Chapter 8

continued

Rotational Dynamics



8.4 Rotational Work and Energy

Work to accelerate a mass rotating it by angle ¢ F

W = F(cos0)x X=r
= Fr¢ Fr =1 (torque) |
— T(b Axis of

rotation

DEFINITION OF ROTATIONAL WORK

The rotational work done by a constant torque in
turning an object through an angle is

. Requirement: The angle must
Wr = T¢ be expressed in radians.

S/ Unit of Rotational Work: joule (J)



8.4 Rotational Work and Energy

Kinetic Energy of a rotating one point mass

rl .‘““f
K = %mv; V. =r@ ) /

2 .2
%mr w

0

Kinetic Energy of many rotating point masses
K = Z(%mrza)z) = %(Zmrz)a)z = %]a)2
DEFINITION OF ROTATIONAL KINETIC ENERGY

The rotational kinetic energy of a rigid rotating object is

_ 2 z
Kru =510 = 2(7’”7"2)1'
i=1

— 2

Requirement: The angular speed must
be expressed in rad/s.

S/ Unit of Rotational Kinetic Energy: joule (J)



8.4 Rotational Work and Energy

Moment of Inertia depends on axis of rotation.

Two particles each with mass, m, and are fixed at the ends of a
thin rigid rod. The length of the rod is L. Find the moment of
Inertia when this object rotates relative to an axis that is
perpendicular to the rod at (a) one end and (b) the center.

Axis
m, =m, =m
1 2
by Axis
r=0, r.=>L s I’=£ I’=£
1 T2 e —— I
if’y 75 %‘bx fw;’;""“‘;;%x
x my 7 n b) ] iiﬁg my
%%% w’*”@
|- (b)
(a)
(@) J= 2N 2 2 _ 2 2 _
I=) (mr"), =mr +myr, =m(0) +m(L| =mL
i

(b) I= Z(mrz)i = mlrl2 + m2r22 = m(L/Z)2 + m(L/Z)2 =Liml’



8.4 Rotational Work and Energy Solid sphere through center

Rotational s
: ‘ I =< MR
Kinetic Energy Moments of Inertia / 5
KRot —17 a)2 ngld Ob.] ects Mass M Solid sphere through surface tangent
2 L
Thin walled hollow cylinder "\ J = % MR?
I = MR* 4
e Thin walled sphere through center
Solid cyhr.lder or disk e , =2 R )
[=1MR’ : : 3

. Thin plate width ¢, through center
Thin rod length ¢ through center

R Y e —— | I=5 M

Thin rod length ¢ through end Thin plate width ¢ through edge

=AM Iy




Example: A flywheel has a mass of 13.0 kg and a radius of
0.300m. What angular velocity (in rev/min) gives it an energy
of 1.20x 10°9J ?

o K _ 4.80x10°J
MR*  (13.0kg)(0.300m)*

0 =14.10x10° = 6.40x 10*rad/s
=6.40 X 104rad/s(60 s/min)(lrev/(27r rad))

=6.12x10° rpm (revolutions per minute)



Clicker Question 8.6 Rotational Energy

A bowling ball is rolling without slipping at constant speed
toward the pins on a lane. What percentage of the ball’s
total kinetic energy is translational kinetic energy?

a) 50% @
b) 71% &

¢) 46% Usingv=wR and [, , =2mR’
d) 29% 2
— 1
e) 33% K, =ymv
K =1llw’

K .
Find the value of lin
K +K

lin rot




Clicker Question 8.6 Rotational Energy

A bowling ball is rolling without slipping at constant speed
toward the pins on a lane. What percentage of the ball’s
total kinetic energy is translational kinetic energy?

a) 50%
b) 71%
¢) 46%
d) 29%
e) 33%

Usingv=wR and [, , =2mR’

1 2 _ 1 2 p2
K, =omv =-mw" R
— 1 2 _ 1 2 p2
K =-1o"=-mw"R
1 1
Klin — 2 — 2 22271%
141 2 45
Klin+Kr0t 2+5 10+10 7



8.5 Rolling Bodies

Example: Rolling Cylinders

A thin-walled hollow cylinder (mass = m,, radius = r;,) and
a solid cylinder (mass = m, radius = r,) start from rest at
the top of an incline.

. . . Solid Hollow
Determine which cylinder  yjider eylinder
has the greatest translational /
speed upon reaching the

A
bottom.

ho

L\\

Zero level

hf:Om



8.5 Rolling Bodies
Total Energy = (Translational Kinetic + Rotational Kinetic + Potential) Energy

E=imv’+L10’+mgy V=@, =0
Solid Hollow
cylinder cylinder
ENERGY CONSERVATION Ef — EO N 7 _
2 2 2 2 yo 0
1 1 — 1 1
2mvf+2la)f+mgyf—2mv0+2la)0+mgy0 T
ho
. 1 2 1 2 2
w=v/R 2mvf+21vf/R = mgh, L 7
2 2 ~~< .. A
VJ,(WH—]/R )= 2mgh, / "G
Zero level
he=0m
2mgh 2gh f
Vi = =

m+I/R* \ 1+1/mR’ —

The cylinder with the smaller moment
. . . . . _ 1 2
:fpleneedrtla will have a greater final translational I = 7 mR I = mR>




8.6 The Action of Forces and Torques on Rigid Objects

Chapter 8 developed the concepts of angular motion.

6 . angles and radian measure for angular variables
@ : angular velocity of rotation (same for entire object)
o : angular acceleration (same for entire object)

v, = or : tangential velocity

a, = or : tangential acceleration

According to Newton'’s second law, a net force causes an
object to have a linear acceleration.

What causes an object to have an angular acceleration?

