always \\ . / angles
tangent to the circle TR =

= The magnitude of the total ular velocity w is

the rate of change of 8. ©

is positive for ccw rotation,

acceleration is

2 2
a=Va, +a

negative for cw rotation



Nonuniform Circular Motion \
= A particle moves along a i -
circle and may be changing / a '\
speed ( 1 ——— |

= The distance traveled along
the circle is related to 6:

\.

s=rbo (with @ in rad) h W L )
%

= The tangential velocity is related to the angular velocity:
v, = or (with w in rad/s)

= The tangential acceleration is related to the angular

acceleration: _dv, _dwr) _do

a, o

dt dt  dt
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