ROTATION OF A RIGID BODY

Conceptual Questions

12.1. Assuggested by the figure, we will assume that the larger sphere is more massive. Then the center of gravity
would be at point a because if we suspend the dumbbell from point a then the counterclockwise torque due to the
large sphere (large weight times small lever arm) will be equal to the clockwise torque due to the small sphere (small
weight times large lever arm).

Look at the figure and mentally balance the dumbbell on your finger; your finger would have to be at point a. The
sun-earth system is similar to this except that the sun’s mass is so much greater than the earth’s that the center of
mass (called the barycenter for astronomical objects orbiting each other) is only 450 km from the center of the sun.

12.2. To double the rotational energy without changing @ requires doubling the moment of inertia. The moment of
inertiais proportional to R? so Rmust increase by /2.
12.3. Therotational kinetic energy is K, =%I w?. For adisk, | =%MRZ. Since the mass is the same for all three

disks, the quantity R?»? determinesthe ranking. Thus K, = Ky, > K_.

12.4. No. The moment of inertia does not have any dependence on a quantity that indicates an object is rotating,
such as @ or «, So an object does not have to be rotating to have a moment of inertia.

12.5. Mass that is farther away from the axis of rotation contributes more to the moment of inertia | = Irzdm

Here, r is the distance from the axis of rotation to the mass element dm. Note r? is always positive. For arod, there
is more mass farther away from an axis through the rod’' s end than one through its middle.

12.6. Because sphere 2 has twice the radius, its mass is greater by a factor of 2°=8, since ngnrs’pstee,. The

added massis also distributed farther from the center, so, | o« mr? leadsto I, o (8my)(2r)% = 321,

12.7. 1t will be easier to rotate the solid sphere because the hollow sphere’s mass is generally distributed farther
fromits center. If you roll both simultaneously down an incline, the solid sphere will win.
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12.8. 7o>1,=1y>7.=174>7 Thetorque r =rF|sing|. We must calculate each torque:

L L_ . N2
-[=|F —TFsing5°=YZ | F
Ta (2] 7q 2 sin 4
[Lj 7= L(2F)
=] —|F
4
NA 7 =LFsin0°=0

¢ =(%stin45°=TZLF

12.9. (a) Negative, since it causes the ball to rotate clockwise.

(b) The angular velocity holds steady (iii) after the push has ended, since the torque has ended, and there is no more
angular acceleration.

(c) Thetorque is zero after the push has ended because there is no longer an applied force.

2

12.10. Since 7 =la, a:ll. Also, r=Fr and | =mr :a:i. Calculate o for each case:

mr
ay= Fo o= R _ Eaa
Mylo my(2rp) 2
2F, 2F, 1
Ap=F——=04 Q=" =70,
2myr, (2mp)(2r)) 2

SO ag=an,> o, =ay.

12.11. The block attached to the solid cylinder hits first. The solid cylinder has a smaller moment of inertia since
more of its mass is closer to the rotation axis, so it has less resistance to a change in its rotational motion. The torque
applied by the string attached to the block makes the solid cylinder change its rotation and unwind the string faster.

12.12. The moment of inertia for the tuck position is smaller than that of the pike position. Since the angular
momentum of the diver is conserved, any initial angular velocity is increased more when the diver moves to the tuck
position relative to the pike position.

12.13. Theangular momentum L of disk b islarger than the angular momentum of disk a. Calculate L for each:

1
Ly=1,0,= 3 mraza)a

Ly = oy :%m(Zraz)z(%a)aj = 2(1 mraza)aj =21,

Exercises and Problems

Exercises

Section 12.1 Rotational Motion
12.1. Model: Assume constant angular acceleration.

Solve: (a) The final angular velocity is e = (2000 rpm)(Z” rad][ min

—— [=209.4 rad/s. The definition of angular
rev 60 s

acceleration gives us
_ Ao o —o 2094 rad/s—0rad/s

= = =419 rad/s.
At At 0.50s

(24

The angular acceleration of the drill is 4.2x10? rad/s.
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(b) 6 =6 +mAt +%a(At)2 =0rad+0 rad+%(419 rad/s?)(0.50 s)? =52.4 rad

rev
2r rad

Thedrill makes (52.4 rad)( j =8.3revolutions.

12.2. Model: A spinning skater, whose arms are outstretched, is arigid rotating body.
Visualize:

Solve: The speed v=rw, where r =140 cm/2=0.70 m. Also, 180 rpm=(180)27/60 rad/s=6x rad/s. Thus,
v =(0.70 m)(67x rad/s)=13.2 m/s.
Assess. A speed of 13.2 m/s~ 26 mph for the handsis alittle high, but reasonable.

12.3. Model: Assume constant angular acceleration.
Visualize:

Pictorial representation

Known
d=80cm
w; = 60 rpm
we =0 rpm
Ar=25s

27 rad]( min

—— |=2x rad/s.
rev 60 s

Solve: Theinitial angular velocity is w; = (60 rpm)[

The angular accelerationis

o —o; Orad/s-27 radls
At 25s

=-0.251 rad/s?

o=
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The angular velocity of the fan blade after 10 sis
o = o, +a(t—ty) = 27 rad/s+ (~0.251 rad/s?)(10 s—0 s) = 3.77 rad/s

The tangentia speed of the tip of the fan bladeis
Vv, =rw=(0.40 m)(3.77 rad/s) =1.5 m/s

(b) 6 =6 +mAt +%a(At)2 =0rad+ (27 rad/s)(25 s) +%(—o.251 rad/s?)(25 s)? = 78.64 rad

Thefanturns 78.64 rad =12.5 rev ~ 13 rev while coming to a stop.

12.4. Model: Assume constant angular acceleration.
Visualize:
Pictorial representation
Known
w; =60 rpm
wp= 90 rpm
At=10s
Find
a,, length of chain

Solve: (a) Since g =re, find o first. With 90 rom=9.43 rad/s and 60 rpm=6.28 rad/s,

o _Aw _9.43rad-6.28 rad/s

At 10s
The angular acceleration of the sprocket and pedal are the same. So
a, =ra = (0.18 m)(0.314 rad/s®) = 0.057 m/s?

(b) The length of chain that passes over the sprocket during thistimeis L=rA6. Find A6:

=0.314 rad/s?

6 =6 +wAt +%a(At)2
6 —6 = A0 =(6.28 rad/s)(10 5) +%(o.314 rad/s?)(10 s)? = 78.5 rad

The length of chain which has passed over the top of the sprocket is
L=(0.20m)(78.5rad)=7.9m

Section 12.2 Rotation About the Center of Mass
12.5. Model: The earth and moon are particles.

Visualize:
Known ﬁ.
xp=0m il
ay=1384% 10°m >
mg=5.98 x 10* kg :

my=7.36 x 102 kg

*E ™M

Choosing Xz =0 m sets the coordinate origin at the center of the earth so that the center of mass location is the
distance from the center of the earth.
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Solve:

Cmexg +MyXy  (5.98x10% kg)(0 m) + (7.36x10% kg)(3.84x10° m)
Me + My 5.98x10% kg + 7.36x10%2 kg

=4.67x10° m~4.7x10° m

Assess: The center of mass of the earth-moon system is called the barycenter and is located beneath the surface of
the earth. Even though xz =0 m the earth influences the center of mass location because m isin the denominator

Xem

of the expression for xgn,.

