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Definition

=>>The center of mass is the point at which we can imagine all the mass of an object to

be concentrated.

Thus, the center of mass is also the point at which we can imagine the force of gravity acting
on the entire object to be concentrated ¢ can imagine all of the mass to be concentrated

this point when ¢alculating a@ due fo gravityyit is legitimate to call this point the
center of gravityja term that can often be used interchangeably with center of mass. (To be
precise, we should note that these two terms are only equivalent in situations where the
gravitational force is constant everywhere throughout the object. In Chapter 12, we will see

that this is not the case for very large objects.)

Concept Check 8.1

Co M In the case shown in Figure 8.2, what
are the relative magnitudes of the

m, =\R§  two masses m, and m,?
a) m;<m,
5 b) my>m} _—"
Coxl +2x06 S
_nmt _am+zm, X = l+0.4 o m=m
Y=tbrr—r—=, Z= . ! d) Based solely on the information

m, +m, m; +m, m given in the figure, it is not
possible to decide which of the

ﬁy \ .Sx \ EXO 8 two masses is larger.

s

P \vo-6
SOLVED PROBLEM 8.1 Center of Mass of Earth and Moon

The Earth has a mass of 5.97- 10** kg, and the Moon has a mass of 7.36- 10" IE.;.IThe Moon
orbits the Earth at a distance of 384,000(kmj that is, the center of the Moon is a distance of

384,000 km from the center of Earth, as shown in Figure 8.3a.

PROBLEM 70
How far from the center of the Earth is the center of mass of the Earth-Moon V,
\
Ealrth Moon Ex + ﬁx m
é mg = 5.97 - 10% kg iy = 7.36 - 104 kg | X = ‘Y\E M
{IL o 394,00@ >! M “+ N\
Ear'!h‘ - Maoon E M
1 O+ 384ooox X%

: Co(C )




X &

Combined Center of Mass for Several Objecg ’
(- X - ‘O(|m|-\—9(z‘(Y\2-\—\\\\\

where M represents the combined mass of all # objects:

Mzim,-.
i=1

Writing equation 8.3 in Cartesian components, we obtain
i 1 1
X=— xim;, Y =— m;, L =— zZ;im;.

(AMPLE 8.1 _"-Shipping Containers

MA* W ey e

' Large freight containers, which can be transported by truck, railroad, or ship,.come instan-
W dard sizes. One of the most common sizes is the ISO 20' container, which has { length of 6.1 m,

@width of 2.4 m), and a height of 2.6 m, This container is allowed to have a mass (including 1ts
contents, of course) of up to 30,400 kg

PROBLEM MO 2W\ b

The five fff!fht co;na:?ers iszwn in Figure 8.4 sit on the deck of a container ship.
CEZU.E has a mass of 9,000 kg Jexcept for the‘red one,)which has a mass of 18,00@

Assume that each of the containers has an individual center of mass at its geometric

center. What are the x-coordinate and the y-coordinate of the containers’ combined
center of mass? Use the coordinate system shown in the figure to describe the loca-

x (m)

“a&x

tion of this center of mass. (I;l(-li(UfRE 8'4. Fmi?,i-“ containers arranged on the
eck of a container ship.
SOLYTION L [ L 3 W\Vu) - \%@w\(g
_EX UM+ FAM, +TXM, £ XMy +=xMo sk
AM, + o Mo+ WMo+ W, ™M 4= 9000

AR R + 2)
iy \:\\\\\\M
ML+ )40 4)
Vo[ L

W W 5 .
y -WZ—XQW\O '\-gi-)(ﬂ\o“\‘ 3‘)\‘“0 '('"’TWXND -[-%l—“’)(mo ‘ i ! s
oW L% J

LM > Ny + Mo + WMo + W K
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9 :
A x
= D
9.1 Polar Coordinates
1 1 y
Trigonometry provides the relationship between the Cartesian coordinates x and y and 4 ;
the polar coordinates 0 and r: —— i 7
?’.
9.1) ;
[ E—— x
—' F ‘.
(9.2) ’ 1 ‘
The inverse transformation from polar toYCartesian coordinatesfis given by % mr

(9-3) FIGURE9.3 Polar coordinate system
(9.4) for circular motion.