TORQUE



8.6 The Action of Forces and Torques on Rigid Objects

The amount of torque depends on where and in what direction the
force is applied, as well as the location of the axis of rotation.

Hinge
(axis of rotation)

|

\

(a)

(b)

Door

&l

® | Maximum rotational effect
& of the force F.

®  Smaller rotational effect
& of the force F.

=il

-9  Rotational effect of the

& force F is minimal; it
compresses more than
rotates the bar



8.6 The Action of Forces and Torques on Rigid Objects
DEFINITION OF TORQUE

Magnitude of Torque =r X (Component of Force L to F)
T=rF, =rFsm6

Direction: The torque is positive when the force tends to produce a

counterclockwise rotation about the axis.
SI Unit of Torque: newton x meter (N-m)

6 1s the angle

between F and F

F = Fsin6

=




8.6 The Action of Forces and Torques on Rigid Objects

Example: The Achilles Tendon

The tendon exerts a force of magnitude |
720 N. Determine the torque (magnitude Aol i
and direction) of this force about the

ankle joint. Assume the angle is 35°.

7 =r(Fsin@)=(.036 m)(720 N)(sin35°)

=15.0N-m Fsin®
0 is the angle 0 — 350

between F and F

Direction 1s clockwise (—) around ankle joint

Torque vector T=-15.0 N-m

L=0.036m



8.7 Rigid Objects in Equilibrium

If a rigid body is in equilibrium, neither its linear motion nor its
rotational motion changes.

a =a =0 o =0

YFE=0 YF=0  X7=0

All equilibrium problems use these equations — no net force
and no net torque.




8.7 Rigid Objects in Equilibrium

EQUILIBRIUM OF A RIGID BODY

A rigid body is in equilibrium if it has zero translational
acceleration and zero angular acceleration. In equilibrium,
the sum of the externally applied forces is zero, and the
sum of the externally applied torques is zero.

Note: constant linear speed or constant rotational speed
are allowed for an object in equilibrium.



8.7 Rigid Objects in Equilibrium

Reasoning Strategy

1. Select the object to which the equations for equilibrium are to be applied.

2. Draw a free-body diagram that shows all of the external forces acting on the
object.

3. Choose a convenient set of x, y axes and resolve all forces into components
that lie along these axes.

4. Apply the equations that specify the balance of forces at equilibrium. (Set the
net force in the x and y directions equal to zero.)

5. Select a convenient axis of rotation. Set the sum of the torques about this
axis equal to zero.

6. Solve the equations for the desired unknown quantities.



8.7 Rigid Objects in Equilibrium

Counter-clockwise

Example A Diving Board A

torque is positive

3 /}

A woman whose weight is 530 N is
poised at the right end of a diving board -
with length 3.90 m. The board has | |
negligible weight and is supported by I\
a fulcrum 1.40 m away from o

the left end. Find the forces that the
bolt and the fulcrum exert on the board.

Fulcrum

F, acts on rotation axis - produces no torque.

Yt=0=(,F, (W
F,=((, /0,)W =(3.9/1.4)530N =1480 N

EFy:O:—F;+F;—W AxIS A l“,
F =F,—W =(1480-530)N =950 N (2=1.40m

F. (w=3.90m
I "



8.7 Rigid Objects in Equilibrium

+V
Choice of pivot 1s arbitary (most convenient) = Countgr-clockwise
-~ torquel1s positive
Pivot at fulcum: F, produces no torque. i
=
Yr=0=F(,-W(,~1,)
F=w(,/t,—1)=(530N)(1.8) =950N |
Bolt
ZF =O=—F1+F;—W []y A Fulcrum
y
F,=F+W =(950+530)N=1480 N
AF,

Yields the same answers as with pivot at Bolt.

AxIs
{o=140m

pl €w=3.90m ‘



8.7 Rigid Obiects in Eauilibrium

All forces acting on the arm

Counter-clockwis

torque is positive| -

Deltoid Dumbbell
£1J5C|0
| Shoulder :
joint

(a)

Example 5 Bodybuilding

M
e ~13.0°
‘Sx - |
l Wd Wd

S 0.150 m
A 0.280 m >

> 0.620 m >

(b) Free-body diagram of the arm

. Only those contributing torque

M
( —13.0°
M/
Axis —@

* |

(¢)

The arm is horizontal and weighs 31.0 N. The deltoid muscle can supply
1840 N of force. What is the weight of the heaviest dumbell he can hold?



8.7 Rigid Objects in Equilibrium

M

.\x ]
—

S——
= 10.150 m

Sy [<—0.280 m —
0.620 m

positive torque|

M P, \\
Axis —e 7}
ll 1 l \_\’“ . \
/ ' W ! .
] 11 |negative torques
by

~ - -

1
|4

> 7= M(sinl3°)¢, — Wg - W;fd —0

W, =|+M(sin13°)¢, -wt ]/¢,
= | 1840N(.225)(0.15m)— 31N(0.28m) | /0.62m
=86.IN




8.7 Center of Gravity

Center of gravity

N+

Y

\l,
<
4

Yw

DEFINITION OF CENTER OF GRAVITY

The center of gravity of a rigid body is the point at
which its weight can be considered to act when

the torque due to the weight is being calculated.

Hinge
(axis)




8.7 Center of Gravity

When an object has a symmetrical shape and its weight is distributed
uniformly, the center of gravity lies at its geometrical center.

L
\l,
<
4

Hinge
(axis)

Center of gravity

NI+

Y

Yw




8.7 Center of Gravity

General Form of x, | Xeg. |

Wix +Wox, +--
X —
W AW, 4+

(b)

X0

X 1

4

-
<

=|
e
.__

Axis o
1 . Balance point is under x,,
W,

(a) (c)

Center of Gravity, Xog s for 2 masses

RARA
WA,