12.6. Visualize: The coordinates of the three masses m,, mg, and me are (0 cm, 0 cm), (0 cm, 10 cm), and (10

cm, 0 cm), respectively.
Solve: The coordinates of the center of mass are

_ MaXa +MpXg +MeXe (3009)(0cm) + (200 g)(0 cm) + (100 g) (10 cm)

m =1.7cm
My + Mg + Mg (300g+200g+100Q)
Yorr = MaYa +MeYg +MeYe _ (3009)(0cm) +(2009)(10cm) +(100g)(0cm) _ 3.3cm
em My + Mg + Me (3009 +200g+100g) '

12.7. The coordinates of the three masses m,, mg, and m. are (0 cm, 10 cm), (10 cm, 10 cm), and (10 cm, 0 cm),
respectively.

Solve: The coordinates of the center of mass are

M Xp +MeXg +McXe  (200g)(0cm) + (300 g)(12 cm) + (100 g)(12 cm)

Xem =8.0cm
my + Mg + M (200g+300g+100Q)
Yo = MaYa +MeYg +McYe _ (2009)(0cm) +(3009)(10.cm) +(100g)(0cm) _50em
omn My + Mg + Me (200g+300g+100g) '

12.8. Model: The ballsare particles located at the ball’ s respective centers.

Visualize:

®
/.d-'_-.\

m;=100g m,=200g Known

® =120 rpm
. @ my, m,
x(.‘l\'l
| Find
| 30 cm | Vi

Vi

Solve: The center of mass of the two balls measured from the |eft hand ball is
_ (100 g)(0 cm) + (200 g)(30 cm)

m =20cm
100g+200g
The linear speed of the 100 g ball is
. 27 rad \( min
Vi=fw= =(0.20 m)(120 rev/min — [=2.5m/s
T T ey )
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Section 12.3 Rotational Energy
12.9. Model: Thedisk isarigid body rotating about an axis through its center.
Visualize:

p .
‘l'll\'l

R=0.040 m
M=0.10 ke
K=0.15]

Solve: The speed of the point on the rim is given by v, = Rw. The angular velocity « of the disk can be
determined from its rotational kinetic energy whichis K = %I @?=0.15J. The moment of inertia| of the disk about

its center and perpendicular to the plane of the disk is given by

| :%MRZ =%(o.1o kg)(0.040 m)? =8.0x10™° kg m?

2 2(0.15)) 0.30J
w = = _5 2
| 8.0x10™° kgm
Now, we can go back to the first equation to find v,;,,,. Weget v, = Ro =(0.040 m)(61.237 rad/s) = 2.4 m/s.

= ©w=61.237 rad/s

12.10. Model: Theearthisarigid, spherical rotating body.
Solve: The rotational kinetic energy of the earth is K,y :%Ia)z. The moment of inertia of a sphere about its

diameter (see Table12.2)is | = % M oatnR? and the angular velocity of the earth is

27 rad

w=—"—""_ =727x107° rad/s
24 %3600 s

Thus, the rotational kinetic energy is

1(2 2) 2
Krot ZE[EMearthR jw

=%(5.98><1024 kg)(6.37x10° m)?(7.27x10™° rad/s)? = 2.57x10%° J

12.11. Model: Thetriangleisarigid body rotating about an axis through the center.
Visualize: Please refer to Figure EX12.11. Each 200 g mass is a distance r away from the axis of rotation, wherer is
given by

0.20m 0.20m

=c0sS30°=r = =0.2309 m
r c0s30°

Solve: (a) The moment of inertia of the triangleis | =3x mr? = 3(0.200 kg)(0.2309 m)? = 0.032 kg m?.
(b) The frequency of rotation is given as 5.0 revolutions per sor 10z rad/s. The rotational kinetic energy is

Kot = %I w? :%(0.0320 kg m?)(10.0x rad/s)? =15.8 J=16 J

12.12. Model: Thebatonisathin rod rotating about a perpendicular axis through its center of mass.

Solve: The moment of inertia of athin rod rotating about its center is | = % ML2. For the baton,

| = %(0.400 kg)(0.96 m)? = 0.031 kg m?
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The rotational kinetic energy of the baton is

. 2
Koot = <1002 = £(0.031 kg m?)| 200 revimin) 22| MM} 1 68 32173
2 2 rev 60 s

Section 12.4 Calculating M oment of Inertia
12.13. Model: The moment of inertia of any object depends on the axis of rotation. In the present case, the rotation
axis passes through mass A and is perpendicular to the page.

2MX _ MaXa +MXg +MeXe + MpXp

xm My + Mg+ Me +Mp
_ (100g)(0m) +(200g)(0m) +(300g)(0.10 m) + (200 g)(0.10 m)
- 100g+200g+300g+200g
_MaYa +MBYg +McYc + MbYp

My + Mg +Me +Mp

_ (1009)(0 m) +(2009g)(0.08 m) + (300 g)(0.08 cm) + (200 g) (0 M)
- 800 g
(b) The distance from the axisto mass C is 12.81 cm. The moment of inertiathrough A and perpendicular to the pageis

2 2 2 2 2
|A=Zn‘]l'i :mArA"l‘rrer'f'nbrc'f'ner
|

Solve: (&) Xm =

=0.063 m

Yem

=0.050 m

=(0.100 kg)(0 m)? + (0.200 kg)(0.08 m)? + (0.300 kg)(0.1281 m)? + (0.200 kg)(0.10 m)? = 0.0082 kg- m?

12.14. Model: The moment of inertia of any object depends on the axis of rotation.

Visualize:
200 g
Axis Q(_'
7 by}
100 g 10 cm 200 ¢
Solve: (a) xg = =5 MaXa + Mg + MeXe + MpXp
Zm My +Mg + M + My
_ (100 9)(0 m) + (200 g)(0 m) + (200 g)(0.10 m) + (200 g)(0.10m) 0.057 m
B 100g+200g-+200g+200g e
Yo = MaYa +MgYg +MeYc +MpYp
o my + Mg + Mg + Mp
_ (100g)(0m) + (200 g)(0.08 M) + (200 g)(0.08 cm) + (200 g) (0O m) 0,046 m
7009 '

(b) The moment of inertia about a diagonal that passes through B and D is

2 2
lgp =MalA +Mcre
where we must compute r,y =re which are the distances from the diagona. From triangle ABD we see that

0= tanl(%j =38.66°. Now r, =(0.10 m)sin38.66°=0.06247 m. Thus,

Igp = (0.100 kg)(0.06247)? + (0.200 kg) (0.06247)? = 0.0012 kg m?

Assess: Note that the masses B and D, being on the axis of rotation, do not contribute to the moment of inertia.
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12.15. Model: The three masses connected by masslessrigid rods are arigid body.
_Xmx _ (0.100 kg)(0 m) +(0.200 kg)(0.06 m) +(0.100 kg)(0.12 m)

: = = =0.060 m
Solve: (@) e  m 0.100 kg +0.200 kg +0.100 kg
Smy (0.100 kg)(0 m) + (0.200 kg)(\/(o.lo m)? — (0.06 m)? |+ (0.100 kg)(0 m)
_ P =0.040 m
Yo =75 m 0.100 kg +0.200 kg +0.100 kg

(b) The moment of inertia about an axis through A and perpendicular to the pageis
| =X mr2 = mg(0.10 m)? + m(0.10 m)? = (0.100 kg)[(0.10 m)? + (0.10 m)?] = 0.0020 kg m?

(c) The moment of inertia about an axis that passes through B and C is

2
lgc =Ma (\/(0.10 m)? - (0.06 m)z) =0.00128 kg m? ~ 0.0013 kg m?

Assess. Note that mass m, does not contributeto 1, , and the masses mg and mg do not contribute to 15c.

