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Announcements

Mid-term comprehensive exam
— In class 9:30 — 10:50am, next Tuesday, Oct. 21

— Covers CH 1.1 through what we finish today (CH10.2) plus the
math refresher

— Mixture of multiple choice and free response problems

— Bring your calculator but DO NOT input formula into it!
* Your phones or portable computers are NOT allowed as a replacement!

— You can prepare a one 8.5x11.5 sheet (front and back) of
handwritten formulae and values of constants for the exam
* None of the parts of the solutions of any problems
* No derived formulae, derivations of equations or word definitions!

— Do NOT Miss the exam!

Thursday, Oct. 16, 2014 3 PHYS 1443-004, Fall 2014

Dr. Jaehoon Yu




Center of Mass

We've been solving physical problems treating objects as sizeless
points with masses, but in realistic situations objects have shapes
with masses distributed throughout the body.

Center of mass of a system is the average position of the system’s mass and
represents the motion of the system as if all the mass is on the point.

What does above statement The total external force exerted on the system of
tell you concerning the total mass M causes the center of mass to move at

forces being exerted on the | @ acceleration given by a = D F/M asifall
] the mass of the system is concentrated on the

?
system center of mass.
O Consider a massless rod with two balls attached at either end.
‘ The position of the center of mass of this system is
Xy »
the mass averaged position of the system
o .= Imx+mx, |CMis closer to the
M m+m, heavier object
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Motion of a Diver and the Center of Mass

_’B’/ ? \"i A diver performs a simple dive.
g/? ; & The motion of the center of mass
} follows a parabola since it is a
. ¢ projectile motion.

——— - A diver performs a complicated dive.
f< The motion of the center of mass still
e "& follows the same parabola since it

still is a projectile motion.

The motion of the center of mass
= | of the diver is always the same.




Example for CM

Thee people of roughly equivalent mass M on a lightweight (air-filled)
banana boat sit along the x axis at positions x,=1.0m, x,=5.0m, and
X;=6.0m. Find the position of CM.

Using the formula
for CM

0 10m 50 GO & Zmi
M-1.0+M-5.0+M -6.0 12.0M

= = =4.0(m)
M+M+M M
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Example for Center of Mass in 2-D

A system consists of three particles as shown in the figure. Find the
position of the center of mass of this system.

Using the formula for CM for each
y=2 @102 position vector component
i 2 m;x, Zmiyi
U -1 £ i i
y Xem = Yem =
m. m.
ya'ar (2) ) Z : Z !
@ ? o - - (m,+2m ;+ 2m i
=1 X=2 One obtains - 4 -:( 2 3) 1
rem =Xey V7V J
m +m,+m,
B Z‘m"x" _ X A myx, tmyxy  my +2m,
Xem™ S o, tm, o +m,+m, It m, =2kg;m, =m, =lkg
S, B s S
5 _ WYy +m,y, +m;y, _ 2m, — ! J _ . .
Yem= Y. m, m, +m, +m, m, +m, +m, rem = =0.75i+j
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Velocity of the Center of Mass

Axep

— ———=Q

- Ax> | |
AJCQ
Ar = m Ax, +m,Ax,
o ml+m2
— _m K, /8D @V

ch

ml ‘|‘ m2 ml + m2

In an isolated system, the total linear momentum does not change,
therefore the velocity of the center of mass does not change.
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Another Look at the Ice Skater Problem

Starting from rest, two skaters push off
against each other on ice where friction is
negligible. One is a 54-kg woman and one
Is a 88-kg man. The woman moves away
with a velocity of +2.5 m/s. Man'’s velocity?

v, =0m/s v,, =0m/s
my,+myy, 0
v — j—
cm(
m, +m,

v, =+2.5m/s v, =—1.5m/s

my, , +nm,v,,

vcmf —
ml+m2
4-(+2. (-1.
5 (+2.5)+88-(-1.5) 3 0,02~ 0mfs e

54+88 142
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Center of Mass of a Rigid Object

The formula for CM can be extended to a system of many particles

or a Rigid Object
o = mXAmx, e tmx, me Zmiy,- Zm"zi
=——Il1z =
o mo+m, -t m Zm G o, (| Dm,
The position vector of the | 7eyy = X 24 v, 42,0 b _ 2" X+ Simzk
center of mass of a many 2’"
particle system is = Zmir "
remM = —————
M
A ZAI’I’I X
A rigid body — an object with shape [ |xcu =————
and size with mass spread throughout
the body, ordinary objects — can be zAml-xi 1
considered as a group of particles with | *car= lim_ ’T= ﬁjxdm
» | mass m, densely spread throughout
the given shape of the object = 1 ¢~
_‘ rem =— erm
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Example: CM of a thin rod

Show that the center of mass of a rod of mass % and length £ lies in midway
between its ends, assuming the rod has a uniform mass per unit length.

