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 Determine the location of the center of mass of two or several particles or
=3 extended objects with uniform mass distribution (the object can be Exercises 249 252
el divided into simple geometric figures, each of which can be replaced by a Q. (8.30,8.58) !
16 | — particle atits center) by applying suitable mathematical equations. | . | |
£ | = Convert angle measurements between degrees and radians.
_Eé.." - ™ Relate the arc length (s), to the radius (r) of the circular path and the angle Eng'lt—:l?s?;EB?;l; 1) 25;%57
=~ (8), measured in radians, by (=76 ), and solve problems. AT

8.58.  THINK: The system has three identical balls of mass m. The x and y coordinates of the balls are
r=(0%,0§), r,=(at,07) and 7, =(0&,aj'). Determine the location of the system's center of mass, R.

§.54 Three identical balls of mass m are placed in the con- |
SKETCH:

figuration shown in the

figure. Find the location 04 U 0,40

of the center of mass.

O i
-
{0, 0} (a2, M

RESEARCH: The center of mass is a vector quantity, so the x and y components must be considered

' ' ' ’ separately. The x- and y-components of the center of mass are given by
| = i | -
[[}10) (I!-L[}] 't'.:m _Egm_xl -ﬂ-nd }.'.:m _H;m‘}'

For this system, the equations can be rewritten as

m{0)+mat+m(0) g. m{0)+m(0)+majy g
= l" _ { "I =EI a_]'l.d_ }.-l.rrn = l: _ l: } . =E Y.
3 im 3

“ " mm

im




Calculate the center of mass of a system of point masses
Center Of mass or a system of regular symmetrical objects.

Q8.30 The coordinates of the center of mass for the extended object shown in the figure are (L/4, —L/5).
What are the coordinates of the 2.00 kg mass?

_ mqXxXq + moXxo + ms3Xs3 y _ miy1 + myy»> + msys y
Xem = my + my + ms e mq H m; + ms 0
2.00-kg mass
L _ —2x+3L + (4)(0) L @O +@®(-3) G 300k mss
4 2+3+4 5 2+3+4
L —2x+3L L zy-2L
1 5 9 (0,—L/2)
4 9 4.00-kg mass
518
9L —— =2y —2L
- y
2 2x + 3L 3l 5 I
X =— = —
9L 8 o 9L ¥ =10
_9L 12L_ 3L 7 :_%_I_ﬂ:é
A= Ty Ty YT 5T 5 TS




Calculate relationships among the radius of a circle, the speed of an object (or period

§>Polar Coordinates of revolution), and the magnitude of centripetal acceleration for an object moving in

uniform circular motion.

Ex: The Cartesian coordinates of point P are (3,4) in units of cm. What are the
polar coordinates of the point?

1Y
- 12
r=\/x2+y2 6 = tan ¢
4
r=+/32+42 =25 =5cm 9=tan_1§=53.1°
Ex: A circle of radius r = 8 cm ,a point on the circle with x-component =4 cm: y
A- What is the angle 0: B- What is the y-component

of that point:
X=1rcosl | g=cos 1=
T y =71sinf

cos @ =

SR

g — Cos_lg _¢0c | y=8sin60=693cm




Calculate relationships among the radius of a circle, the speed of an object (or period

§>AngUIar Coordinates of revolution), and the magnitude of centripetal acceleration for an object moving in

uniform circular motion.

dm T .
1 E 2—"' il ZXor I
Oradians) = O(ae X an 0 = 0 radi X ﬂ 63 . 90° L7
gree) 180 (degree) (radians) T ) 12 EIP__ ——_ _::::D .
o A S =
03 IEGQHH .l'."-._'. I-II_.-" #.Jal:lﬂ-'.‘l
1- convert the degree of the angle to radian measure: G 0\ LT o 22X
nﬁr 180° o 0° or é‘-'l_
or TN 3807 3%
— o . o - :"I y . Ty
A - 60 B — 240 20 /| N\ hsee
T_r T 4m 6 h S 5
rad = 60 X — = —rad — — 240 me 3007
180 3 rad =240 X 755 =3 rad Sropdn o279 T10m 5
G g & s

2- convert the radian measure to degree:

p 21T ' 11@
3 6
2 180 117 180

=—X = © deg = X = 330°
deg 3 - 120 eg 5 -




9.31. THINK: Determine the change in the angular position in radians. Winter lasts roughly a fourth of a year.
There are 27 radians in a circle. Consider the orbit of Earth to be circular.

SKETCH:
o B ES f
S “o  winter
.I'.r """
%
J L
%
I
i
|I -\H :
1
I
| !@3 ¢
| = ) I
I = i
i
§ d
K (4
] #
L &

el

RESEARCH: The angular velocity of the earth is @=27/yr. The angular position is given

by & =6, + eyt .

SIMPLIEY: A6=6—6 = ayf

CALCULATE: A6=2T 1F““:'| Lyr|-zmd_31Rd_, 5 g
yr | 4 2 2



§>Angular Displacement Calculate the translational kinematic quantities from an object’s

rotational kinematic quantities for objects that are rolling without
slipping,

Ex: A person on a Ferris wheel with diameter of 12m has an angular displacement of = rad. How far has
the person traveled around the circular path of the Ferris wheel?

S

r (A9)

S =6(m) =18.84m

Ex: A boy swims for 20 m around the edge of a circular pool of 5 m radius . what is the boy angular displacement?

S = r(Af)
20 =5 (A0)
20
ABO =?=4rad




Calculate the translational kinematic quantities from an object’s
§>AngUIar rotational kinematic quantities for objects that are rolling without

" slipping,

Ex: A car on a circular track move from point (6,0) to (6, %n) in polar coordinates. The units for the radius are in meters. How
far did the car moved?

S = r(Af)

6 (0-"T) =2
6— m

95
|

a




. . = Relate the magnitudes of linear (tangential) and angular velocities for
= circular motion as v = rw , and explain that this relation does not hold for Q.9.44(c,d) 281
B, tangential and angular velocity vectors which point in different directions. o g
17 | . T Solve problems related to angular velocity, angular frequency and peried. | . |
£ | — Apply the kinematic relationships for circular motion with constant Q.9.44(a) 281
.%’:" § angular acceleration to calculate angular position, angular displacement, Q.9.45(d)
=~ angular velocity, angular acceleration, or time. Q.9.64 282
In a department store toy display, a small disk (disk 1) SIMPLIFY: 4—Disk2
11 ob N\
of radius 0.100 m is driven by a motor and turns a @) 0,=22/T ; Disk 1 (@ '-
larger disk (disk 2) of radius 0.500 m. Disk 2, in turn, b) v=ay
B

drives disk 3, whose radius is 1.00 m. The three disks
are in contact, and there is no slipping. Disk 3 is
observed to sweep through one complete revolution
every 30.0 s.

a) What is the angular speed of disk 3?

b) What is the ratio of the tangential velocities of the
rims

of the three disks?

c) What is the angular speed of disks 1 and 2?

d) If the motor malfunctions, resulting in an angular
Acceleration of 0.100 rad/s2 for disk 1, what are disks
2 and

3’s angular accelerations?