12.16. Model: The CD isadisk of uniform density.
Solve: (@) The center of the CD isits center of mass. Using Table 12.2,
e :%MRZ :%(0.021 kg)(0.060 m)? = 3.8x10°% kg m?

(b) Using the parallel—axis theorem with d =0.060 m,
| =1y +Md?=3.8x10"° kg m? +(0.021 kg)(0.060 m)? =1.14x10"* kg m?

12.17. Model: Thedoor isadab of uniform density.
Solve: (@) The hinges are at the edge of the door, so from Table 12.2,

| =%(25 kg)(0.91 m)? = 6.9 kg m?

0.91m

(b) The distance from the axis through the center of mass along the height of the door is d = ( -0.15 m) =
0.305 m. Using the parallel—axis theorem,

| =l gn+Md? :1—12(25 kg)(0.91 m)2 + (25 kg)(0.305 cm)? = 4.1 kg m?
Assess. The moment of inertiaislessfor aparallel axisthrough a point closer to the center of mass.

Section 12.5 Torque
12.18. Visualize:

30N
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Rotation of a Rigid Body 12-9

Solve: Torque by aforceis defined as 7 = Frsing where ¢ is measured counterclockwise from the ¥ vector to the F
vector. The net torque on the pulley about the axle is the torque due to the 30 N force plus the torque due to the 20 N force:
(30 N)r; sing, + (20 N)r,sing, = (30 N)(0.02 m) sin (—90°) + (20 N)(0.02 m) sin(90°)
=(-0.60N-m)+(0.40N-m)=-0.20 N-m

Assess: A negative torque causes a clockwise accel eration of the pulley.

12.19. Visualize: The downward force that points at the axle provides no torque at all.
Solve: Theline of action of the upward force is 10 cm away from the axis.

FFmE_f_50Nm
0.10 m

=50 N
12.20. Model: Thedisk isarotating rigid body.

Visualize:

C=30N A=30N

Bo=0°

D=20N

The radius of the disk is 10 cm and the disk rotates on an axle through its center.
Solve: The net torque on the axleis

7 =FplaSingy + Fglg Singg + Felesinge + Fprp singp
= (30 N)(0.10 m)sin(—90°) + (20 N)(0.050 m)sin90° + (30 N)(0.050 m)sin135°+ (20 N)(0.10 m)sin0°
=-3N mM+1N m+1.0607 Nm=-0.94 N m
Assess: A negative torque means a clockwise rotation of the disk.

12.21. Model: Thepulley acts asif all of its mass were concentrated at its center of mass.
Visualize: There are three torques: two clockwise and one counterclockwise. All of the forces that produce torques
act straight down.

Solve:
27 = [y + 1,F, + 13F3 = (0.075 m)(15 kg)(9.8 m/s?) — (0.075 m)(5.0 kg)(9.8 m/s?) — (0.225 m)(10 kg)(9.8 m/s?)
=-147N-m
Assess: The answer is negative because the clockwise torques are greater than the counterclockwise torques.
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12.22. Model: Thebeamisasolidrigid body.
Visualize:

&

i, 70 kg
2.0m . 2.0m m
i
/ -90° l/—‘)ﬂ"
500 kg
(Fo)e

(Fo)p

O || —

The steel beam experiences a torque due to the gravitational force on the construction worker (IEG)C and the

gravitational force on the beam (IEG)B. The normal force exerts no torque since the net torque is calculated about the
point where the beam is bolted into place.
Solve: The net torque on the steel beam about point O is the sum of the torque due to (IEG)C and the torque due to

(IEG)B. The gravitational force on the beam acts at the center of mass.
7=((Fg)c)(4.0 m)sin(-90°) + ((Fg)g) (2.0 m)sin(—90°)
=—(70 kg)(9.80 m/s?)(4.0 m) — (500 kg)(9.80 m/s?)(2.0 m)=—12.5 kN m
The negative torque means these forces would cause the beam to rotate clockwise. The magnitude of the torque is
125kN m.

12.23. Model: Model the arm as auniform rigid rod. Its mass acts at the center of mass.
Visualize:

L (Fo
(Fghy

(a) (b)
Solve: (@) Thetorqueis due both to the gravitational force on the ball and the gravitational force on the arm:
T =Tpg + Tam = (My9)r SIN90° + (M, g)r, Sin90°
= (3.0 kg)(9.8 m/s?) (0.70 m) + (4.0 kg)(9.8 m/s?) (0.35m) =34 N m
(b) Thetorqueis reduced because the moment arms are reduced. Both forces act at ¢ = 45° from the radial line, so
T =Ty + Tarm = (M), SIN4A5° + (M,g)r, Sin45°
= (3.0 kg)(9.8 m/s?) (0.70 m)(0.707) + (4.0 kg)(9.8 m/s?) (0.35 m)(0.707) =24 N m
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Section 12.6 Rotational Dynamics

Section 12.7 Rotation About a Fixed Axis
12.24. Solve: 7 =Ila istherotational analog of Newton's second law F = ma. We have

7 =(2.0 kg m?)(4.0 rad/s?) =8.0 kg m?/s?> =8.0 N m.

12.25. Visualize: Since a = /1, agraph of the angular acceleration looks just like the torque graph with the numerical
values divided by | =4.0 kg m?.

o« {I'lldﬁiz)

0.50

Solve: From the discussion in Chapter 4,
ax = w; + areaunder the angular acceleration « curve between t; and t;

The areaunder the curve between t=0s and t =3 s is0.50 rad/s. With @, =0 rad/s, we have
ax =0 rad/s+0.50 rad/s=0.50 rad/s

12.26. Model: Two balls connected by a rigid, massless rod are a rigid body rotating about an axis through the
center of mass. Assume that the size of the ballsis small compared to 1 m.

Visualize:

l 2k
ke <> g

| xcm
I

I m

We placed the origin of the coordinate system on the 1.0 kg ball.
Solve: The center of mass and the moment of inertiaare
~ (1.0kg)(0 m)+(2.0kg)(1.0 m)
m (1.0 kg+ 2.0 kg)

L about om = 2 M 1% = (1.0 kg)(0.667 m)? + (2.0 kg)(0.333 m)? = 0.667 kg m?

=0.667m and y,,,=0m

We have oy =0rad/s, t; —t;=5.0s, and w; =—20 rpm=-20(2z rad/60 s):—%zzrad/s, 0 o =, +at; —t)

becomes
0radis=| —2Z radis |+ (5.0 9 = o = 2 radls®
3 15
Having found | and «, we can now find the torque 7 that will bring the ballstoahaltin5.0 s
2 2\ 27 A
=1 =| Lkgm? || == rad/s’ |==—— Nm=0.28 N m
7= labout cm® (3 g j[ 15 j 5

The magnitude of the torque is0.28 N m, applied in the counterclockwise direction.
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12.27. Model: The compact disk isarigid body rotating about its center.
Visualize:
0, @, =2000 rpm, 1, =3.0s

@ = constant
By, 1, =0
1=25% 107 kg m?
Solve: (a) Therotational kinematic equation @, = @y + a(t; —ty) gives

2007 rad/s2

(2000 rpm)(%] rad/s=0rad+«(3.0s-08) = a =

The torgue needed to obtain this operating angular velocity is

r=la=(25x10" kg mz)(% rad/52J:1.75x103 N m

(b) From the rotational kinematic equation,

0,0y +wo(t1—t0)+%a(t1—to)2 —0rad+0 rad+%[20;” rad/szj(:%.o 5-05)?
1007z
T

=1007 rad = revolutions= 50 rev

Assess: Fifty revolutionsin 3 seconds is areasonable value.

