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10-3 Relating the Linear and Angular Variables, Example on Module 10 - 3

An astronaut is tested in a centrifuge with radius 10 m and rotating according to
¥ =0.30t2. At t = 5.0 s, what are the magnitudes of the:

(a) angular velocity, (b) linear velocity, (c) tangential acceleration, and (d) radial
acceleration?

10m
=2(0.30)(5.0) = 3.0 rad/s.

1=5.0

i(0.30:2)

do
(a) Using Eq. 10-6, the angular velocity att = 5.0s is @=— = a
1=5.0

dt

(b) Equation 10-18 gives the linear speed at t = 5.0s: v =7 =(3.0rad/s)(10 m) =30 m/s.

(c) We find first the angular acceleration (a, because a,=ra) from Eq. 10-8, a,
do d 2
a=—=—(0.60r)=0.60rad /s".
ar ~ar % P

Then, the tangential acceleration at t = 5.0s is, using Eq. 10-22,
a,=ra=(10m) (0.60 rad/sz) =6.0m/s’.

(d) The radial (centripetal) acceleration is given by Eq. 10-23:  a, =w’r=(3.0 rad/s)z(l() m) =90 n/s’.
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10-4 Kinetic Energy of Rotation ore)

* Apply the kinetic energy formula for a point particle and sum
over all the particles

_ 1 2
K —zimiv,.

« different linear velocities (same angular velocity for all particles
but possibly different radii )

* Then write velocity in terms of angular velocity:

K= Z%ml- (ar, )2 = %(zmﬂ?z)wz, Equation (10-32)

We call the quantity in parentheses on the right side the
rotational inertia, or moment of inertia, / = Zmlrf (rotational inertia )

Copyright ©2018 John Wiley & Sons, Inc 3
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10-4 Kinetic Energy of Rotation 3ofe)

* Itis a constant for a rigid object and given rotational axis
 Caution: the axis for / must always be specified:

I=Y"mp’ (rotational inertia) Equation (10-33)

Copyright ©2018 John Wiley & Sons, Inc 4
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10-4 Kinetic Energy of Rotation @ ore)
* And rewrite the kinetic energy as:
K= %l @’ (radian measure) Equation (10-34)

* Use these equations for a finite set of rotating particles
* Rotational inertia corresponds to how difficult it is to

change the state of rotation (speed up, slow down or
change the axis of rotation)

Copyright ©2018 John Wiley & Sons, Inc
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10-4 Kinetic Energy of Rotation (of¢)

Rod is easy to rotate
this way.

Rotation

axis
Harder this way.
(b)
Copyright o 2014 Wiley & S, I Al ights reseved.
Figure 10-11
Copyright ©2018 John Wiley & Sons, Inc 6
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10-4 Kinetic Energy of Rotation (ore)

Checkpoint 4

The figure shows three small spheres [1m o oeie
that rotate about a vertical axis. The Rotation om .
perpendicular distance between the axis  axis — 9k
and the center of each sphere is given. Sm
Rank the three spheres according to

their rotational inertia about that axis,

greatest first.

4kg

Answer:

They are all equal!

Copyright ©2018 John Wiley & Sons, Inc 7
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Example on module 10-4:

What is 7 of a wheel with K of 24400 J, rotating at 602 rev/min?

o= (602 rev/min)(2nrad/rev)

- =63.0 rad/s,
60 s/min
1 2 1227](: 2(24400 J) 123 ke-m’
K=3lo", = o (630rad/syf e
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10-5 Calculating the Rotational Inertia (2 of 8)

¢ Integrating Equation.10-33 over a continuous body:

1= jrz dm (rotational inertia, continuous body). Equation (10-35)

¢ In principle we can always use this equation

* But there is a set of common shapes for which values have
already been calculated (Table 10-2) for common axes

Copyright ©2018 John Wiley & Sons, Inc 9
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Axis
Hoop about
central axis

I=MR? (a) I=3M(R? + RY) (b) 1= MR ()

Annular cylinder Solid cylinder
(or ring) about (or disk) about
central axis / central axis
P

