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Physics 121.
Lecture 16.

* Course Information

* Quiz

* Topics to be discussed today:
e Rotational Variables (Review)

* Torque

 Rolling Motion
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Physics 121.
Lecture 16.

* Homework set # 6 1s now available on the WEB and will be
due on Saturday morning, April 4, at 8.30 am.

* There will be no workshops or office hours today and
tomorrow.

« Exam 2 will be returned during workshops next week.

* Three students did not enter a student ID on the scantron
form. These students will receive a 0 for Questions 1 — 10.
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First result of Exam # 2:
Questions 1 — 10.

Result Exam # 1, Questions 1 - 10

Number of Students

0-5 5-10 10-15 15-20 20-25

Points
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Quiz.

e Practice what we have
learned.
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Rotational variables.
A quick review.

» The variables that are used to

describe rotational motion are:

 Angular position 0

* Angular velocity w = d@/dt

* Angular acceleration ¢ = dw/dt

e The rotational variables

related to the linear variables:

* Linear position [ = R
* Linear velocity v = Rw

e Linear acceleration a = Ra
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Rotational variables.
A quick review.

e Things to consider when looking
at the rotation of rigid objects
around a fixed axis:

« Each part of the rigid object has
the same angular velocity.

* Only those parts that are located
at the same distance from the
rotation axis have the same linear
velocity.

* The linear velocity of parts of the
rigid object increases with
increasing distance from the
rotation axis.
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Rotational variables.
A quick review.

* Note: the acceleration a, = rais
only one of the two component of
the acceleration of point P. The

two components of  the ’a/
acceleration of point P are:
« The radial component: this
component is always present since

point P carried out circular motion
around the axis of rotation.

* The tangential component: this
component 1s present only when
the angular acceleration 1s not
equal to 0 rad/s?.
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Rotational variables.
A quick review.

Angular velocity and acceleration are vectors! They have a magnitude and
a direction. The direction of w is found using the right-hand rule.
The angular acceleration is parallel or anti-
parallel to the angular velocity:

If w increases: parallel

If w decreases: anti-parallel

(b)
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Rotational kinetic energy.

* Since the components of a rotating object have a non-zero
(linear) velocity we can associate a kinetic energy with the
rotational motion:

K = Zl m;v? Zl ml(wn)z— (Zlmr)

* The kinetic energy 1s proportional to the square of the
rotational velocity w. Note: the equation 1s similar to the
translational kinetic energy (1/2 mv?) except that instead of
being proportional to the the mass m of the object , the
rotational kinetic energy is proportional to the moment of
inertia 7 of the object: ,

I = z mr? = K= 51 w?
Note: units of I: kg m?
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The moment of 1nertia.
Calculating /.

e The moment of inertia of an
objects depends on the mass
|
distribution of object and on the |
|

0.50 m
location of the rotation axis. :0}7 40m——
* For discrete mass distribution it | 5.0 ke 70 ke
can be calculated as follows: A)'ds

_ 2
I = Zmiri
i

 For continuous mass distributions

we need to integrate over the
mass distribution:

I=fr2dm
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Moment of inertia.
Sample problem.

* Consider a rod of length L and
mass m. What is the moment of
inertia with respect to an axis
through its center of mass?

axis

* Consider a slice of the rod, with —> e dx |
width dx, located a distance x i «— i
from the rotation axis. The mass ;. >l .E

| L2 L2 I

dm of this slice 1s equal to

dm = =4
m—L X
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Moment of inertia.
Sample problem.

* The moment of inertia d/ of this slice
1s equal to

m
dl = x%dm = T x%dx

* The moment of inertia of the rod can ™
be found by adding the contributions | —h'-“—dx |
of all of the slices that make up the | -~ |
rod: = >le >
| L2 L2 I
L/2 L/2
I = j dl = f — x%dx =
~L/2 ~L/2

~m 1(L)2 1( L)Z _1 12
“113\2) "3\2) (T12™
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Moment of 1nertia.
Parallel-axis theorem.

e Calculating the moment of
inerttal  with respect to a

symmetry axis of the object 1s in Gipls
general easy. Easyl. s

e It 1s much harder to calculate the G
moment of inertia with respect to - 4
an axis that 1s not a symmetry
axis.

« However, we can make a hard \‘/
problem easier by using the Hard
parallel-axis theorem: Loy,

1
[ =1, +Mh?
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Moment of 1nertia.
Sample problem.

* Consider a rod of length L and
mass m. What is the moment of
inertia with respect to an axis
through its left corner?

* We have determined the moment .
of inertia of this rod with respect | — |
to an axis through its center of | ™ |
mass. We use the parallel-axis f‘ > g T 'i

theorem to determine the moment
of 1nertia with respect to the
current axis:

N 1
I=Icm+m(5) =§mL
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Moment of inertia. Do not memorize them!
You will get Figure 10.21 on our exams!

Location Moment of
Object of axis inertia

AXis
(a) Thin hoop, Through
radius R, center MR3
Axis
(b) Thin hoop, Through 1 1
radius R, central 0 5 MR+ 5 Mw?
width w diameter e .