—>, radial unit vector —>tangential unit vector
()
X 5 3 o IS . o3
—x + Zy =(cosB)x +(sinB)j=(cosb,sinh). f="Y% —|—£j/ =(~sinf)x + (cos®)y =(-sin6,cos ).
r r e =_ r

* > v=7( )
9.2 Angular Coordinates and Angular Displacement & =3 S
| 7 - ' = ( C0s30,5WM %0
. £ - (-S‘V\go)wz}).gg (gf 30, 'S)
7 ! =0, -0.

e T

XAMPLE 9.1 __/"’Locatinga Point with Cartesian and Polar Coordinates

- x. 0 (5, 034ed

A point has a location given in Cartesian coordinates as (4,3), as shown in Figure 9.5.

— - ad
PROBLEM (r,8) @{(5' ,o‘éf'_[_\

How do we represent the position of this point in polar coordinates?

—

_ Y

¢ =42 3 =BG m ) R ;
5 R\(_E”_\zgg.gz P T ==
%600 '
36.960

2 e,
&) od

1
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9 =
AR ted= ¥bo Fur C-gm , § - 0.5 tod
65mdh < L~
. Lé:?&?h , X =7 X=(Coso =8 COs 288 =-m
rcLe Ss=rb0. _ L—
Y =7 Y _6SWM28.6= --m
EXAMPLE 9.2 ( -3 .
: 9 2_;; CD Track X\D ol (-—- IDOO)
The track on a compact disc (CDAS represented in Figure 9.6. The track is a spiral, originating j-hl [ | ?
at an inner radius of r; = 25 mmJjand terminating at an o aquo Thespacmg LI I
between successive loops of the track isaconstam m ( 2m

._ 000
PROBLEM > Y\D § l000 ,g) [ N

What is the total Iength of this track? r R ggxw 25 X\O y
2-Y, - y

' [§xip¢
m

(7,+f\ 5615 +25‘x\o
> 2

z o-oL/lb ™M

(=
g _

S SON = 2A<0,0L{/5‘> 6-260Fm

Os\lﬁ

9 3 Angular Veloaty, Angular Frequency, and Period

Direction of

9 91 A 9 A 9 d angular g L™,
sl lim w=lim —=— velocity |\
t B tl At—0 At—0 t = ‘ h— Rotation

X—>8

V=W ,

- - - - /
period of rotation, T, is defined as the inverse of the frequency: A -
= [ : T=1365 dols
Pr

~
oncept Check 9. @?\M
Angular VEIOCIty and Linear VE'O‘IEY A bicycle’s wheels have a radiu¢p. V=24 h

The bicycle is traveling with speed
/ v.Which one of the following
\/ expressmns describes the angular
.S speed of the front tire?
l

r N a@%ﬁ'v2 d)(w ¥ Rv
“ — b@:%v e) w=v/R |&&

k}s - c_\_(__ c)@:ﬁ'/v
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9.3 _/Revolution and Rotation of the Earth
W =?

PROBLEM
The Earth orbits around the Sun and also rotates on its pole-to-pole axis. What are the angular

velocities, frequencies, and linear speeds of these motions?

I V=7
JF:I_ ‘ =|‘|5'l>(|o'6;HZ) A |
£ Te Ix2X boXbo q /_7(\0/%
. @

[Q)

= 3-‘7)(“) (H‘Z)

/’ To 365X 2o Y60 S~ s
_ _ N =W = 7

UQE =LK Jg = ~=~- gV 5 , -

\DS = 9_7?%: -7 \[ :‘(Sms: l

9.4 Angular and Centripetal Acceleration
Q=& e e Tae LA ’0
nt lim &= lim
At—0 At—0 At dtz
m
The magnitude of the‘centripetal .%celeration is

(b) C
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. - w\
K= Q, = 40000 X 9.8 =823 2000 =

0 If you want to generate 840,000g of centripetal acceleration in a sample rotating at a distance of
Q r 235 from tms rotation axis, what is the frequencz you have to enter into the

controls? What is the linear speed with which the sample is then moving?