12.28. Model: Modd the disk as solid. Thetorque is constant so the angular acceleration is constant.
Visualize: Thedisk startsfromrest, so @y =0.

@ Known
1 m=4.0kg
: r=0.18m
; F=50N
\—/ wy =0

1

! Find

| 11—
1 (L]

Solve:

1129 o o om0 2 TAL_TFAL_FAt_ (5ON)(409)
At o temm e Ee AL 17 Iy 1
At | im? Imr (4.0kg)(0.18m)

=55.6 rad/s=530 rpm

Assess: 530 rpmis pretty fast but in the reasonable range.
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Section 12.8 Static Equilibrium
12.29. Model: The object balanced on the pivot is arigid body.
Visualize:

1.0 m

tﬁ * 4.0kg
1 1.0 kg
(‘Eﬁ)l ! |Apivul

d

r(n'_':(;)z

Since the object is balanced on the pivot, it isin both trandational equilibrium and rotational equilibrium.
Solve: There are three forces acting on the object: the gravitational force (IEG)1 acting through the center of mass of

the long rod, the gravitational force (IEG)2 acting through the center of mass of the short rod, and the normal force
P on the object applied by the pivot. The translational equilibrium equation (Fret)y=0N is
~(Fg)1—(Fg)2+P=0N= P=(Fg), + (Fg), = (1.0 kg)(9.8 m/s?) + (4.0 kg)(9.8 m/s?) = 49 N
Measuring torques about the left end, the equation for rotational equilibrium 7, =0 N m is
Pd-w(1.0m)-w,(1.5m)=0Nm
= (49 N)d — (1.0 kg)(9.8 m/s?)(1.0 m) — (4.0 kg)(9.8 m/s?)(1.5m)=0N=d =1.40 m
Thus, the pivot is 1.4 m from the left end.

12.30. Model: The object isin equilibrium,so >F =0, and Xz =0.
Visualize: There are three torques:
Solve:

2F,=40N+F,-F=0=>F=40N+F,
Take the torques around the | eft end.

27r=(3.0m)F, - (2.0 mF =0

(3.0 m)F, — (2.0 m)(40N+F,)=0

(30m-2.0m)F,=80N-m=F,=80N
Plug back into the force equation to get F; =120 N
Assess: This can be checked by taking torques around ancther convenient axis.

12.31. Model: Thebeamisarigid body of length 3.0 m and the student is a particle.
Visualize:

2m

(F'(:)H
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Solve: To stay in place, the beam must be in both translational equilibrium (Ifnet =0 N) and rotational equilibrium
(thet =0 N m). Thefirst condition is

2 Fy =—(Fg)beam — (Fe)stugent + L+ F,=0N
= F1+ Fp = (Fg)beam + (Fo )student = (100 kg +80 kg)(9.80 m/s?) =1764 N
Taking the torques about the left end of the beam, the second condition is
~(Fg)beam(1.5 M) — (Fg)student (2.0 M) + F(3.0 M) =0 N m
~(100 kg)(9.8 m/s?)(1.5 m) — (80 kg)(9.8 m/s?)(2.0 m) + F»(3.0 M) =0 N m
= F,=1013 N ~1000 N

From F +F,=1764 N, weget F; =1764 N-1013 N =0.75 kN.

Assess: To establish rotational equilibrium, the choice for the pivot is arbitrary. We can take torques about any point
on the body of interest.

12.32. Model: The see-saw isarigid body. The cats and bowl are particles.

Visualize:
Known ) n’
m; =5.0kg =2

ny, =4.0kg 7 Zk

=20k = " - -
Gl Fos Y (Fe, | Fos (Fo)
Find i 20m ) 20m
d y

Solve: The see-saw isin rotational equilibrium. Calculate the net torque about the pivot point.
Tnet =0=(Fg)1(2.0 m) - (Fg)2(d) - (Fg) (2.0 m)
m,gd = mg(2.0 m) - mgg(2.0 m)
- (m -mg)(2.0m) (5.0 kg—2.0 kg)(2.0 m)
m, 4.0 kg
Assess. The smaller cat is close but not all the way to the end by the bowl, which makes sense since the combined
mass of the smaller cat and bowl of tunais greater than the mass of the larger cat.

Section 12.9 Rolling Motion
12.33. Solve: (a) According to Equation 12.36, the speed of the center of mass of thetireis

=15m

Vem = Rw =20 mis= @ =om - 20 m/s
R 030m

=66.67 rad/s=(66.7) (?j rpm = 6.4x10% rpm
v

(b) The speed at the top edge of the tire relative to the ground is Vg, = 2V, = 2(20 m/s) =40 mi/s.
(c) The speed at the bottom edge of the tire relative to ground is Vj,giiom =0 M/s.
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12.34. Model: Thecanisarigid body rolling across the floor.
Solve: The rolling motion of the can is a trandation of its center of mass plus a rotation about the center of mass.

The moment of inertia of the can about the center of mass is%MRZ, where Risthe radius of the can. Also v, = R,
where @ isthe angular velocity of the can. The total kinetic energy of the canis

2
T e B L L

=%Mv§m =%(o.5o kg)(1.0 m/s)?> =0.38 J
12.35. Modéel: The sphereisarigid body rolling down the incline without slipping.
Visualize:

Theinitial gravitational potential energy of the sphereistransformed into kinetic energy asit rolls down.
Solve: (a) If we choose the bottom of the incline as the zero of potential energy, the energy conservation equation
will beK; =U;. Thekinetic energy consists of both trandational and rotational energy. This means

1 2,12 1(2,,02) 2, 1 2
Ki ==l 0 +=Mvs, =Mgh= =| =MR* |0“ + =M (Rw)“ = Mgh
f 2cm 2 cm g 2(5 2 ( ) g

:1—70MR2 2= Mg(2.1 m)sin25°

L0 g(2.1 m)(sin25° L g(2.1 m)(sin25°
:JYQ( 025 [PoRAMENS) o oy
R (0.04 m)
(b) From part (a)
1 1 7 1 1(2 1
Kiotal :E|me2+§Mv§m:EMsz2 and Kmt:Elcme:E[EMRZJa)Z:gMRZwZ

= KI‘OI = %MRZCOZ =1><E:g
Kita sMRP0® 5 7 7

12.36. Model: The mechanical energy of both the hoop (h) and the sphere (s) is conserved. Theinitial gravitational
potential energy is transformed into kinetic energy as the objects roll down the slope. The kinetic energy is a
combination of translational and rotational kinetic energy. We also assume no slipping of the hoop or of the sphere.
Visualize:

Before y
Yo=h wy=0,vy=0

Radius R
ith=30cm

y=0 - X

The zero of gravitational potential energy is chosen at the bottom of the slope.
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Solve: The energy conservation equation for the sphere or hoop K; +U Ki+Ugi is

of =
1 1 1 1
S @)+ Sm(w)?+ mgy, =21 (@) + 2 mvp)” + may

For the sphere, this becomes

102 o w2 1 2
= =mR |+ m()s+0J=0J+0J+m
2(5 j R2 2 (1)5 ghS

= 1—70(v1)§ = gh= (v)s =+/10gh/7 = \/10(9.8 m/s?)(0.30 m)/7 = 2.05 m/s
For the hoop, this becomes

( R2>(V;)“+ M)f +0 3=0 J+0 I+ MGhhooy

2
V;
= hhoop = ( ;)h
For the hoop to have the same velocity as that of the sphere,
h _ (Wi _ (205 m/s)?
P g 9.8 m/s?

The hoop should be released from a height of 43 cm.