The formula for CM of a continuous object is

a

< > 1 x=L
l Xey = 77 Jso xdm
: \ Since the density of the rod (A) is constant; A =M /L

g
X dx

Am=hdx  The mass of a small segment dm = Adx

o1 1(1
Therefore xCM:L_[ L/dex:i[l/lxz} =—| A" |=—| =ML _L
M =0 M|2 M2 M\2 2

x=0

Find the CM when the density of the rod non-uniform but varies linearly as a function of x, A=ox

/ \/1 i M = 1 x=L 1 x=L 1 1 x=L
- x=0 r = -[c=0 axdx xCM = _J. ﬂde = —J. ax2dx = _ax3
x=L 1 M Jx=0 M 9x=0 M| 3 =0
| I 5
=| -ox =—al 1 (1 1 (2
|:2 j| =0 2 Xem = 7, —al’ |=—| =ML =—2L

” M\ 3 M\ 3 3
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Center of Mass and Center of Gravi}y

The center of mass of any symmetric object lies on the
axis of symmetry and on any plane of symmetry, if the
object’s mass is evenly distributed throughout the bod)y. Y Asis of

One can use gravity to locate CM. = symmetry

I(;Iotw dq yo?hth'%kw)l/ OL:c iﬁn 1. Hang the object by one point and draw a vertical
eterming tne or the line following a plum-bob.

objects that are not
J 2. Hang the object by another point and do the same.

symmetric?
3. The point where the two lines meet is the CM.
Center of Gravity Since a rigid object can be considered as a co!lec?tion
of small masses, one can see the total gravitational

force exerted on the object as

Fo=3F=YAng=Mg

Amg What does this The ngt effgct of these. small graV|t§t|onaI
tion tell n forces is equivalent to a single force acting on
SYREMIONN]] oL | point (Center of Gravity) with mass M.

The CoG is the point in an object as if all the gravitational force is acting on!




Motion of a Group of Particles

We've learned that the CM of a system can represent the motion of a system.
Therefore, for an isolated system of many particles in which the total mass
M is preserved, the velocity, total momentum, acceleration of the system are

Z myv;

Velocity of the system | v, = d;CM :di(iz mzfij - ]\1/12 mcild’? =
t t i — dt BV

M ] , Y,
Total Momentum Zmﬂ’i
of the system Pey =My, =M T =Zmlﬁi = Z‘ D= Pt 2 )
- - m.d,
Acceleration of L Wy d I )1 @ T
the system o 0 T ar\ zmivi M Ei‘mi dt) M

The external force
acting on the system

. _dp,, What about the
ZFexr Ma = [Z )a g | internalforces?

l

dp,,, System’s momentum

If net external force is 0
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Rotational Motion and Angular Displacement

In the simplest kind of rotation, points on a

rigid object move on circular paths around an

axis of rotation.

Axis of |
rotation |

6
- _LO_ —
Reference

line

Radial line

A

The angle swept out by
the line passing through
any point on the body and
intersecting the axis of
rotation perpendicularly is
called the angular
displacement,

0=6 -6

It's a vector!! So there must be a direction...

How do we define directions? ~ *:If counter-clockwise

-:if clockwise

:/Axis of rotation

——————— -

The direction vector points gets determined based on the right-hand rule.  These are just conventions!!

s
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S| Unit of the Angular Displacement

Arc length _S
Radius v

@ (in radians) =

______ Dimension? None

line For one full revolution:

Since the circumference of a circle is 21tr

o) —%—27z rad =) 27 rad = 360°

v

One radian is an angle subtended
by an arc of the same length as the
radius!
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Unit of the Angular Displacement

How many degrees are in one radian?