() o,=v/r,and o, =v/r,

(d) a,=alr,and oy =alr, where a=ap,. Y
CALCULATE:

|27 rad/rev |
(a) &, =————=0.209 rad/s

3003

(b) v=(0.200 rad/s{1.00 m)=0209 m/s forall three disks.

209 m/ 2
€) o =£| 2 ms =2.09rad/s and @, = 0200 ws =(.419 rad/s,

0.100 m © 0500 m
(d) a=(0.100 rad/s’ (0.100 m)=1.00-10 ms",

100-10% m/s’ 100-10" mfs

=2.00-10"rad/s” and @, = =1.00-107 rads”,

Therefore, @, =
) 500 m 100 m




§>AngularAcceleration

Describe the direction of the velocity and acceleration vector for an
object moving in two dimensions, circular motion, or uniform circular
motion.

Q9.44 A discus thrower (with arm length of 1.2 m) starts from rest and begins to rotate counterclockwise

with an angular acceleration of 2.5 rad /s”.

a) How long does it take the discus thrower’s speed to
getto 4.70 rad/s?

_Aw 47-0
a 25

At

= 1.88 s

b) What is the linear speed of the discus at 4.70 rad/s?

v=rw =(1.2)(4.7) =5.64m/s

c) What is the linear acceleration of the discus thrower
at this point?

a, =ra = (1.2)(2.5) = 3m/s?

d) What is the magnitude of the centripetal acceleration of the
discus thrown?

gZ// (5.64)2 B 5
aQc=— =TTy = 26.5m/s

e) What is the magnitude of the discus’s total acceleration?

Aror = a2 + a? =+/(3)2+(26.5)2= 26.66 m/s?

«



Describe the direction of the velocity and acceleration vector for an

object moving in two dimensions, circular motion, or uniform circular
motion.

§>AngularAcceleration

Q9.46 A particle is moving clockwise in a circle of radius 1.00 m. At a certain instant, the magnitude of its
accelerationis @ = |a| = 25m/s?, and the acceleration vector has an angle of 6= 50.0° with the
position vector, as shown in the figure. At this instant, find the speed, v = ||, of this particle.

=)

2

v aC a COS 9 /;ﬁ f HH“
A, = 7 ,r'ﬂf 7| a \\x
a. = 25cos50 = 16 m/s? | . \‘|
] r
v? =ra,
v =ra; =+ (1)(16) = 4m/s -
50° a

«



9.60 Gear A, with a mass of 1.00 kg and a radius of 55.0 cm,
A

is in contact with gear B, with a
mass of 0.500 kg and a radius
of 30.0 cm. The gears do
not slip with respect

to each other as they
rotate. Gear A rotates at
120. rpm and slows to
60.0 rpm in 3.00 s. How
many rotations does gear
B undergo during this time
interval?

Solution Summary Table

Step

1. Convert w4 (rpm - rad/s)

2. Angular acceleration (a 4)

3. Relate a4 and ap

4. Initial wp

5. Final wp

6. Average wp

7. Angular displacement (Afp)

8. Convert to rotations

Calculation

wa; = 120 x 22

2w
Wa.f 60.0 x 50

2o—4dw
3.00

P ra 2w . 0.550
ap — g X 3 % 0300

r o a 0.550
Wpi = Wa; X o= 4m X g

wp,p = 5+ (= 57) x 3.00

Result

4 rad/s
2m rad/s

2 2
5 rad/s

iz 2
—5- rad/s

2% rad/s

—
=
=

rad/s

|

—
=
=

rad/s

|

T rad

8.25 rotations



i ™ Relate the magnitude of the centripetal force to the centripetal
= E acceleration by applying Newton;;sz Second Law in the radial direction as: Solved Problem 9.1 266
tz: i F. = ma, = muvw = mMrw?< = m—— and Slove problems related to Q.9.76 283
18 | centripetal force. L
.. ‘—Solve problems related to rotation with constant angular acceleration.
= o 1 = o _ . 1 Q.9.35 280
_gﬁ-; Q—QD—I—cuD—I—Eat s B = @, + wt < w = w,_, + ot acm—z(w—l—wﬂ) Q.9.63/9.67 >8>
e w? = w2 + 2a(0 — 8,)
9.31 Aviny 5at33.3 |
251 A ’ 11]}1 I'El:ﬂfd plﬂ}ﬂ CIBAR l'p . ASSU.IHE.’ I tﬂkES 2005 9.35.  THINK: Determine the average angular acceleration of the record and its angular position after reaching

for it to reach this full speed, starting from rest.

SKETCH:

a) What s its angular acceleration during the 5.00 §7 1=0

b) How many revolutions does the record make before
reaching its final angular speed?

e S

= rpm

t=5003

. SRS

mw =333 rpm

full speed. The initial and final angular speeds are 0 rpm to 33.3 rpm. The time of acceleration is 5.00 s.

RESEARCH: The equation for angular acceleration is o =(@, — |/Af. The angular position of an

: S |
object under constant angular acceleration is given by & = S f.

SIMPLIFY: There is no need to simplify the equation.

. 33.3 rpm -0 rpm , 2rrad :
CALCULATE: g =222 PP _ 61y payys? —0.6974 rad/s’
5.00 s( 60 s/min | lrev
1 2 T
F=—{0.111rev/s)(5.00 5) =1.3875 rev- =8.718 rad
2 lrev



Use Newton’s 2" law to calculate unknown values of centripetal force, friction force,
Cen trlpetal Force coefficient of friction, normal force, angle of banking, mass, speed, etc for a vehicle

moving on a banked circular track.

SOLVED PROBLEM 4.1 Analysis of a Roller Coaster:

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 weightless?
(Assume that friction between roller coaster and rails can be neglected.)

A person feels weightless when there is no supporting force, from a seat or a
restraint, acting to counter his or her weight. For a person to feel weightless at the
top of the loop, no normal force can be acting on him or her at this point.

F.=F,; F,.e = mg— N Weightless N=0
F v’
= m-—
v? ¢ r
m—=m
-\ g

v =./gr

(a) (b)

v =./(5)(9.812) = 7.00357 m/s

«



Use Newton’s 2" law to calculate unknown values of centripetal force, friction force,
Centr’petal coefficient of friction, normal force, angle of banking, mass, speed, etc for a vehicle

moving on a banked circular track.