- 2O\ ¢ (\%’5
Qc —\]Z :UOZ‘(* % = ZK% g

B

l _ 1 (od
2 g A 6q181672’t.‘p O((‘ZZ')
8232000 - W X123 5%\

00 Loangz@Hz) |V -0\
Ym:;%'@ﬂ )

What is the centripetal acceleration of the Moon? The period of the
Moon’s orbit about the Earth is 27.3 days, measured with respect to the
fixed stars. The radius of the Moon’s orbit is R,; = 3.85-10° m.

Oc=T ~T=21n098°
R
gt o= N\ C W
O‘C s — 243 X24¥ 60)(60
g

™ W\ = -

O\ c R K-'g;\

Q_/
9.41 You are holding the axle of a bicycle wheel with rw» X Y 2
M = mass 1.00 kg. You get the wheel spinr’ﬁﬁg—aﬁmf 75.0 rpm and then stop

it by pressing the tire against the pavement. You notice that it takes 1.20 s for

the wheel to come to a Eomplete stop] What is the angular acceleration of the

wheel? o( -2

-, AN |

‘*5‘——755 izﬂ\ = 75 X—~:5'\ {\,'] i) /S
: — 6o "2

%_F:O ) {S‘—;l-? (s)

W =W T
O =5, Hx12 ¥
? 5

ﬁu_&. .

g
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@A particle is moving clockwise in

a circle of radiu8 "1.00 m. At a certain
e e )

instant, the magnitude of its acceleration

{f‘/a a=|d|=25.0m/s’, and the acuceleration :
——— ’  Cosb-
;}::tilzit_ant’ find the speed vj|v| of this _ QO COS@
Q‘ ) \IZ - 25 X (bsho

= 16.0% “/s/

9.5 Centrinetal Force Concept Check 9.3
5 2 2 You are sitting on a carousel, which
ol = Ve =W is in motion, Where should you sit so
mvw—m——mw@ C ey - .
. y - T — that the largest possible centripeta

force is acting on you?

R @ close to the outer edge

e

b) close to the center

¢) inthe middle

al Pendulum

d) The force is the same everywhere.

< T / MGB Concept Check 9.4

A certain angular velouty wy,ofa
conical pendulum results in an angle
(py. If this conical pendulum were taken
to the Moon, where the gravitational
acceleration is a sixth of that on Earth,
how would one have to adjust the
angular velocity to obtain the same

angle @,? 3
a) Wyoon = 6wy M ( E
b) Wyeon = \/gwu * ‘
€) Wyoon = Wo wM - V?%

l d) Wyoon = w(f‘[ﬁd *‘

€) Wyoon = Wy/6

—rcs- w

® “’ﬁt:ﬁ“ ¥
COSp =mg *_
@ Tsing= mrw”

F=-Lsinep,

»-n.——ao E‘.w\o

o= ww’ —->TSIV16 (W
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Faose _ g
A sind W

\

«9.56 A ball of mass m = 0.200 kg is attached to a (massless) string of length
L =1.00 m and is undergoing circular motion in the horizontal plane, as

shown in the figure.
& Drawa free-body diagram for the ball.
by Which force plays the role Side view Top view

of the centripetal force? -,; |
2 What should thf v

the mass be for 0 to be 45.0°?