Iradianis g 360, ., _180° _180°

27rad z a4 =000
How radians is one degree?
nd one 3.14
A . 1°= 27 =" 1= —-1° =0.0175rad
degrees is 360° 180° 180
How many radians are in 10.5 revolutions?
rad
10.5rev = 10.5rev - 21— = 217[(7’6161’)
rev

Very zmportant In solving angular pr06[ems all units, a"egrees or revolutions, must be converted to radians.
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Example

A particular bird’s eyes can just distinguish objects that subtend an angle no
smaller than about 3x10-*rad. (a) How many degrees is this? (b) How small
an object can the bird just distinguish when flying at a height of 100m?

(b) (a) One radian is 360°/2m. Thus
3x10™*rad = (3><104md)><

(360°/27zrad ) = 0.017°

(b) Since |=r6 and for small angle
arc length is approximately the
same as the chord length.

[= rf=
. Chord 100m><3><10_41”ad:

\, .' Arc length 3)(10_2 m = 3cm

16




Ex. Adjacent Synchronous Satellites

Synchronous satellites are put into an orbit

whose radius is 4.23x10'm. If the angular  §
separation of the two satellites is 2.00 degrees,
find the arc length that separates them. —

What do we need to find out? The Arc length!!!

0 (in radians) = 2rc length _s
Radius r
Convert
de;reei to ) 2.00 deg( 27 rad ):0.0349 rad
radians 36() deg

s=rf=(4.23x10"m)(0.0349 rad)
=1.48%x10°m (920 miles)
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Ex. A Total Eclipse of the Sun

The diameter of the sun is about 400 times greater than that of the
moon. By coincidence, the sun is also about 400 times farther from the

earth than is the moon. For an observer on the earth, compare the angle
subtended by the moon to the angle subtended by the sun and explain
why this result leads to a total solar eclipse.

@ (in radians) =
Arc length
Radius

A)
r

| can even cover the entire Bgcause the distdhce (r) from my eyes to my

sun m}gagn Cttﬂusz!! Why?  thumb is far shorter than that to the sun.
- = Dr. Jaehoon Yu



Angular Displacement, Velocity, and Acceleration

Angular displacement is defined as 0

AO=6, -6,

. 6,-6

How about the average angular velocity, the ) = ST A6
rate of change of angular displacement? tf —f. At
Unit?  rad/s Dimension?  [T-] |
By the same token, the average angular .
acceleration, rate of change of the o= a)f a)l _ AC()
angular velocity, is defined as... R f —t o At

. . . 2 f i
Unit?  rad/s? Dimension?  [T+]

When rotating about a fixed axis, every particle on a rigid object rotates through
the same angle and has the same angular speed and angular acceleration.

@ PHYS 1443-004, Fall 2014 19
Dr. Jaghoon Yu

Thursday, Oct. 16, 2014




Problem Solving Strategy

Visualize the problem by drawing a picture.

Write down the values that are given for any of the
five kinematic variables and convert them to Sl units.

— Remember that the unit of the angle must be radians!!

Verify that the information contains values for at least
three of the five kinematic variables. Select the
appropriate equation.

When the motion is divided into segments, remember
that the final angular velocity of one segment is the
initial velocity for the next.

Keep in mind that there may be two possible answers
to a kinematics problem
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Ex. Rotational Kinematics

A wheel rotates with a constant angular acceleration of 3.50 rad/s?.
If the angular speed of the wheel is 2.00 rad/s at ¢=0, a) through
what angle does the wheel rotate in 2.00s?

Using the angular displacement formula in the previous slide, one gets

_ |
Hf_Hi —a)t+§0(t

= 2.00x2.004-3.50x(200F =11.0rad

2
= 1.0 rev.=1.75rev.
27T

Thursday, Oct. 16, 2014 -3: PHYS 1443-004, Fall 2014 21

Dr. Jaehoon Yu




Example for Rotational Kinematics cnt'd

What is the angular speed at t=2.00s?

Using the angular speed and acceleration relationship

W, =0, + 0 =2.00+3.50x2.00=9.00rad / s

Find the angle through which the wheel rotates between t=2.00s and
t=3.00s.
I .

Using the angular kinematic formula @ T ‘91' = I + 5 o

At t=2.00s 6_,= 2.00x2.00 +%3.50><2.00 =11.0rad

At1=3.00s  B_; =2.00x3.00 +%3.50><(3.00)2 =21.8rad

Angular AQ = ‘93 —6,=10.8rad = 19.8 rev.=1.72rev.
displacement \\ 27
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Relationship Between Angular and Linear Quantities

What do we know about a rigid object that rotates
about a fixed axis of rotation?