Q9.54 A race car is making a U-turn at constant speed. The coefficient of friction between the tires and
the track is ;. = 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

F. is the force of static friction

1% — |
Fo=m=— v = UsgT
2 v =,/(1.2)(9.8)(10) = 10.84 m/s
pusN =m—
r
v? .
Hsmg = m-—
r centripetal
Ve = psgr




Use Newton’s 2" law to calculate unknown values of centripetal force, friction force,
Cen trlpetal coefficient of friction, normal force, angle of banking, mass, speed, etc for a vehicle

moving on a banked circular track.

Q9.55 A car speeds over the top of a hill. If the radius of curvature of the hill at the top is 9.00 m, how
fast can the car be traveling and maintain constant contact with the ground?

As the car travels over the top of the hill it undergoes circular motion in the vertical plane. The only force that
can provide the centripetal force for this motion is gravity. Clearly, for small speeds the car remains in contact
with the road due to gravity. But the car will lose contact if the centripetal acceleration exceeds gravity.

v’ v =gr

FC - mT

2 v =,/(9.8)(9) =9.40 m/s
mg =m-—

-
g=- |
v? = gr




L L=

*9.72 A ball having a mass of 1.00 kg is attached to a string
1.00 m long and is whirled in a vertical circle at a constant
speed of 10.0 m/s.

a) Determine the tension in the string when the ball is at the
top of the circle.

b) Determine the tension in the string when the ball is at the
bottom of the circle.
¢) Consider the ball at some point other than the top or

bottom. What can you say about the tension in the string at
this point?

SKETCH:

RESEARCH: F_ ="'
r

(@) F =T+w
() E,=T-w
SIMPLIFY:

my*

(@) T=F, -w=—-mg
r
b

(b) T=Fm+w=£+mg
r

CALCULATE:

vt (100kg)(100 mis)’

r .00 m

100.N, mg=(1.00kg || 9.81 m/s* |=9.81N




9.67.  THINK: The acceleration is uniform during the given time interval. The average angular speed during
this time interval can be determined and from this, the angular displacement can be determined.
SKETCH:

S

w

9.63 A vinyl record that is initially turning at 33 .
rpm slows uniformly to a stop in a time of 15 s.
How many rotations are made by the record

while stopping?
pPpPING O, +0

2
SIMPLIFY: Simplification is not necessary.

RESEARCH: o, = , Af=0, At

f 7’.' \
CALCULATE: @ =3333rpm=33.33 rpm;%'o—l =3.491 radls, o, =0
S/
4

3.491 |
Ab= Trad 5™ ;115.0 §)=26.18 rad

-

. A6
number of rotations = —=4.167

21



SKETCH:

v =22 m's
RESEARCH: The circumference of a circle is given by C=27r=7d. The displacement at constant
acceleration is Ax =wv At —%.—urz » Where v=or.
SIMPLIFY:
@ v,=0 = Ax——aar®, a=2Y = ax=12%ap2_Layas
2 At 2

( displacement |

Let N = number of revolutions and the displacement is given by Ax= - N. The
revolution |
displacement per revolution is simply the circumference, C, so
458
9.59 A car accelerates uniformly from rest and reaches a speed
of 22.0 m/s in 9.00 s. The diameter of a tire on this car is 58.0 cm.
a) Find the number of revolutions the tire makes during the
car’s motion, assuming that no slipping occurs.
b) What is the final angular speed of a tire in revolutions per Chapter 9: Circular Motion
second?
Ax=CN = N-= £=L[lgvat | _avat
[ adl 2 ! 2xd
[’b} = i _ v —_ ﬂ
r diz d

CALCULATE:

(22.0 m/s |{9.00 s |
27(0.58 m)

2{22.0 m/s) 75,

=75.86 rad/s =
058 m 2

(a) N = = 54.33 revolutions

(b) &= revis =12.07 rev/s
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> Calculate the moment of inertia of a point particle or a group of several point
particles rotating about an axis of rotation. I = mr»* ,, I = X", m;1r?

> Calculate the rotational kinetic energy of a point particle, or several point
particles, rotating about a fixed axis of rotation by applying the expression for
the rotational kinetic energy in terms of the rational inertia and angular speed.

n
1 1
Krp,: =5 E m; r2w? =Efal2
i—1

Exercises
Q.(10.38,10.39)

318

10.38 A uniform solid cylinder of mass M = 5.00 kg is rolling without slipping along a horizontal surface. The velocity of
its center of mass is 30.0 m/s. Calculate its energy.

Kmlal —

About its central axis (longitudinal axis)

Formula:

[ 1 .
§Mu‘(1 +c) = 5 X 5.00 x (30.0)% x (1 + —)

1 , 3
Kioal = 5 x 5.00 x 900 x 2

#

3
Kigtal = 2250 X 5 = 3375J

3375 J

I=-MR?




10.39. Determine the moment of inertia for three children weighing 60.0 kg, 45.0 kg and 80.0 kg sitting at different
points on the edge of a rotating merry-go-round, which has a radius of 12.0 m.

Since all children are on the edge (r = 12.0 m):

2 L mar? = (my + my +m3)r?

I =mr? +mor
Given:
« my = 60.0kg, my; = 45.0kg, m3 = 80.0 kg
e« 7=12.0m

Calculation:

1. Total mass:

M = my +my + mg = 60.0 4+ 45.0 + 80.0 = 185.0 kg

7. Moment of inertia:

I = Mr*=185.0 x (12.0)* = 185.0 x 144 = 26,640



MCQ



distribution by using the symmetry.

“ Locate the center of mass of an extended, symmetric object of uniform mass

“ Recall that center of gravity is equivalent to center of mass in situations where
the gravitational force is constant everywhere throughout the object.

Student Book 226

8.1 Center of Mass and Center of Gravity

So far, we have represented the location of an object by coordinates of a single
point. However, a statement such as "a car is located at x = 3.2 m” surely does not
mean that the entire car is located at that point. So, what does it mean to give the
coordinate of one particular point to represent an extended object? Answers to this
question depend on the particular application. In auto racing, for example, a car’s
location is represented by the coordinate of the frontmost part of the car. When
this point crosses the finish line, the race is decided. On the other hand, in soccer, a
goal is counted only if the entire ball has crossed the goal line; in this case, it makes
sense to represent the soccer ball’s location by the coordinates of the rearmost part
of the ball. However, these examples are exceptions. In almost all situations, there is
a natural choice of a point to represent the location of an extended object. This point
is called the center of mass.

Definition

The center of mass is the point at which we can imagine all the mass of an
object to be concentrated.

Questions:

Concept

Center of Mass

Center of Gravity

Representation

Mass Density

Exceptions

Definition/Description

The point where all the mass of an object can be imagined to be

concentrated.

The point where the force of gravity on the entire object can be

considered to act.