R

@
p— -
< 5
5]
S =
S =
o =
~ O
R =
- 5
o
m (5} Axis Axis Axis
g Solid cylinder Thin rod about Solid sphere
or disk) about axis through center about any
L @» (or disk) ab is through b
: q central diameter / perpendicular to diameter
~Nd 2 length 2R
o0 2 Jhr < AF
= = R \/ g
<
g ¢
2 ~ I[=iMR*:hML? (@ I= hMIL2 () I= $MR? 0
p— OO
= % Axis Axis Axis
2] e} Thin Hoop about any Slab about
TQ ~ spherical shell IX diameter perpendicular
“ about any axis through
l ) o 2R diameter center
N
v = Y |
1
= l (9] (k) (©] 0
v (= IMR? I=3MR? I=5M(a2 + )
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10-5 Calculating the Rotational Inertia 4 ofs)

mass axis, we can find the moment of inertia for a

parallel axis with the parallel-axis theorem:

I=1, +Mn

* Note the axes must be parallel, and the first must go

through the center of mass

¢ This does not relate the moment of inertia for two

arbitrary axes

STUDENTS-HUB.com

Equation (10-36)

Copyright ©2018 John Wiley & Sons, Inc

We need to relate the rotational inertia
around the axis at P to that around the
e If we know the moment of inertia for the center of axis at the com.

b/

Rotation axis 7,

through P
)

dm

y-b

h
b

com a

Rotation axis
through
center of mass

Figure 10-12
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10-5 Calculating the Rotational Inertia (ofs)

Checkpoint 5

The figure shows a book-like object

(one side is longer than the other) and

four choices of rotation axes, all N
perpendicular to the face of the

object. Rank the choices according

to the rotational inertia of the object

about the axis, greatest first. @ 3) (4)

Answer:

(1,2, ®, (3

Copyright ©2018 John Wiley & Sons, Inc 12
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10-5 Calculating the Rotational Inertia (7 ors)

. . . . |—Rotation axis
Example (10.6) (a) What is the rotational inertia 7, about » e i
an axis through the center of mass, perpendicular to the conter ofmass

com j’;

[ *F]

'—T{»L—"_%L_’

rod as shown?
1= mr} = (m)GL)* + (m)GL)?

= %mLz.
. . d o |— Rotation axis through
(b) Calculate the moment of inertia for 2™ Figure end of rod
* Summing by particle: Am com =
2 Q
I=m(0) +mL* =mL’. |
L |

* Use the parallel-axis theorem
I =
= ml.

2 _ 1,72 17)?
]com+Mh —EmL +(2m)(§L)
Copyright ©2018 John Wiley & Sons, Inc
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10-5 Calculating the Rotational Inertia (s ofs)

|——Rotation axis
through
center of mass

I——{,L—N—H ——{
(@ Here the rotation axis is through the com.

|——Rotation axis through
end of rod

p. m com o
|
L 1

@ Here it has been shifted from the com

without changing the orientation. We
can use the parallel-axis theorem.

Figure 10-13

Copyright ©2018 John Wiley & Sons, Inc
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sample Problem 10.07 Rotational inertia of a uniform rod, integration

Rotation
We want the axis

rotational inertia. l/
com
L |
|

First, pick any tiny element

and write its rotational Romticn
N X axis
inertia as x2 dm.
/-M ] et
—x — X n
‘ O 441»1

rojt~

()
] ) ()]

= ML

(b) What is the rod’s rotational inertia / about a new rotation axis that is perpendicular to the rod and through the

left end?

STUDENTS-HUB.com

I = lon + MR = 35 ML? + (M)(;L)?

=1iMI2 (Answer)
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10-6 Torque (ofo)

* The force necessary to rotate an object
depends on the angle of the force and where it
is applied

. (@)
* We can resolve the force into components to R

see how it affects rotation causes rotation around this axis
(which extends out toward you).