A —

d) What is the tension in the T,
string? N\ 7
_,; -W\j =0
T Cos® = M9 ©
2
_|: =MV
e
Tsmb —wm ¥ = 2
- €s’m9 sy X

3

T T yz T SIhdg V 2
PROBLEM \V4 r\/ :Q'éwy:{

Suppose the vertical loop has a radius of 5.00 m. What does the linear speed of the roller

coaster have to be at the top of the loop for the passengers to, feel weiﬁhtless? (Assume that

friction between roller coaster and rails can be neglected.) N
=0 =

,:C_-:‘W\ac
ey =9
V

\}2: DY —S\=y I T

coss dsmg y  COSHE_ [x9Examiy

SIh
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9.6 Circular and Linear Motion Concept Check 9.5

When you go through a vertical loop
1t1 VAN Comparison of Kinematical Variables for Circular Motion on a high-speed roller coaster, what

keeps you in your seat?

Quantity Linear Angular Relationship 4) ceritrifigal force
Displac t B
e st v o s=rd b) the normal force from the track
Velocity v 0] V=T
, c) the force of gravity
Acceleration a o a,=ra
e d) the force of friction

e) the force exerted by the seat belt

- - ~
Pd -~

(i) @ 0=0,+wt +Lat'e (i)
i) 2 O=6+at o
(m)@ w=w,+al &

(iv) 4 o=+

v) @ o =0} + 200 b)) = (v)

9.61 A boy is on a Ferris wheel, which takes him in a vertical circle of radius
' 9,00 m once every 12.0. T
_— ==

/ > ‘\‘I-
\ T/m
N

X=Xy + V.t

Vx =vx[) + ‘axlL

- - = -

F.v( = %(Vx T v.tU)

2_ 2
Ve =Vio +2a,(x-xp)..

a) What is the angular speed of the Ferris wheel? S o<
———
b) Suppose the wheel comes to a stop at a uniform rate during one quarter of a
revolution. What is the angular acceleration of the wheel during this time?
J
¢) Calculate the tangential acceleration of the boy during the time interval
described in part (b).
2 K
@ ;_E=E‘_:o.5'2 (‘M/S
o 7 \2 2 2 Yody,

G-, | whw?+208-6) = O =052 +10x 5y o0
© Ay are = Ix(c008) = -0. 77Y w*

9.62 Consider a 53.( fcglong lawn mower blade rotating about its center at
Q) 3400. rpm. <loo

a) Calculate the linear sEeeal of the tip of the blade.

b) If safety regulations require that the blade be stoppable within 3.00 s, what 4
minimum angular acceleration will accomplish this? Assume that the angular \'s '\
acceleration is constant. C ___0 53 'V

O V =€ 20285 x ox - W36

®

\)\5 :“30—?0({7
Y _\1g.6 @/
O

- Y56+ KXX3 = x>
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£ 9.7 [ Hammer Throw

One of the most interesting events in track-and-field competitions is the hammer throw. The
task is to throw the “hammer]” a 12-cm-diameter iron ball attached to a grip by g steel cable,
a maximum distance. The hammer’s total length is 121.5 cm, and its total mass i o JThe

athlete has to accomplish the throw from within a circle of radius 2.13 m (7 ft), and the best
way to throw the hammer is for the athlete to spin, allowing the hammer to move in a circle
around him, before releasing it. At the 1988 Olympic Games in Seoul, the Russian thrower
Sergey Litvinov won the gold medal with an Olympic record distance of 84.80 m. He took

efm’e releasing the hammer, and the per d to comp rnw btamed
from egamining the video recording frame by fra.me s 0 72 U 56 s

PROBLEM 1

What was the(average angu]ar acceleratio@iuring the seven turns? Assume constant angular

acceleration for the solution, ancrﬁen check whether this assumption is justified.