A single point used to describe the location of an extended object.

If an object’'s mass density is constant, the center of mass coincides

with the geometric center.

Some applications use non-center points (e.g., auto racing uses the

frontmost part, soccer uses the rearmost).

1.Under what condition can the center of mass and center of gravity be used interchangeably?

1. Answer: They can be used interchangeably when the gravitational force is constant throughout the object. (This is typically true
for everyday-sized objects but not for very large objects where gravity varies.)

2.Why is the center of mass often located at the geometric center of an object?

1. Answer: This occurs when the object has a constant mass density, meaning the mass is evenly distributed, making the center of

mass coincide with the geometric center.



Describe that the center of mass of two-point masses (or two objects each of Student Book
2 | which can be replaced by a particle having its mass and located at its center) Figure 8.2 227
always lies on the connecting line between the two masses. Solved problem 8.1

Combined Center of Mass for Two Objects

If we have two identical objects of equal mass and want to find the center of mass for the
combination of the two, it is reasonable to assume from considerations of symmetry that
the combined center of mass of this system lies exactly midway between the individual
centers of mass of the two objects. If one of the two objects is more massive, then it is

equally reasonable to assume that the center of mass for the combination is closer to that
of the more massive one. Thus, we have a general formula for calculating the location
of the center of mass, R, for two masses m, and m, located at positions r,and 7, in an
arbitrary coordinate system (Figure 8.2):

_ Iimy + romy (8.1)

R
m; +m,

This equation says that the center-of-mass position vector is an average of the position
vectors of the individual objects, weighted by their mass. Such a definition is consistent
with the empirical evidence we have just cited. For now, we will use this equation as an
operating definition and gradually work out its consequences. Later in this chapter and
in the following chapters, we will see additional reasons why this definition makes sense.

Note that we can immediately write vector equation 8.1 in Cartesian coordi- FIGURE 8.2 Location of the center of
nates as follows: mass for a system of two masses m, and m,,
where M = m, + m,.
_xm + x,m, _ oum + y,m, _zm +z,m, (8.2)
m +m, ’ m +m, ’ m+m,



Describe that the center of mass of two-point masses (or two objects each of Student Book
2 | which can be replaced by a particle having its mass and located at its center) Figure 8.2 227
always lies on the connecting line between the two masses. Solved problem 8.1

SKETCH A sketch showing Earth and Moon to scale is presented in Figure 8.3b.
SOLVED PROBLEM 81 | Center of Mass of Earth and Moon Earth

Moon
s é mg = 5.97x102* kg my, = 7.36x1022 kgl
The Earth has a mass of 5.97 x 10** kg, and the Moon has a mass of 7.36 x 10 kg. The | L |
Moon orbits the Earth at a distance of 384,000 km; 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. Earth Mcion
PROBLEM ‘él e
How far from the center of the Earth is the center of mass of the Earth-Moon system? ¢~ ° i X = 384,000 km

FIGURE 8.3 (a) The Moon orbits the Earth at a distance of 384,000 km (drawing to scale). (b) A sketch showing the
Earth at x; = 0 and the Moon at x,, = 384,000 km. ;
- Continued



S Express the Cartesian coordinates (%, y) in terms of the polar coordinates
3 (r, 8) and vice versa.
“ Convert polar coordinates to Cartesian coordinates and vice versa.

Student Book 255~256
Example 9.1 256

During an object’s circular motion, its x- and y-coordinates change continuously,
but the distance from the object to the center of the circular path stays the same. We
can take advantage of this fact by using polar coordinates to study circular motion.
Shown in Figure 9.3 is the position vector, r, of an object in circular motion. This vector
changes as a function of time, but its tip always moves on the circumference of a circle.
We can specify F by giving its x- and y-components. However, we can specify the same
vector by giving two other numbers: the angle of r relative to the x-axis, 8, and the
length of 7, r = || (Figure 9.3).

Trigonometry provides the relationship between the Cartesian coordinates x and
y and the polar coordinates € and r:

FIGURE 9.3 Polar coordinate system for
r=4x>+y° 9.1 circular motion.
0 = tan” ' (y/x). 9.2)
The inverse transformation from polar to Cartesian coordinates is given by
X =rcosf (9.3)

y =rsiné. (9.4)



© Express the Cartesian coordinates (x, y) in terms of the polar coordinates Student Boolk 2EC 256

3 (r, 8) and vice versa. Esciiolen 1 256
S Convert polar coordinates to Cartesian coordinates and vice versa. E—

91 | Locating a Point with Cartesian and Polar Coordinates

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

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

FIGURE 9.5 A point located at (4,3) in a
Ex: The Cartesian coordinates of point P are (3,4) in units of cm. What are the : : P 4.3)
Cartesian coordinate system.

polar coordinates of the point?

. -1
r=JxZ+,72 6 = tan

r=+/32+442=+/25=5cm 0 =tan"l= = 53.1°

Wl b R



4 | Recall that the common unit for angular velocity is radian per second (rad/s).

9.3 Angular Velocity, Angular Frequency, and Period

We have seen that the change of an object’s linear coordinates in time is its velocity.
Similarly, the change of an object’s angular coordinate in time is its angular velocity.
The average magnitude of the angular velocity is defined as

02 — 01 —4 A
t—t O
This definition uses the notation 6, = 6(t;) and 6, = 60(t,). The horizontal bar above
the symbol w for angular velocity again indicates a time average. By taking the limit of

this expression as the time interval approaches zero, we find the instantaneous value
of the magnitude of the angular velocity:

S . Al do
= lim = lim =— = —.
- A:—»ow A:qo At dt

The most common unit of angular velocity is radians per second (rad/s); degrees per
second is not generally used.

W=

(9.8)

Student Book

Direction of
angular

velocity ¢

Rotation
direction

FIGURE 9.8 The right-hand rule for
determining the direction of the angular
velocity vector.

256,258



Relate the magnitudes of linear (tangential) and angular velocities for circular
: : : . : M.C.Q(9.13) 278
5 | motion asv = rw , and explain that this relation does not hold for tangential and Additional E 9.62 282
angular velocity vectors which point in different directions itional Exe.Q. (9.62/a)

| where:
9.13 A bicycle’s wheels have a radius of 33.0 cm. The bicycle is traveling

at a speed of 6.5 m/s. What is the angular speed of the front tire? » v =6.5m/s (lnear speed),

o 7= 33.0cm = 0.33m (radius of the wheel).

a) 0.197 rad/s c) 5.08 rad/s e) 215 rad/s

b) 1.24 rad/s d) 19.7 rad/s Rearranging the formula to solve for w:
9.62 Consider a 53.0 cm-long lawn mower blade rotating about its Y= v_ 6.5m/s ~19.7rad /s
center at 3400 rpm. r 0.33m S

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

b) If safety regulations require that the blade be stoppable within 3.00 s,
what minimum angular acceleration will accomplish this? Assume that
the angular acceleration is constant.