)

You calculate the same torque by But actually only the tangential
using this moment arm distance component of the force causes
Copyright ©2018 John Wiley & Sons, Inc and the full force magnitude. Figure 10-16  the rotation. 16
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10-6 Torque @ofo)

* Torque takes these factors into account:
7 =(r)(F sin ¢). Equation (10-39)

* A line extended through the applied force is called the
line of action of the force

* The perpendicular distance from the line of action to the
axis is called the moment arm

Rotation ~Line of

* The unit of torque is the newton-meter, N m s action of
* Note that 1 J = 1 N m, but torques are never expressed | 0 J7A
in joules, torque is not energy of F '

Copyright ©2018 John Wiley & Sons, Inc
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10-6 Torque (s oro)
* Again, torque is positive if it would cause a

counterclockwise rotation, otherwise negative

* For several torques, the net torque or resultant torque
is the sum of individual torques

Copyright ©2018 John Wiley & Sons, Inc 18
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10-6 Torque (oro)

Checkpoint 6

The figure shows an overhead view of a meter
stick that can pivot about the dot at the position Pivot point
marked 20 (for 20 cm). All five forces on the stick gt >
are horizontal and have the same magnitude. \ 1\ A
A
e

Rank the forces according to the magnitude of ‘
the torque they produce, greatest first. b

Answer:
F1& F3, Fs, Fo & Fs

Copyright ©2018 John Wiley & Sons, Inc 19
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10-7 Newton's Second Law for
Rotation 2 of3)

* Rewrite F'= ma with rotational variables:
T =l Equation (10-42)

« It is torque that causes angular acceleration

Copyright ©2018 John Wiley & Sons, Inc
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The torque due to the tangential
component of the force causes

an angular acceleration around

the rotation axis.

y
/]
/
7 N
& %
1'1 F \\
o/ F
m
%
Rod
0
X
0 . :
Rotation axis Figure 10-17
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10-7 Newton's Second Law for Rotation (3 of3)

Checkpoint 7

The figure shows an overhead view of a meter stick that can pivot about
the point indicated, which is to the left of the stick’s midpoint. Two

horizontal forces, Fand F,, are applied to the stick. Only 1?1 is shown.
Force Fz is perpendicular to the stick and is applied at the right end. If the
stick is not to turn, (a) what should be the direction of 7, and (b) should
F, be greater than, less than, or equal to F?

() ]

N

Pivot point
Answer:

(a) F» should point downward, and
(b) should have a smaller magnitude than F;

Copyright ©2018 John Wiley & Sons, Inc 21
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10-8 Work and Rotational Kinetic Energy (2 of5)

* The rotational work-kinetic energy theorem states:

AK =K, ~K, = %Ia); ~o’ =W Equation (10-52)

¢ The work done in a rotation about a fixed axis can be
calculated by:

(Y .
W= L d@ Equation (10-53)

* Which, for a constant torque, reduces to:

W=r (e 0 ) Equation (10-54)

Copyright ©2018 John Wiley & Sons, Inc 22
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10-8 Work and Rotational Kinetic

Energy 3 of5)
* We can relate work to power with the equation:
aw )
P= Z =T Equation (10-55)

* Table 10-3 shows corresponding quantities for linear and
rotational motion:

Copyright ©2018 John Wiley & Sons, Inc 23
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10-8 Work and Rotational Kinetic
Energy @ of5s)

Table 10-3 Some Corresponding Relations for Translational and
Rotational Motion

Pure Translation (Fixed Direction) Pure Rotation (Fixed Axis)

Position X Angular position 0

. dx . do
Velocity =u Angular velocity =

. dv . d

Acceleration = Angular acceleration | @= 7‘:
Mass m Rotational inertia 1
Newton’s second law | F,=ma Newton’s second law | 7, =/«
Work W=[F dx Work W=[rdo

STUDENTS-HUB.com
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10-8 Work and Rotational Kinetic
Energy ¢ of5)

Pure Translation (Fixed Direction) Pure Rotation (Fixed Axis)

. . _1 2 . . —1 2
Kinetic energy K=3my Kinetic energy K=3lw
Power (constant Power (constant

( P=Fv ( P=10
force) torque)
Work—kinetic energy W= AK Work—kinetic energy | W = AK
theorem theorem
Copyright © 2018 John Wiley & Sons, Inc. All rights reserved.
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