=42.9cm

Section 12.10 The Vector Description of Rotational M otion
12.37. Visualize: To determine angle «, put the tails of the vectors together.
Solve: (@) The angle between the vectors when their tals coincide is 135°. The magnitude of

AxB isABsing = (6)(4)sin135°=17. The direction of AxB, us ng the right-hand rule, is out of the page. Thus,
Ax B = (17, out of the page).
(b) The magnitude of Cx D is CDsina = (6)(4)sin180° = 0. Thus Cx D =0.

12.38. Solve: (a) The magnitude of AxB is ABsina = (6)(4)sin45° = 21.21. Thedirection of AxB isgiven by

the right-hand rule. To curl our fingers from A to B, we have to point our thumb into the page. Thus, AxB=
(21, into the page).

(b) CxD= ((6)(4)sin90°, out of the page) = (24, out of the page).

12.39. Solve: AxB=(3 + J)x(3 —2] +2K)
=00 xi — 6 x i+6fx|2+3}xr—2ix ]\+2i><ﬁ
=0-6k+6(—])+3(-K)—0+2 =2 —6] -9k

12.40. Solve: 7=FxF=(5 +5])x(-10j) N m
=[-50(f x })=50(j x )] N m=[-50(+k) — 0] N m=-50k N m
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12.41. Model: Model the ball as a particle, and the rod as massess.
Visualize:

v (m) Known
m=13kg
F=mg

Pivot
Find

Solve: Thevector for r is r =(3.0i —1.0j) m and F =—(1.3kg)(9.8 m/s?) ]
7=rxF =((3.00 —1.0j) m)x (=(1.3 kg)(9.8 m/s?) }) =—(38 N-m)k
Assess: The answer is negative because the vector points into the page.

Section 12.11 Angular Momentum
12.42. Solve:

L=Fxmv=(L0i +2.0j) mx(0.200 kg)(3.0 m/s)(cos 45° —sin45° )
=(0.42( xi —0.427 x | +0.85] xi —0.85] x ]) kg m?/s=—(1.27k) kg m?/s or (1.27 kg m?/s, into page)

12.43. Model: Thedisk isarotating rigid body.
Solve: From Table 12.2, the moment of inertia of the disk about its center is

| :%MRZ :%(2.0 kg)(0.020 m)? = 4.0x107* kg m?

The angular velocity @ is600 rpm = 600x 27/60 rad/s= 20z rad/s. Thus L=1w= (4.0x10‘4 kg m2)(207z rad/s) =

0.025 kg m?/s. If we wrap our right fingers in the direction of the disk’s rotation, our thumb will point in the
—x direction. Consequently,

L=-0.025i kg m?/s=(0.025 kg m?/s, into page)

12.44. Model: The bar isarotating rigid body. Assume that the bar is thin.
Solve: The angular velocity @ =120 rpm = (120)(27)/60 rad/s= 4z rad/s. From Table 12.2, the moment of inertia

of arod about its center is| = % ML2. The angular momentum is
L=lo= (%j(o.so kg)(2.0 m)?(4r rad/s) = 2.1 kg m?/s
If we wrap our fingersin the direction of the rod’s rotation, our thumb will point in the z direction or out of the page.
Consequently,
L =(2.1 kg m?/s, out of the page)

12.45. Model: The bowling ball is a solid sphere.
Solve: From Table 12.2, the moment of inertia about a diameter of a solid sphereis

| :%MRZ =§(5.o kg)(0.11 m)? = 0.0242 kg m?
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Require
L=0.23 kg m?/s=lw=(0.0243 kg m%)w
= w=(9.5rad/s)

In rpm, thisis (9.5 rad/s) e % =91rpm.
27z rad )\ min

12.46. Model: Model the turntable as a rigid disk rotating on frictionless bearings. As the blocks fall from above
and stick on the turntable, the turntable slows down due to increased rotational inertia of the (turntable + blocks)
system. Any torques between the turntable and the blocks are internal to the system, so angular momentum of the
system is conserved.

Visualize: Theinitial moment of inertiais I, and the final moment of inertiais | ,.

Solve: The initid moment of inertia is Iy =g =%mR2=%(2.0 kg)(0.10 m)%>=0.010 kg m* and the final
moment of inertiais

I, =1, +2mR? =0.010 kg m? + 2(0.500 kg) x (0.10 m)2 = 0.010 kg m? + 0.010 kg m? = 0.020 kg m?
Let @ and @, betheinitial and final angular velocities. Then

Ly (0.010 kg m?)(100 rpm)
P 0.020 kg m?

L=L=>wl=0li=>w0= =50 rpm

Section 12.12 Precession of a Gyroscope
12.47. Mode: Model the spherical top as uniformly dense with the protruding axle massess.
Visualize:

QJ Known
s M=75kg
R=0.030m
d=0.040 m
@ = 1200 rpm = 125.7 rad/s
In =2 MR

Find
0

Solve:

Mgd Mgd  5dg  5(0.040m)(9.8 m/s?)
lo  2MR’0  2R’»  2(0.030 m)*(125.7 rad/s)

Q= =8.65rad/s=83rpm

Assess: The precession frequency is fairly large—not many times smaller than @ —so it is a little iffy to use our
precession model.
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12.48. Model: Model the gyroscope as a hoop with massless spokes.

Visualize:

’ Known

d=R

M=120¢g

R=0080m

@ = 1000 rpm = 104.7 rad/s
1= MR?

Find

Solve: (a)

Thisisindependent of M.
(b)

Now find the period.

Mgd MgR g
Q:—: =
lo  MR’0 Ro
g (9.8 m/s?)

=—= =1.17 rad/s

Rw  (0.080 m)(104.7 rad/s)

_2zvad 2z rad

T = =5.
Q  (L17radls)

Assess: Thisis a fairly large period, which means the precession frequency is low; this is reasonable for the given

numbers.

both expected and good because we didn’t Know (Yeg)runk-

Problems

12.49. Model: The structure is arigid body rotating about its center of mass.

Visualize:

3003@ =
|

Xem ' 600 g

O
o

40 cm

We placed the origin of the coordinate system on the 300 g ball.
Solve: First, we calculate the center of mass:

m

(300 9)(0 cm) + (600 G)(40 cm) _ o o

300 g+600 g

Next, we will calculate the moment of inertia about the structure’ s center of mass:

| = (300 g)(Xem)” + (600 g)(40 cm—X;,)?
=(0.300 kg)(0.2667 m)? + (0.600 kg)(0.1333 m)? = 0.032 kg m?
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Finally, we calculate the rotational kinetic energy:

1

Kot = »? =%(0.032 kg mz)(M

2
rad/sj =1.75J~1.8J

12.50. Visualize:

dx T; 20 cm
0 x

Area
dA = ldx

M

X

x

J

30 cm

Solve: We will consider a vertical strip of width dx and of mass dm at a position x from the origin. The formula for
the x component of the center of massis

Xem =ﬁjxdm

The area of the steel plateis A=%(0.2 m)(0.3 m) = 0.030 m?. Mass dmin the strip is the same fraction of M as dA
isof A. Thus

=dm= >
0.030 m

dm _dA MdA:[O.SOOkg
M A A

jdA: (26.67 kg/m?)l dx

The relationship between | and x is
I X

=1 :Ex
0.20m 0.30m 3

Therefore,
0.3m

_ (17.78 kg/m®) x°|
M 3

_ (17.78 kg/m?) (0.3 m)?
0.8 kg 3

Xom = ﬁ [(26.67 kg/mz)(éJ X2 dx =20cm

Om
Dueto symmetry y.,, =0cm.