Every particle (or masslet) in the object moves in a
circle centered at the same axis of rotation.

When a point rotates, it has both the linear and angular
components in its motion. e alieaian

What is the linear component of the motion you see? ?; W f(')"Or\\A;S
e right-

" Linear velocity along the tangential direction.  hand rule.

How do we related this linear component of the motion
with angular component?
_dl_d dé

The arc-length is |/ = @] So the tangential speed vis VvV = ” —E(ré?):rz =rq

What does this relationship tell you Although every particle in the object has the same
about the tangential speed of the points angular speed, its tangential speed differs and is
in the object and their angular speed?:  proportional to its distance from the axis of rotation.

Thursday, Oct. 16, 2014 = PHYs 1 The farther away the particle is from the center of 23
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s the lion faster than the horse?

A rotating carousel has one child sitting on a horse near the outer edge and
another child on a lion halfway out from the center. (a) Which child has the
greater linear speed? (b) Which child has the greater angular speed?

\p) v,

‘ (a) Linear speed is the distance traveled
. divided by the time interval. So the child
P sitting at the outer edge travels more

distance within the given time than the child
sitting closer to the center. Thus, the horse
is faster than the lion.

(b) Angular speed is the angle traveled divided by the time interval. The
angle both the children travel in the given time interval is the same.
Thus, both the horse and the lion have the same angular speed.
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How about the acceleration?

How many different linear acceleration components do
you see in a circular motion and what are they? Two

Tangential, a,, and the radial acceleration, a,

Since the tangential speed vis v =r@

The magpitude.of tangential a = =i(m)) _ 4o _ .
acceleration a, is dt dt dt
What does this Although every particle in the object has the same angular

relationship tell you? ~ acceleration, its tangential acceleration differs proportional
to its distance from the axis of rotation.
2 2
v
The radial or centripetal acceleration a,is . =— = (M)) = I”(Uz
v r

What does  The father away the particle is from the rotation axis, the more radial
this tell you? acceleration it receives. In other words, it receives more centripetal force.

Total linear accelerationis ¢ =./a” +4” = \/ (rao) + (mf )2 — ,,\/ o+
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Example

(a) What is the linear speed of a child seated 1.2m from the center of a
steadily rotating merry-go-around that makes one complete revolution
in 4.0s? (b) What is her total linear acceleration?

First, figure out what the angular lrev
J J o = __ 27 =1.6rad /s

speed of the merry-go-around is. 4 0s 4.0s
Using the formula for linear speed .

Vv =rw =12mx1.6rad/s=19m/s

Since the angular speed is constant, there is no angular acceleration.
_ 2 2
Tangential acceleration is a,=ro=12mx0rad/s* =0m/s

2
Radial acceleration is a, = o = 12m><(16md/s) = 3.17”H/S2
Thus the total |2 2 2 2
acceleration is d = \/at T a. = \/O T (31) =3.1m/s
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Example for Rotational Motion

Audio information on compact discs are transmitted digitally through the readout system
consisting of laser and lenses. The digital information on the disc are stored by the pits
and flat areas on the track. Since the speed of readout system is constant, it reads out
the same number of pits and flats in the same time interval. In other words, the linear
speed is the same no matter which track is played. a) Assuming the linear speed is 1.3
m/s, find the angular speed of the disc in revolutions per minute when the inner most
(r=23mm) and outer most tracks (r=58mm) are read.

Using the relationship between angular and tangential speed V =71'(1)

13m/s 1.3

mm  23x107°
=9.00rev/s =5.4x10*rev/ min
1.3m/s B 1.3

58mm  58x107

=56.5rad / s

¥
r=23mm @=—
v

r=58mm = =22.4rad /s

=2.1x10%rev/ min
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b) The maximum playing time of a standard music CD is 74 minutes and
33 seconds. How many revolutions does the disk make during that time?

- w+o,) _(540+210)ev/min _ o .
2 375 2
Hfzé’i-|-a)t =O+Erev/s><4473s=2.8><104rev

c) What is the total length of the track past through the readout mechanism?

[=Vv At =13m/sx4473s =5.8x10°m

d) What is the angular acceleration of the CD over the 4473s time interval,
assuming constant a?

), —Q. 4—20.
( / Z) :(224 >0 S)rad/s =7.6x10"rad / s°
Af 44735
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