Axis
(c) Solid cylinder, Through 1
radius R, center 0 5MRj
Axis
(d) Hollow cylinder, Through 1
inner radglus R, center R EM (R% +R% )

outer radius R,

(e) Uniform sphere, Through
radius 7, center
0 %Mr%

(f) Long uniform rod, Through 0:% L V2
i¥)

length £ center I}
Axis
(g) Long uniform rod, Through — lyp
length £ end ~—1 3
Axis
(h) Rectangular Through Ly + w2
thin plate, center = 12
length £, width w ~u 4
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4 Minute 9 Second Intermission.

e Since paying attention for 1
hour and 15 minutes 1s hard
when the topic i1s physics,
let’s take a 4 minute 9
second intermission.

* You can:

» Stretch out.

* Talk to your neighbors.

« Ask me a quick question.
 Enjoy the fantastic music.
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Torque.

- Consider a force F applied to an
object that can only rotate.

- The force F can be decomposed

into two two components:

A radial component directed along
the direction of the position vector
. The magnitude of this
component 1s Fcosg . This
component will not produce any
motion.

« A tangential component,
perpendicular to the direction of SN
the position vector r. The
magnitude of this component is
Fsing . This component will
result in rotational motion.
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Torque.

 If a mass m 1s located at the position
on which the force 1s acting (and we
assume any other masses can be
neglected), it will experience a linear
acceleration equal to Fsing /m.

* The corresponding angular
acceleration is equal toFsing /mr.

 Since 1n rotational motion the moment

of inertia plays an important role, we
will rewrite the angular acceleration

in terms of the moment of inertia:

__ rFsing  rFsing
 omr2 ]

a
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Torque.

e Consider rewriting the previous

equation in the following way:
rFsing = Ia

* The left-hand-side of this equation 1s

called the torque 7 of the force F:
T=Ia

 This equation looks similar to

Newton’s second law for linear

motion:
F =ma
S
Mass m Moment /
Force I Torque T
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Torque.

* In general, the torque associated

with a force F'1s equal to
17| = rFsing = |FXF|

e The arm of the force (also called the

moment arm) 1s defined as rsing.

The arm of the force

1S

the

perpendicular distance of the axis of
rotation from the line of action of

the force.

o If the arm of the force 1s 0, the
torque 1s 0, and there will be no

rotation.

 The maximum torque 1s achieved

when the angle ¢ 1s 90°.
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(b) 3

Point of
application
of force

Axis of ~
rotation /O S~o -

(b)
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Rotational motion.
Sample problem.

e Consider a uniform disk with
mass M and radius R. The disk is M.R
mounted on a fixed axle. A block ’
with mass m hangs from a light
cord that 1s wrapped around the
rim of the disk. Find the
acceleration of the falling block,
the angular acceleration of the
disk, and the tension of the cord.

« Expectations:

e Linear acceleration should
approach g when M approaches
0 kg.
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Rotational motion.
Sample problem.

 Start with considering the forces
and torques involved.

* Define the sign convention to be M,R
used.

* The block will move down and
we choose the positive y axis in
the direction of the linear
acceleration.

* The net force on mass m 1s equal

to
ma=mg—T
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Rotational motion.
Sample problem.

 The net torque on the pulley is

equal to
T =RT A1
 The resulting angular acceleration
1s equal to
®
T _RT 2T l
“T % pz MR a

» Assuming the cord is not slipping
we can determine the linear ¥V Mg
acceleration:

2T
“TM
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Rotational motion.
Sample problem.

 We now have two expressions for

a:
A T
2T
A = — <«
M
T
a=9—3 ° ® l R
* Solving these equations we find: a
T = i mg T
M+ 2m vV me
2m
a =
M +2m? Note: a= g when M =0 kg!!!
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Rolling motion.

* Rolling motion i1s a combination of ,

: : : Translation
translational and rotational motion.

* The kinetic energy of rolling motion

has thus two contributions:

 Translational kinetic energy: /
1 Rotation
E M ’Ugm

 Rotational kinetic energy:

1

Elcmw2 /
« Assuming the wheel does not slip: Rolling ‘?
%
W= =
R
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Rolling motion.

» Consider two objects of the same
mass but different moments of
inertia, released from rest from
the top of an inclined plane:

* Both objects have the same initial 4
mechanical energy (assuming
their CM is located at the same g
height).

Box (sliding)

o

|

« At the bottom of the inclined
plane, they will have both
rotational and translational kinetic
energy.

« Which object will reach the
bottom first?
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Rolling motion.

e Initial mechanical energy:

E; = mgH
* Final mechanical energy: ~ Hoop
F>~<= () Empty can
1 5 1 5 lid cylinder (D-cell)
E = Emvcm + E [-m . —_Sphere (marble)

Box (sliding)

o

« Assuming no slipping, we can

[

rewrite the final mechanical
energy as

1 I
By =5 (m+ 55 ) vén
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Rolling motion.

» Conservation of energy implies:

1 Iom
_ ety L2
2(m+ Rz)vcm = mgH
ot Hoop
1 i Y Empty can
_ cm 2 Solid cylinder (D-cell)
2 (1 T mRZ) vem = gH —_Sphere (marble)

Box (sliding)

e The smaller /., the larger v,, at =

|

the bottom of the incline.

« Example:
« Ring: I.,, = MR%, v, = /gH

 Disk: Loy, = ~MR? , Ve, = /%gH
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Done for today!
More about rotational motion next week.

N49's Cosmic Blast
Credit: Hubble Heritage Team (STScl / AURA), Y. Chu (ULUC) et al., NASA
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