12.51. Model: The object isarigid rotating body. Assume the masses m, and m, are small and the rod is thin.

Visualize: Please refer to Figure P12.51.
Solve: The moment of inertia of the object is the sum of the moment of inertia of the rod, mass my, and mass m,.

Using Table 12.2 for the moment of inertia of the rod, we get

1 L) LY
2
lobject = ! rod about center + Imy + Imy =75 ML +m_L[ j +m2(_j

12 2 4
1., 1 ., 1 ., L2(M m,
=—ML"+—mL +—mL =—| —+m+—=
12 g™ g™t T E My

Assess: With my=m, =0Kg, |4q75ML?, as expected.
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12.52. Model: Thedisk isarigid rotating body. The axisis perpendicular to the plane of the disk.
Visualize:

axis axis
h
(a) (b)

Solve: (a) From Table 12.2, the moment of inertia of a disk about its center is
| =%MRZ =%(2.o kg)(0.10 m)? =0.010 kg m?
(b) To find the moment of inertia of the disk through the edge, we can make use of the parallel—axis theorem:
| =l genter + Mh? = (0.010 kg m?) + (2.0 kg)(0.10 m)? = 0.030 kg m?

Assess: The larger moment of inertia about the edge means there is more inertia to rotational motion about the edge
than about the center.

12.53. Visualize:

dx
— i 1 x
]

d X

I

We chose the origin of the coordinate system to be on the axis of rotation, that is, at adistance d from one end of the rod.
Solve: The moment of inertia can be calculated as follows:

I:.[xzdm and d—m:%:dm:de
% L
M L-d 2 M X3 L 1( M 3 3 M 3 3
1= [ x dx:(—)— =—[—j[(L—d) —(-d)* = (L -d)*+ ]
L d L )3 L 3L L 3L

3 3
LTS N G N VI
3L\ 2 2 12
Assess: The special cases d=0m and d=L/2 of the general formula give the same results that are found in
Table 12.2.
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12.54. Model: The plate has uniform density.
Visualize:

(x, y)
L dA
2 r
X
i
2
L L
2 2
Solve: The moment of inertiais
| = J'rzdm

Let the mass of the plate be M. Its areais L2, A region of area dA located at (X, y) has mass dmzmAdAzmzdxdy.

L
, . . . : 22 s L L L L
The distance from the axis of rotation to the point (X, y) is r =+/x° + y“. With _ES xsE and _ES ys?
L
Lt L 2
2 2 2(.3
M M X
I:I I(x2+y2)(Fjdxdy:?I[?+y2xj dy
L L L
2 2 2 _L
2
L L L
LU S e W KO PO VA NS
|_2L242 24 2 y|_2L12yy|_212 3| L
2 2 2

4 3 3
_M L_+|_ L+L ZEMLZ
12| 12 24 24| 6

12.55. Visualize:

r=r =R

Solve: We solve this problem by dividing the disk between radii r; and r, into narrow rings of mass dm. Let

dA=2zrdr betheareaof aring of radiusr. The mass dmin thisring is the same fraction of the total mass M as dA
is of thetotal area A.
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(a) The moment of inertia can be calculated as follows:

M M
lya = [r?dm and dm=—dA=————(2zr)dr
disk j A (rz—rj_z)( )

M r4|”
= las = @ = &

= a(rf r1)'[ rl)'[ (rz—r)4|

4 2 .2

i) =—(r2-r

4(r2 1)(2 1) 2(2 )

Replacing r; withr and r, with R, the moment of inertia of the disk through its center is | g, :%M (R2+ r2).
(b) For r=0m, g =%MR2. This is the moment of inertia for a solid disk or cylinder about the center.

Additionally, for r=z R, wehave | = MR?. Thisisthe expression for the moment of inertia of a cylindrical hoop or

ring about the center.
(c) Theinitid gravitationa potential energy of the disk is transformed into kinetic energy asit rolls down. If we choose

the bottom of the incline as the zero of potential energy, and use v, = @R, the energy conservation equation Ky =U; is

2
;I +2Mvcm Mgh = 2(ZJ(R2+r2)\;—?+%Mv§m:ngi:Mg(0.50m)sin20°

2 2
:vcm[R4;2r ]+1v§m=v§m[l+1+4r?] 1.6759 m?/s?

J=1.6759 M?/s? = Vg, =1.37 m/s~1.4 m/s

, (0.015 m)?
4 4(0.020 m)?

For asliding particle on africtionless surface Ky =U;, so

% ? =mgy; = v; =./2gy; =4/29(0.50 m)sin20° =1.83 m/s=> Yem _ .75
Vi

That is, Vi, is 75% of the speed of a particle sliding down a frictionless ramp.

12.56. Model: Assume the density isaconstant p.
Visualize: Consider the cone as astack of thin disks. Notethat y = (R/H)x by similar triangles.

2 (H.R)
*\eedm ' &
The mass of onethindisk is
2
3M (R M
dm= dV:—Adx— dx = X | dx=—=xdx
p anRZ( =) HRZ(H ] H3

3
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Solve: (a)

H
3M 2 1X4:|
xC_Ide_me“’dX_L o3
1
3

m Idm B ?_'Msj‘(x)de _|:
(b)

2
I ='[dl =J-%r2dm=%'[y2dm=%_[(§xj [%xzdxj

2 H 2 H
_1(R}(M IXAdle RY[(M L] 3 yR?
2\H ) (H3)3 2lH)(H®)[5 ], 10
Assess: This could have as easily been done with the cone oriented vertically along the y-axis. Note the location of
the center of massis independent of R and the moment of inertiais independent of H.

12.57. Model: Assumethewomanisin equilibrium,so > F =0 and >z =0.
Visualize: Choose the axis to be the |eft end of the board.

The subject’s weight acts

at her center of mass.
i Known
my, =60 kg
______ m,=6.1kg
. L=25m
Pivot — -
A Yo, Scale =25 kg
L ™ Find
% d
The board’s weight acts
_,_at its center of mass.
¥ (Fo)w

Solve: Use 3. =0.
X, = L(sedlereading)g - d(m,)g - = (m;)g ~ON-m

L (scalereading)g —%(m))g L[(scalereading) —%mo]
d= =
m,g My
(2.5m)[(25kg) —%(6.1kg)]
B 60kg

Assess: Thisisalittle more than halfway up the body of a woman of average height.

=0.91m

12.58. Model: The ladder is a rigid rod of length L. To not slip, it must be in both translational equilibrium
(Ifnet =0 N) and rotational equilibrium (7net =0 N m). We also apply the model of static friction.
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Visualize:

Length L=3.0 m

Since the wall isfrictionless, the only force from the wall on the ladder isthe normal force ri,. On the other hand, the

floor exerts both the normal force ri; and the static frictional force fs. The gravitational force Fg on the ladder acts
through the center of mass of the ladder.
Solve: The x- and y-components of Fq = ON are

Zsznz—fs=ON:>fS:n2 sz:nl—FG:ON:nl:FG

The minimum angle occurs when the static friction is at its maximum value fq . =ty Thus we have
n, = fg = usny = pmg. We choose the bottom corner of the ladder as a pivot point to obtain 7, becausetwo forces
pass through this point and have no torque about it. The net torque about the bottom corner is

Tnet = hMg — don, = (0.5L.€0S60,;i,,)Mg — (LSiNGpin) Mg =0 N m

= 0.5¢0S60,i = tsSINGrin = tan i, =E=g=1.25:> Gin =51°
ks 0.