. R 1. Use the kinematic equation for rotational motion:
Part (a): Linear Speed of the Blade Tip

w = wy + at

1. Convert rotational speed to radians per second (rad/s):
Since the blade must stop (w = 0):

27 rad 1 min

X
lrev 60 s
2. Calculate linear speed (v) at the tip:

2
wy = 3400 rpm x = 3400 x ﬁ—g ~ 3bbrad/s 0 = 356rad/s + a(3.00s)

2. Solve for angular acceleration (x):

 —wp _ —356rad/s 3
v=rw=0.265m x 356rad/s ~ 94.3m/s @= 7 T "3o00s - 119rad/s

(The negative sign indicates deceleration.)




Sketch the path taken in circular motion (uniform and non-uniform) and explain
6 | the velocity and acceleration vectors (magnitudes and directions) during the Student Book 261~262

motion. .
e

The acceleration in circular motion has two components.

dv(t) d(vi) dv_d(ro)  dr  do

a(t) = It - di =@ Cata
The first part arises from the change in the magnitude of
dv _ dt the velocity; this is the tangential acceleration.
a(t) = — t +v—
dt it d B do do\  de o
Vo= va( sin@,cosf) = (—cosea —smHE>— —E(COSH,SIHQ) = —wr

a(t) =rat — wrr The second part is due to the fact that the velocity vector always points in the tangential
direction and thus has to change its direction continuously as the tip of the radial

~ A~ osition vector moves around the circle; this is the radial acceleration.
a=a,t—arfb P

R Q
% % % u'.
& 5 & '
.'-f oO -

N — - @

(a) (b) ()




Describe the direction of the velocity and acceleration vector for an

§>N0n-unif0rm CirCUIar object moving in two dimensions, circular motion, or uniform circular

motion.

Tangential acceleration is the instantaneous linear acceleration of a particle.

dv Path of
—— a
a; = —— the magnitude of velocity is changed. 5 ~ particle '\

dt

Net force and acceleration either in same direction or opposite
direction of motion

Centripetal acceleration is the acceleration of a moving particle in :
. . . a ) / -
uniform circular motion ® « S .
v? ,
a. =— = vVw = W°r the direction of velocity is changed
T
Net force and acceleration are perpendicular to direction of motion. a
o . | | 6 = tan~"—
Total acceleration is combination between tangential and centripetal acceleration for a a,
moving particle. in non-uniform circular motion (moving on a curve). . :
&P ( & ) Net force and acceleration make an angle with
direction of motion.
Aror = /a% + a% = \/(ra)z + (rw?)? = r\/(a)z + (w)* Total acceleration’s direction between tangential and
centripetal acceleration.

«




7

Relate the magnitude of the net acceleration in circular motion to the tangential
acceleration and centripetal acceleration as:

a=+a2?+a?=(ra)?+(@w?)?=rya?+ w

©9.46 A particle is moving clockwise
in a circle of radius 1.00 m. At a certain

instant, the magnitude of its acceleration

isa= |Zz°| = 25.0 m/sz, and the accelera-
tion vector has an angle of 8 = 50.0°

with the position vector, as shown in
the figure. At this instant, find the speed,
L= |z')'| , of this particle.

V2 a. = acosb
a, = —
r 2
a. = 25cos50 =16 m/s
v? =ra,

v =,ra; =+ (1)(16) = 4m/s ae

50°N\ ¢

Exercises

Q. (9.46)

281



9 Describe centripetal force as the net inward force (towards the center of the
circular path) needed to provide the centripetal acceleration necessary for
circular motion.

“ Solve problems related to acceleration in circular motion.

Centripetal Force and Spinning Table Experiment

Key Point Explanation

Centripetal force: F. = mw?r (depends on mass, angular velocity,
Formula )
radius).

_ Spinning table with three markers: black (center), blue (midway), red
Experiment Setup
(edge).

Slow Spin (Part a) Static friction provides enough F.. to keep all markers in circular motion.
Faster Spin (Parts b—-d) Higher w increases F,.. Markers slide when friction is insufficient.
Observation Red (outermost) slides first, black (innermost) last. Shows F. o r.

Conclusion Same w for all points, but F.. increases with radius r.

The centripetal force, F, -, 1s not another fundamental force of nature but is simply the net
inward force needed to provide the centripetal acceleration necessary for circular motion.
It has to point inward, toward the circle’s center. Its magnitude is the product of the mass
of the object and the centripetal acceleration required to force it onto a circular path:

2

F.=ma. =mow=m UT = mw’r. (9-21)

Student Book | 264
M.C.Q(9.7) 278
Q.(9.90 / 9.9) 283

(®

®) @

)



© Describe centripetal force as the net inward force (towards the center of the
circular path) needed to provide the centripetal acceleration necessary for

circular motion.
“ Solve problems related to acceleration in circular motion.

9.7 A ball attached to the end of a string is swung around in a
circular path of radius r. If the radius is doubled and the linear speed
is kept constant, the centripetal acceleration

a) remains the same. d) increases by a factor of 4.

b) increases by a factor of 2. e) decreases by a factor of 4.

c) decreases by a factor of 2.

c) decreases by a factor of 2.

New centripetal acceleration (a.2) after doubling the radius:

Comparea. toa.;:

Student Book

M.C.Q(9.7)
Q.(9.90 / 9.9)

264
278
283



“ Describe centripetal force as the net inward force (towards the center of the

8 circular path) needed to provide the centripetal acceleration necessary for
circular motion.

“ Solve problems related to acceleration in circular motion.

9.90 A flywheel of radius 27.01 cm rotates with a frequency of 4949 rpm.
What is the centripetal acceleration at a point on the edge of the flywheel?

1. Convert the frequency to angular velocity (s ):
Given the frequency f = 4949 rpm, first convert it to revolutions per second (Hz):

4949
60

The angular velocity w in radians per second is:

~ 82.4833 Hz

w = 2w f = 2w x 82.4833 ~ 518.25rad /s

2. Convert the radius to meters:

Given the radius r — 27.01 cm, convert it to meters:

r = 0.2701m

3. Calculate the centripetal acceleration (a_c):

The formula for centripetal acceleration is:
a, = wr
Substituting the values:

a, = (518.25)% x 0.2701 ~ 72491.06 m/s”

Student Book

M.C.Q(9.7)
Q.(9.90 / 9.9)

264
278
283



© Describe centripetal force as the net inward force (towards the center of the
circular path) needed to provide the centripetal acceleration necessary for
circular motion.

“ Solve problems related to acceleration in circular motion.