+~ ? -Q- e
- ?( 3“ " M%T QW:?—WNM

au.
—2 X =34) sz

PROBLEM 2 Y
A ing that the radius of the circl hich the h ves the length of
ssuming that the radius of the circle on which the hammer movea( e length o W =U‘)o + Ok ‘(

the hammer plus the arms of the athlete), what is the linear speed with which the hammer is

released? V=2 W =0 +34I1x5.8
V= (W W = 7.3 I
N - 1.6¥ X143 = 239 w/} =< \ >

PROBLEM 3
What is the{centripetal forcg/ that the hammer thrower has to exert on the hammer right be-
fore he releases it? F

C Z/

P s

¥

Q.
E76x 220 343,908
T gy

=%mkz
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*=Y-{oLVED PROBLEM 9.3  Flywheel ol 2799
| a (O ‘” w7

_—>; 59.5

=Cows 1))

_X
~ YPROBLEM NER-

The flywheel of a steam engine starts to rotate‘ from rest }Nith a constant angular acceleratlon of
\gx = 1.43 rad/s’/ The flywheel undergoes this constant angular acceleration foand then
ontinues tg rotate at a constant angular velocity, . After the flywheel has been rotating for 59.5 s,

c
what is M through which it has rotated since it started?
: ity

5.-w.t

tot
B 604-\)‘) {+~04‘}C = 378X (59.5 =279 }'\‘

e[ -o+0 —k--(—(l'-lz)(zﬁ) _"G‘L = IZLIMQM
‘J"G‘L

9.7 More Examples for Circular Motion 1 / M9 y F'_'
.F

#9.54 A race car is making a U-turn at constant speed. The coefficient of

friction between the tires and the track is u, = 1.20. If the radius of the curve

is 10.0 m, what is the maximum speed at which the car can turn without

sliding? Assume that the car Is undergoing uniform circular motion. ;
L J
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SOLVED PROBLEM 9.4 NASCAR Racing

—
As a NASCAR racer moves through a banked curve, the banking helps the driver
achieve higher speeds. Let’s see how. Figure 9.26 shows a race car on a banked curve.

PROBLEM

If the coeflicient of static friction between the track surface and the car’s tires is
#s = 0.620)and the radius of the turn is R = 110. m, what is the maximum speed w1th\f
ich a driver can take a curve banked at = 21.1°¢ (This is a fairly typical banking angle
for NASCAR tracks. Indianapolis has only 9° banking, but there are some tracks with F; =He- N

banking angles over 30° induding Daytona (31°), Talladega (33°), and Bristol (36°).)

Z&N NS)Y\F)\ : £ Gsh
- N Ces”” 7c fsmﬁ

N, +7r ™MQc Yﬂ ij =
Nsme+,§ Cosp =mac. \ N CDSG /4 Nsing = W\ﬁ
NSy + M. N@s6 :W\\’?‘z M(C@g@ )‘S\Vw)

N(Sig+/Fcost) = wdg-

O /G/(9n0+}’ ) )(‘-\-‘:—
@ // (@3 /sif) ~ /(\3 o

SM 211 +o. 62,@52\1 \

C052)) —o ﬂxsman
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10.1 Kinetic Energy of Rotation Concept Check 10.1

Consider two equal masses, m,
connected by a thin, massless rod. As
shown in the figures, the two masses
spin in a horizontal plane around

a vertical axis represented by the
dashed line. Which system has the

\) kineticenergy of rotation highest moment of inertia?
/ <l
= > o : Q
K ’ r ™ | m
— . (a)
— C:i..s
-ﬂ-—_—-——-—.

@ o

= 3 T (L=cMR2,with0<c51, mo "
I Zmrrgz' J . N\Q 7 ®)
i=1 - = =

moment of inertia

10.2 Calculation of Moment of Inertia

- -

1
I==MR? @ I=5MR}+R) )

(8) (h) (i)
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10.1 | Rotational Kinetic Energy of Earth \ s \

1000
PROBLEM

What is thefmoment of inertiayf the Earth with respect to rotation about its axis, and what is
the kinetic energy of this rotation?