12.59. Model: The structureisarigid body.
Visualize:

3.0m ) 30m |
(Fg)s
Solve: We pick the left end of the beam as our pivot point. We don’t need to know the forces F, and F, because
the pivot point passes through the line of application of F, and F, and therefore these forces do not exert a torque.
For the beam to stay in equilibrium, the net torque about this point is zero. We can write
Tabout left end = —(Fg)g (3-:0 M) — (Fg)w (4.0 m) + (T sin150°)(6.0 m)=0 N m

Using (Fg)g = (1450 kg)(9.8 m/sz) and (Fg)w =(80 kg)(9.8 m/sz), the torque equation can be solved to yield
T =15,300 N.
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12.60. Model: Model the beam as a rigid body. For the beam not to fall over, it must be both in transational
equilibrium (F =0 N) and rotational equilibrium (7 =0 Nm).
Visualize:

& Al

-,
A

T 1

‘ . Folp
(Foly

Lt
in
=]

X

The boy walks aong the beam a distance x, measured from the left end of the beam. There are four forces acting on
the beam. F, and F, are from the two supports, (IfG),J is the gravitational force on the beam, and (IEG)B is the

gravitational force on the boy.
Solve: We pick our pivot point on the left end through the first support. The equation for rotational equilibriumis

—~(Fg)p(2.5 M)+ F,(3.0m) - (Fg)gx=0Nm
—(40 kg)(9.80 m/s?)(2.5 m) + F»(3.0 m) — (20 kg)(9.80 m/s?)x=0N m
The equation for trandation equilibriumis
2R =0N=F+F-(Fg)p—(Fe)s
= F+F, = (Fg)p + (Fg)g = (40 kg+ 20 kg)(9.8 m/s?) =588 N

Just when the boy is at the point where the beam tips, F; =0 N. Thus F, =588 N. With this value of F,, we can
simplify the torque equation to:

—(40 kg)(9.80 m/s?)(2.5 m) + (588 N)(3.0 m) — (20 kg)(9.80 m/s®)x=0N m

=x=4.0m
Thus, the distance from theright endis 5.0 m—4.0 m=1.0 m.

12.61. Solve: The bricks are stable when the net gravitational torque on each individua brick or combination of
bricksis zero. Thisistrue aslong as the center of gravity of each individua brick and any combination is over a base
of support. To determine the relative positions of the bricks, work from the top down. The top brick can extend past
the second brick by L/2. For maximum extension, their combined center of gravity will be at the edge of the third
brick, and the combined center of gravity of the three upper bricks will be at the edge of the fourth brick. The
combined center of gravity of al four bricks will be over the edge of the table.

Measuring from the left edge of brick 2, the center of gravity of the top two bricksis

myXq + MyX; m(;j rmk 3
= 2 =2L
(X12)com nh+ mz om 4

Thus the top two bricks can extend L/4 past the edge of the third brick. The top three bricks have a center of mass

L 3L 5L
m — (+m| — |+ m| —
MyX + MpXo + MeXg _ (ZJ (4j (‘J:EL

m +m, +nmy 3m 6

()(123)com =
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Thus the top three bricks can extend past the edge of the fourth brick by L/6. Findly, the four bricks have a

combined center of mass at
L 4L 11L 17L
m —|+ml— [+m| — |+ m ——
) e)rlEfE) o,
am 8

The center of gravity of al four bricks combined is 7L/8 from the left edge of the bottom brick, so brick 4 can
extend L/8 past the table edge. Thus the maximum distance to the right edge of the top brick from the table edge is

(X1234)com =

Thus, yes, it is possible that no part of the top brick is directly over the table because d,,, > L.

Assess.  As crazy as this seems, the center of gravity of al four bricks is stably supported, so the net gravitational
torque is zero, and the bricks do not fall over.

12.62. Model: The poleisauniform rod. The signisalso uniform.

Visualize:
T Known
mp=5.0kg
100 ecm o

g 513 Find
mgwhen T =300 N

‘(FG)P

80 cm 120 cm
1 = |
5 (Fgls > (Fgls
S = Sign
P = Pole

Solve: The geometry of the rod and cable give the angle that the cable makes with the rod.
o—tant[ 20| _51 30
200
Therod isin rotational equilibrium about its left-hand end.
Tnet =0=—(100cm)(Fg)p— (80 Cm)[%J(FG)S —(200 Cm)(%j(':e)s +(200cm)Tsin51.3°

=—(100 cm)(5.0 kg) (9.8 m/s?) — mg(9.8 m/s?)(140 cm) + (156 cm) T

With T=300N, mg=30.6 kg~ 31Kkg.
Assess: A mass of 30.6 kg is reasonable for asign.

12.63. Model: Assume the sculpture is in equilibrium. Choose the axis for the torques to be where the bar meets
thefloor. The distances from that axis are 2.0 m for the sphere, 4.0 m for the center of mass of the bar, and 6.0 m for
the point where the cable attaches.
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Visualize: Clockwise torques are negative and counterclockwise torques are positive.

Thin steel cable Steel bar Known

- L=8.0m
My, = 150 kg
Coppcr m.\phcn: =350 l‘."_l
sphere (Fo) f=35°
G /har
Find

T

Solve:
$ 7 = (6.0 mcos35°)T — (4.0 msin35°)(150 kg)(9.8 m/s?) — (2.0 msin35°)(50 kg)(9.8 m/s?) =0

T _ (4.0 msin35°)(150 kg)(9.8 m/s?) + (2.0 msin35°)(50 kg)(9.8 m/s?)
(6.0 mcos35°)

Assess: Thisis areasonable tension for a steel cable.

=800 N

12.64. Model: Theflywheel isarigid body rotating about its central axis.
Visualize:
Wyax = 1200 rpm

\

R=0.75m

M =250 kg

Solve: (@) The radius of the flywheel is R=0.75m and its massis M =250 kg. The moment of inertia about the
axis of rotation isthat of adisk:

| :%MRz =%(250 kg)(0.75 m)? =70.31 kg m?

The angular acceleration is calculated as follows:
Tnet = 1@ = & =7, /1 = (50 N m)/(70.31 kg m?) = 0.711 rad/s
Using the kinematic equation for angular velocity gives
@, = wp + a(t; —tg) =1200 rpm = 40 7 rad/s= 0 rad/s+0.711 rad/s*(t; - 0 s)
=t,=177 s
(b) The energy stored in the flywheel is rotational kinetic energy:

1

Kot = E' w? =%(7o.31 kg m?)(407 rad/s)? =5.55x10° J

The energy stored is 5.6x10° J.
energy delivered  (5.55x 10° J)/2
timeinterval 20s

(c) Average power delivered = =1.39x10° W ~140 kW
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[0 —
(d) Because 7=la, = rzl%zl( full energy ~half energyj.wfu”energy=w1 (from part(a)) = 40z rad/s.