9.9 You put three identical coins on a turntable at different distances
from the center and then turn the motor on. As the turntable speeds
up, the outermost coin slides off first, followed by the one at the
middle distance, and, finally, when the turntable is going the fastest, the
innermost one. Why is this?

or greater distances from the center, the centripetal acceleration
is higher, and so the force of friction becomes unable to hold the coin
in place.
b) The weight of the coin causes the turntable to flex downward, so
the coin nearest the edge falls off first.

c) Because of the way the turntable is made, the coefficient of static
friction decreases with distance from the center.

d) For smaller distances from the center, the centripetal acceleration
is higher.

Student Book

M.C.Q(9.7)
Q.(9.90 / 9.9)

264
278
283



> Identify that the centripetal force can be provided by different forces

frict 1f . x " 1 £ Coul b f h 1 Student Book 264

9 gol;}g;:lon)a orce, tension, gravitational force, Coulomb force, or the norma Solved Problem 9.1 266
...... ) Additi 1 E i 9.7 2

2 Solve problems related to centripetal force dditional Exercises b 83

Examples of objects move in a circular

For Earth circling the
Sun, the force is the
Sun’s gravitational force
on Earth.

when a car is moving in a circle
around the round about the force
is the friction between the wheels
of the car and the ground.

Electrons

When a hammer thrower

/’ ( . swings the hammer, the force
F is the tension in the chain
] @ attached to the massive ball.
/
'y

when electrons move around the nucleus
the force is the electric force of attraction
between the positive charge of the nucleus

d th tive ch f the electrons. ide Vi
an € negative charge o e electrons Side View

«



© Identify that the centripetal force can be provided by different forces
(frictional force, tension, gravitational force, Coulomb force, or the normal
force......)-

“ Solve problems related to centripetal force

SOLVED PROBLEM 91 | Analysis of a Roller Coaster

Perhaps the biggest thrill to be had at an amusement park is on a roller coaster with a vertical
loop in it (Figure 9.17), where passengers feel almost weightless at the top of the loop.

PROBLEM

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 weightless?
(Assume that friction between roller coaster and rails can be neglected.)

Fc A Fnet F,et = mg — N Weightless N=0
F vz
=m—
172 c r
m—=m
r g
UV =.4/gr

FIGURE 917 Modem roller coaster
with a vertical loop. v =./(5)(9.812) = 7.00357 m/s

Student Book
Solved Problem 9.1
Additional Exercises 9.76

264
266
283



© Identify that the centripetal force can be provided by different forces
frictional f . ational f ot h 1 Student Book 264
(frictional force, tension, gravitational force, Coulomb force, or the norma Solved Problem 9.1 266

force......). i ;
Ad l1E 9.76 2
Y Solve problems related to centripetal force ditional Exercises 83

¢9.76 A ball that has a mass of 1.00 kg is attached to a string 1.00 m SKETCH:

long and is whirled in a vertical circle at a constant speed of 10.0 m/s. —{i
a) Determine the tension in the string when the ball is at the top of the circle.

b) Determine the tension in the string when the ball is at the bottom

of the circle.

c) Consider the ball at some point other than the top or bottom. What
can you say about the tension in the string at this point?

RESEARCH: £, =2
r

(@) F =T+w
mu> (b) FM=‘T—w
= —— 4+ mgcos H SIMPLIFY:
r m’

(@) T=F, -w=—-mg
r

(b) T=Fm+w=ﬂ+mg
r

o (100kg) (100 mis) o )
CALCUIATE: —=——— ~100.N, mg=(100 kg](9.81 m/s’ | =981 N
r Aum




“ Define angular acceleration as the rate of change of an object’s angular velocity M.C.Q(9.8) 278

10 “ Solve problems related to rotation with constant angular acceleration. Q.(9.60,9.61) 282

9.8 The angular speed of the hour hand of a clock (in radians per second) is

™

Q) 371600 9 3500 ¢ %0

b) 7260 9 1800

* 12hours =12 x 60 x 60 = 43,200 seconds.

Step 3: Calculate Angular Speed (1)

Angular speed is given by:

~ Total angle rotated 2 radians
“= Time taken 43,200 seconds
w =3 1;; 00 radians/second

Step 4: Match with Given Options

The correct answer is:

T
d."
a (21,600 y "5)



10 “ Define angular acceleration as the rate of change of an object’s angular velocity M.C.Q(9.8) ‘ 278

“ Solve problems related to rotation with constant angular acceleration. Q.(9.60,9.61) 282

9.61 A boy is on a Ferris wheel, which takes him in a vertical circle of / 3
radius 9.00 m once every 12.0 s. [%5 >

a) What is the angular speed of the Ferris wheel? : :
LR
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 R
during this time?

-

c) Calculate the tangential acceleration of the boy during the time _,
interval described in part (b). {% %

Given: ‘T%
v

» Radius of Ferris wheel, r = 9.00m

" Periodofrotation, T =120 Alternatively, using w = wy + ot with w =

= Stopping condition: Uniformly stops in % revolution.
-y 05
t 300

=017 mads

Part (a): Angular Speed of the Ferris Wheel =

1. Calculate angular speed (w):

Ww=— = ~ 0.524rad/s . : .
T 12.0s 1. Relate angular acceleration («) to tangential acceleration (a;):

Answer for (a):

a; =ra =9.00m x (—0.175rad/s”) ~ —1.58 m /s’

The angular speed of the Ferris wheel is| 0.524 rad /s |

(Negative sign indicates deceleration.)



: : Solved Problem 9.4 275
11 | Solve problems related to circular motion. Q. (9.59) 282

— -

SOLVED PROBLEM 4.4 NASCAR Racing

As a NASCAR racer moves through a banked curve, the banking helps the driver achieve higher speeds. Let’s see how.
Figure 4.25 shows a race car on a banked curve. If the coefficient of static friction between the track surface and the
car’s tires is ;. = 0.62 and the radius of the turnis © = 110m. what is the maximum speed with which a driver can
take a curve banked at ¢ = 21.1°7?

Ncoso N

2

— mv

Fnet—y =0 N(pscos6 + sind)  —R
N(cos® — pgsind)  mg

Ncost —f sinf —mg = 0

lllllllll

Ncos6 — uNsind —mg = 0 (1scosd + sinfd)  v?

(cos — psinf) ~ gR

N(cosO — pgsinf) = mg.....(1)

(nscos6 + sind)
v = R -
(cosB — psin0)

Foet—x = F¢

mv?
usNCOSO + Nsint = N

(0.62)(cos21.1) + (sin21.1)
(cos21.1) — (0.62)(sin21.1)

v = \/(9.8)(110) =37.8m/s

mvz

N(u,COS86 + sind) = TR (2)




Use Newton’s 2" law to calculate unknown values of centripetal force, friction force,
Cen tripetal coefficient of friction, normal force, angle of banking, mass, speed, etc for a vehicle

moving on a banked circular track.