= (r.98x%) (3 7ooo°>1 = - (\«@

. w
Q Assuipe that the Earth is a éolid sphergof constant density, with mass 5.98 - 10 @ nd radius =
:6375! E%’X 2

f(;}cept Check 10__.2J

A solid sphere, a solid cylinder, and
a hollow cylinder have the same
mass and radius and are rolling with
the same speed. Which one of the

10.3 Rolling without Slipping

following statements is true?
V=W f =5mv 5 (C m) —Ii Q ) The solid sphere has the highest
— kinetic energy.
_V $ps i T=cM
W= 2 =1mv? + Smo _C > b) The solid cylinder has the highest

kinetic energy.

e,
(\c
~
A
7§
+
5
t:

% c} The hollow cylinder has the
highest kinetic energy.
d) All three objects have the same

1
T =2 M{é7 y TSC: %N\R 3 “Q kinetic energy.
. :

SOLVED PROBLEM 10. Sphere Rollmg Down an Inclined Plane

PROBLEM V=0 W, ¢

A solid sphere)with a mass of 5.15 kg and a radius of 0.340 m starts from rest at a height of 2.10 m Hgm
—

above the base of an inclined plane and rolls down without sliding under the influence of
gravity. What is the linear speed of the center of mass of the sphere just as it leaves the incline
and rolls onto a horizontal surface?
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EXAMPLE 10.2 [ Race Down an Incline

PROBLEM
A solid sphere, a solid cylinder, and a hollow cylinder (a tube), all of the same mass m and the

same outer radius R, are released from rest at the top of an incline and start rolling without

sliding. In which order do they arrive at the bottom of the incline?

G=%:“R2 J I=MR?
L)
MW = Ly ()

\ +c w )
e Selid s Plere s \ess C 5o q
| « We (‘a/\-‘l‘( \SWC—‘A'>
10.4 Torque

e perpendjcular_distance from the line of action of the force to the axis of rotation
s vl s Sl

+o wou?e

7=7xF. T:fES'EE{
(AR
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=72
The net turque /\CJM* ’ Concept Check 10.4

/
Choose the combination of_position

vector, r, and force vector, F, that
Thet = Z Tcounterclockwise,f = Z Tclock\,\rise, j produces the torque of highest
i j magnitude around the point
4+ indicated by the black dot.

‘Newton’s Second Law for rotatic;nal motion: _ I@

\E:W\ CI

Axis of rotation
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EXAMPLE 10.3 [ Toilet Paper @ :RX =4

This may have happened to you: You are trying to put a new roll of toilet paper into its holder.
However, you drop the roll, managing to hold onto just the first sheet. On its way to the floor,
the toilet paper roll unwinds, as Figure 10.19a shows.

PROBILEM —
How long does it take the roll of toilet paper to hit the flogr, if it was released from a height

of 0.73 m? The roll has an inneT radius K, = 2.7 cny, an outer radius R, = 6.1 cm, and a mass

/ofﬂatg/i )
’ —N\% =MNQ /Z;—:’I-M @

Ry 2 N7y Q
T = g wwo(y - R snRRx

@@T_T = W +Ma +3‘imw‘7*@>x%i @
O -

Atwood Machine _/F- =WM\,0, [/(

od Machime:

T, ~M2g =™2a®
-T2 -y amag - oo M
7 =1, -7, =RT;sin90° - RT;sin90° = R(T; - T).

R(Tl—Tz)=7=(%mpR2)[£]:>

3

—
<>

e |
Tl_TZ_mea‘ iy

my g —myg = (my +my+my,)a=

my —m,

=

my +my+my
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SOLVED PROBLEM 10.3 rr"lFaIIing Horizontal Rod

ZA thin roa of length L = 2.50 m and mass m = 3.50 kg is suspended horizontally by a pair of verti-
cal strings attached to the ends (Figure 10.22). The string supporting end B is then cut.

PROBLEM
What is thqlinear acceleratioajfend B of the rod just after the string is cut?

a:'f

T . T

AR - (YD

~

A =