A highway engineer needs to designh a banked curve so that cars traveling at 90 km/h (25
m/s) can safely take the turn without relying on friction. If the curve must have a radius of 150
m, what should the banking angle (0) be?

B L —

Given:

*Speed, v=25 m/s

*Radius, r=150 m Fnet—y — O
*Frictionl f my”
rictionless surface Ncosd —mg = 0 Nsind —p—
Ncos® mg
*g=9.81m/s2 Ncosf = mg ...(1)
Objective: o v?
tan = —
Find the required banking angle 0. mvz gR
Frpet—x = F¢ = -
v=,/gR tanf
2

25=,/(9.8)(150)tan(x)
0=23




11 | Solve problems related to circular motion.

009.59 A speedway turn, with radius of curvature R, is banked at an
angle 6 above the horizontal.

a) What is the optimal speed at which to take the turn if the track’s
surface is iced over (that is, if there is very little friction between the
tires and the track)?

b) If the track surface is ice-free and there is a coefficient of friction
L between the tires and the track, what are the maximum and
minimum speeds at which this turn can be taken?

c) Evaluate the results of parts (a) and (b) for R = 400 m, 6 = 45.0°, and
K, = 0.700.

V= \/gR tan6O .No friction

o (uscosf+sind) . .
V= \/gR (cos6—p.sind) . With friction

Solved Problem 9.4
Q.(9.59)

275
282



Describe that the moment of inertia plays the same role for rotational (or circular) Student Book 285~286
motion as the mass does for linear motion. Solved Problem10.1 294

Several Point Particles in Circular Motion

Just as we proceeded in Chapter 8 in finding the location of the center of mass of a
system of particles, we start with a collection of individual rotating objects and then m, w

approach the continuous limit. The kinetic energy of a collection of rotating objects Ca
is given by

n n n
e 22z E : 2. e Axis of rotation
i=1 i=1 i=1 FIGURE 10.3 A point particle moving in
a circle about the axis of rotation.

This result is simply a consequence of using equation 10.2 for several point particles and
writing the total kinetic energy as the sum of the individual kinetic energies. Here w;

is the angular velocity of particle i and r; is the perpendicular distance from i to a fixed
 axis. This fixed axis is the axis of rotation for these particles. An example of a system
of five rotating point particles is shown in Figure 10.4.

Now we assume that all of the point particles whose kinetic energies we have “

summed keep their distances with resp?ect [l; one another and with respegct to the axis @;
of rotation fixed. Then, all of the point particles in the system will undergo circular %;Q
motion around the common axis of rotation with the same angular velocity. With this ) e

M3, W
constraint, the sum of the particles’ kinetic energies becomes Q—"é:":,D
4 4

n [ C - me, ws
K= Z:m,.r,-zw2 - - Zm,-r,zlwz =112 (10.3) S
=1

my, .&"

N =

Axis of rotation

i=1

3 ] . . ) . X FIGURE 10.4 Five point particles
The quantity ! introduced in equation 10.3 is called the moment of inertia, also miovig In circles shout acocnuits TR

known as the rotational inertia. It depends only on the masses of the individual par- rotation.
ticles and their distances to the axis of rotation:
n
I= Zm,-r,z. (10.4)
i=1
In Chapter 9, we saw that all quantities associated with circular motion have
equivalents in linear motion. The angular velocity w and the linear velocity v form such
a pair. Comparing the expressions for the kinetic energy of rotation (equation 10.3) and
the kinetic energy of linear motion (equation 10.1), we see that the moment of inertia
I plays the same role for circular motion as the mass m does for linear motion.



o o o o _eo o Calculate the moment of inertia of a point particle or a group
§>R0tatlonal K'netlc Energy Of ng’d BOd'es of several point particles rotating about an axis of rotation.

Q10.39 Determine the moment of inertia for three children weighing 60.0 kg, 45.0 kg, and 80.0 kg
sitting at different points on the edge of a rotating merry-go-round, which has a radius of 2.0 m.

_ 2
I'= z mre = mrf + myry + marf @ @

= (60)(2)* + (45)(2)* + (80)(2)* = 740 Kg.m*

«




o o o e _eo Calculate the rotational kinetic energy of a point particle,
§>R0tatlonal K'netlc Energy Of ng’d or several point particles, rotating about a fixed axis

Ex: A cylinder rotates with constant angular acceleration about a fixed axis. The cylinder’s moment of inertia about the axis
Is 4 kg. m?. At time t = O the cylinder is at rest. At time t = 2 seconds its angular velocity is 1 radian per second.

A- What is the angular acceleration of the cylinder between t = 0 and t = 2 seconds?

[A) 0.5 rad/s? B) 17‘ad/s2 C)2rad/s? D) 4 rad/s? E)5rad/s?

_Aw _1—0_05 4/s2
a_At =——=0. rad/s

B- What is the kinetic energy of the cylinder at time t = 2 seconds?

K.E = o - Lwar=2
A)1] B) 2 C)3 D)4] I R _2()()_ J

E) connot be determind without Knowing the radius

«




Describe that the moment of inertia plays the same role for rotational (or circular)

e motion as the mass does for linear motion.
SOLVED PROBLEM 101 Sphere Rolling Down an Inclined Plane y
PROBLEM il
A solid sphere with a mass of 5.15 kg and a radius of 0.340 m starts from rest at a height h
of 2.10 m above the base of an inclined plane and rolls down without sliding under the l Le

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?

M.EA =MEB

(Ktotar+U)a = (Ktotal+U)B

Mh—1M2+112
gh =5 v Tl

Mh—1M2+1I<v>2
gh =51V TR

Mh—1M2+1 2MR v?
gh =71 T35\5 g

1+e¢

. Solid Sphere (c =

Student Book
Solved Problem10.1

FIGURE 10.12 Sphere rolling down an

inclined plane.

| 2gh
v l1+e¢

g 1 ee]
—_
'

v=4/ 2th V= 9% 1.195/gh

285~286
294



13

Identify that torque is a vector quantity, measured in the SI units of Nm. ‘ Student Book

and downright impassible in Figure 10.16a. This example shows that the magnitude of the
force is not the only relevant quantity. The perpendicular distance from the line of action of
the force to the axis of rotation, called the moment arm, is also important. In addition, the
angle at which the force is applied, relative to the moment arm, matters as well. In parts (b)
and (c) of Figure 10.16, this angle is 90°. (An angle of 270° would be just as effective, but
then the force would act in the opposite direction) An angle of 180° or 0° (Figure 10.163)
will not tum the bolt

These considerations are quantified by the concept of torque, 7. Torque (also
called moment) is the vector product of the force F and the position vector ¥

F=TxF. (10.16)

The position vector r is measured with the origin at the axis of rotation. The
symbol X denotes the vector product, or cross product. (We introduced vector
products in Chapter 1, which you may want to consult for a review.)

The SI unit of torque is N m, not to be confused with the unit of energy, which
is the joule (] = N m)

[F1=[F]-[r]=Nm
In English units, torque is often expressed in foot-pounds (ft-1b).

The magnitude of the torque is the product of the magnitude of the force and
the distance to the axis of rotation (the magnitude of the position vector, or the
moment arm) times the sine of the angle between the force vector and the position
vector (see Figure 10.17):

T =rFsiné. (10.17)

FIGURE 10.17 Right-hand rule for the

direction of the torque for a given force and
position vector.

297~298



14 Describe that a torque (7 ) on a body involves a force (ﬁ ) and a position vector
(7 ), which extends from a rotation axis to the point where the force is applied.

Concept Check 10.4

Student Book

297~298
298

and downright impassible in Figure 10.16a. This example shows that the magnitude of the
force is not the only relevant quantity. The perpendicular distance from the line of action of
the force 1o the axis of rotation, called the moment arm, is also important. In addition, the
angle at which the force is applied, relative to the moment arm, matters as well. In parts (b)
and (c) of Figure 10.16, this angle is 90°. (An angle of 270° would be just as effective, but
then the force would act in the opposite direction) An angle of 180° or 0° (Figure 10.163)
will not tumn the bolt

These considerations are quantified by the concept of torque, 7. Torque (also
called moment) is the vector product of the force F and the pesition vector 7

7=7 xF. (10.16)

The position vector r is measured with the origin at the axis of rotation. The
symbol X denotes the vector product, or cross product. (We introduced vector
products in Chapter 1, which you may want to consult for a review.)

The SI unit of torque is N m, not to be confused with the unit of energy, which
is the joule (] = N m)

[F]1=[F]-[rl=Nm.
In English units, torque is often expressed in foot-pounds (ft-1b).

The magnitude of the torque is the product of the magnitude of the force and
the distance to the axis of rotation (the magnitude of the position vector, or the
moment arm) times the sine of the angle between the force vector and the position
vector (see Figure 10.17):

7 =rFsiné. (10.17)

(@)

(b)

()

(d)
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Concept Check 10.4

Choose the combination of position
vector, 7, and force vector, F, that

Key Observations for Maximum Torque:

produces the torque of highest 1. Perpendicularity: Torque is maximized when F is perpendicular to 7 (f = 90°, sosinf = 1).
magnitude around the point indicated _ B € .
by the black dot. ). Large Magnitudes: Both |/ and |F'| should be as large as possible.

I F /El ’F_ 3. Lever Arm: A longer * (greater distance from pivot) increases torque.
5 r r

as_J

(d) (e)
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Calculate the torque due to a force on a particle by taking the cross product of the

particle’s position vector and the force vector.

T=FxF 7 = rFsin(6)

These considerations are quantified by the concept of torque, 7. Torque (also

called moment) is the vector product of the force F and the position vector ¥

7=F xF. (10.16)

The position vector r is measured with the origin at the axis of rotation. The
symbol X denotes the vector product, or cross product. (We introduced vector
products in Chapter 1, which you may want to consult for a review.)

The SI unit of torque is N m, not to be confused with the unit of energy, which

is the joule (] = N m)

[71=[F]-[rl=Nm.

In English units, torque is often expressed in foot-pounds (ft-1b).

The magnitude of the torque is the product of the magnitude of the force and

the distance to the axis of rotation (the magnitude of the position vector, or the
moment arm) times the sine of the angle between the force vector and the position
vector (see Figure 10.17):

T = rF siné. (10.17)

Student Book
Q.(10.47 / 10.48)
Q.(10.49/a)

297~298
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15 | particle’s position vector and the force vector.

T=FxF 7 = rFsin(6)

¢10.47 A disk with a mass of 30.0 kg and a radius
of 40.0 cm is mounted on a frictionless horizontal
axle. A string is wound many times around the disk
and then attached to a 70.0 kg block, as shown

in the figure. Find the acceleration of the block,
assuming that the string does not slip.

‘!

_ My — i, Py
o+ my 5,

a

(70.0)(9.81)  686.7  686.7

= = = ~ 8.08m/s’
“ T 700+ 1(30.0)  70.0+150  85.0 m/s

Q.(10.47 / 10.48) 318
Q.(10.49/a) 319

10.48 A force, F = (2% + 3§) N, is applied to an object at a point whose
position vector with respect to the pivot pointis ¥ = (4x + 4§ + 42) m.
Calculate the torque created by the force about that pivot point.

1. Express 7 and Fin component form:

—

F=43 145+ 43m, F=2313§N

2. Compute the cross product ¥ x F:

=L

Il
b o B
L SN Y
Lo TS N S Y

o I-component:
o {j-component:
o Z-component:
3. Combine the components to write the torque vector:
T=—12& + 8y + 42
1. Magnitude of the Torque (Optional):

7| = /(—12)2 + 82 + 42 = /144 + 64 + 16 = V224 ~ 14.97
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T=rxF ,, 7 = rFsin(0) Q.(10.49/a) 319
©010.49 A disk with o
a mass of 14.0 kg, a /E/ 53 7'(;__0 Torque from the applied force:
diameter of 30.0 cm, and =
a thickness of 8.00 cm \ Tapplied = £+ F - sin(f)
is mounted on a rough '

horizontal axle as shown

on the left in the figﬂre. (There is a friction force between the axle and
the disk.) The disk is initially at rest. A constant force, F = 70.0 N, is
applied to the edge of the disk at an angle of 37.0°, as shown on the
right in the figure. After 2.00 s, the force is reduced to F = 24.0 N, and

At steady-state (constant angular velocity), net torque is zero, so:

Tapplied = Thiction  (Since they balance)

the disk spins with a constant angular velocity. Use the reduced force F> = 24.0 N:
a) What is the magnitude of the torque due to friction between the ] X
disk and the axle? Teiction = 1%+ Fo + sin(37.07)
= ]
To calculate the torque due to the applied force during the initial 2.00 s (when the force is F; = T0.0 N), Ttriction — 0.150 - 24.0 - Sln{ 37.0 }

we use the torque formula:

Thriction = 0.150 - 24.0 - 0.6018 = 2.17TN-m

Tapp]jﬂ-l =R F] . sin{ﬂ)

Given:
s R =0.150m
« F; =T0.0N
« B=37.0"= sin(S’?.(]“) = (.6018
Calculation:
Tapplied = 0.150 - 70.0 - 0.6018

Tapplied = 6.31N-m