At
@nalf energy CaN be obtained as:

1, 5 1 Ko |5.55x10° J
EI @ half energyzz Krot = @nat energy — lro = 70.31kg 2 =88.85 rad/s

Thus
£ = (70.31 kg m?) 40 7 rad/s—88.85 rad/s ~130kN m
20s
12.65. Model: Assume the string does not slip on the pulley.
Visualize:
T T I:I my, R
:\ as if :‘ _,' i i
"""""""" e TTTTTTTTTTTT T
m ‘1 m [Easst
1 v :
| i
] . b
(= I\'__ 't ra f‘z
my i ®
U':u)z (;G)Z

(a) (b)

The free-body diagrams for the two blocks and the pulley are shown. The tension in the string exerts an upward force
on the block m,, but a downward force on the outer edge of the pulley. Similarly the string exerts a force on block

m, to theright, but aleftward force on the outer edge of the pulley.
Solve: (a) Newton's second law for my and m, is T =mg and T —m,g =mya,. Using the constraint —a, = +a =4,
wehave T =ma and -T + m,g = mya. Adding these equations, we get m,g = (m;, + m,)a, or

az ™9 1 _pas MM

m +m m +m
(b) When the pulley has mass m, the tensions (T, and T,) in the upper and lower portions of the string are different.
Newton's second law for m, and the pulley are:

leﬁha and TlR—TzR:—la

We are using the minus sign with o because the pulley accelerates clockwise. Also, a=Re. Thus, T, =ma and

Il a al
Th-T=——=—
2 1 RR R2
Adding these two equations gives
I
T2 = a(n&+?j
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Newton's second law for m, is T, —m,g = mya, = —mya. Using the above expression for T,

l M9
alm+— [+ma=mg=a=——22———
(nl sz Mea=meg m +m, + 1 /R?
Since | =4m,R? for adisk about its center,
ae_ Mg
- 1
M+My+5M
With this value for a we can now find T; and T:
1
T-ma=— Mg Tz:a(m.,Rz)z#[mi%J:mz(W—M
my+m, + 1 (m+mp+2m) U 2 my+m, + $m,

Assess: For m=0Kkg, theequationsfor a, T and T, of part (b) simplify to

__mg and T, = LLLLLL i T,= mm,g
m + M m +my m + M

These agree with the results of part (a).

a

12.66. Model: Thedisk isarigid spinning body.
Visualize: Pleaserefer to Figure P12.66. Theinitial angular velocity is 300 rpm or (300)(27)/60=107x rad/s. After

3.0 sthe disk stops.
Solve: Using the kinematic equation for angular velocity,

o = g+ a(ty—t) = & = o=@y _ (O rad/s—107 rad/s) _ -107 rad/s?
t—tg (3.0s-05) 3
Thus, the torque due to the force of friction that brings the disk to rest is
1 mR?)a
r=la=—fR= f = 'F‘:‘ _ G - ) :—%(mR)a :—%(2.0 kg)(0.15 m)[—lO% rad/szJ:1.57 N~16 N

Theminussign with 7 =—fR indicates that the torque due to friction acts clockwise.

12.67. Model: Assume there are no other forces or torques other than the brake pad.
Visualize: Thefriction forceistangent to the shaft. Theinitial angular momentumis L = (I + I ,)@.

Known
A Dw 5 =0.15m
rg,=0.006 m
my;=1.2kg
mg;  —*Ldi mg, = 0.45 kg
At =15s
@ =33 rpm = 3.46 rad/s
" Find
[ Brake pad S
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Solve:
- Tmer? 4 Lmer2
A_L:;:Fxﬁzgxf—k:ka 1AL 1L 1 (lg+lge_ 1 GMlg+3Muls)e
At I At| 1 AU 1, At I At
o (%(1.2 kg)(0.15 m)? + 1 (0.45 kg)(0.006 m)2)(3.46 rad/s) Coson
~0.006 m 15s e

Assess: Thisis not alarge force, but it took 15 sto slow down the disk, so it is reasonable.

12.68. Model: Assume the turbineisarigid rotating body.

Visualize: Start with Newton’s second law: > 7 =1a. The net torqueis just the frictional torque we seek.
Solve: Apply the definition of «.

Aw
r=la=1——
At

When the turbine has reduced its rotation speed by 50% then Aw = %wl .

At=—-
2t

This suggests that a graph of At vs. @ should be a straight line whose slopeis |/2z.

@

Slowing time vs. rotation speed
v=0.1188x — 0.0984, > = 0.9977

40
30

20

Slowing time (s)

10

0 100 200 300

Initial angular speed (rad/s)
We see that the fit is quite good and that the slopeis 0.1188 s?, sothefrictional torqueis
I 2.6kg-m?
2-slope  2(0.1188<)

Assess. Y our boss wants the frictional torque to be as small as possible, but 11N-m seems reasonable.

=10.94N-m~11N-m

12.69. Model: Assume that the hollow sphereis arigid rolling body and that the sphere rolls up the incline without
dipping. We also assume that the coefficient of rolling friction is zero.
Visualize:

¥

Yo=0
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The initial kinetic energy, which is a combination of rotational and trandational energy, is transformed in
gravitational potential energy. We chose the bottom of the incline as the zero of the gravitational potential energy.
Solve: The conservation of energy equation Ky +Uq =K; +Uy; is

1 1 1 1
EM ()am +§Icm(a)l)2 + Mgy, = EM (Vo)am + Elcm(a)o)z +Magyy

1 2 (2.2 2 1 2 102 (Vo)am
0J+0J+ ng].:EM(VO)Cm +E EMR (a)o)cm+0 J= ngl:EM(VO)cm +§MR ?

8 ()am _ 5 (5.0 m/s)?

=2.126'm
g 6 9.8 m/s’

5
=0y = E(Vo)gm = %=

The distance traveled along the incline is
. _yl :2.126m:4'3m
sin30° 0.5

Assess. Thisis areasonable stopping distance for an object rolling up an incline when its speed at the bottom of the
incline is approximately 10 mph.

12.70. Model: Assumethereis no air resistance or friction.
Visualize: Use conservation of energy in each case. Initially each object has translational and rotational kinetic

energy.

Known
Before After =15
my; =750 g
m;=760¢g
ri=rs=75cm
vi=15m/fs

@

Find

Solve:
Ki =Us¢
2 2
+mv’ + 3107 = mgay
v 2
21| Vi
lnTViz-‘rl'(OlZ |'n\/I + |(rJ
= Ay=-2 2 =
mg mg

For the disk insert 14 =1 myré :

2
I+ 1(1myr2 ("IJ
2 MVi + 515 Myilgi Iy +imv?2 32 3 2
( ) i) oM *gme v 2@Sm9° ooy m

Ay =
y mg mg g 9.8 m/s?

Now find how far up the slope the disk goes to achieve aheight of 17.2 cm.
L _Ay :1?.2 cm:67
sind  sinl5°

cm
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For thering insert |,; =m, rriz :

2
S + 4 (my rﬁ){:’r‘_]

Ay = - -
mg mg

=2 _230cm
9.8 m/s?

s+ imy (L5 mig)?
g
Now find how far up the slope the ring goes to achieve a height of 23 cm.
L :ﬂ: 23.0cm
sind  sinl5°

Assess: Because the ring has a greater moment of inertia, it has greater total kinetic energy than the disk moving at
the same trandational speed. Notice both answers are independent of the mass and the radius.

=89 cm

12.71. Model: Assumethereisno air resistance. The cylinder rolls without slipping.

Visualize:

( M III
\ i |
\ R -3
\ ,// J’tfi //

~

0

Solve: The static friction force creates a torque computed around the axis of the cylinder equal to 7 = Rf,.

Use the rotational version of Newton’s second law with the acceleration when the cylinder is rolling without slipping:
a=aR

r=la= RfS:I%: fS:I%:,usn:I%
A side calculation from forces will give us the value of n and then a.
ZFy =n-Mgcosd = 0= n=Mgcosd
LF,=Mgsinéd - fg= Mgsind — un=Mgsing — uMgcosé = Ma
= a=g(sind- u;coso)
Plug these back into the torque equation.

2
- (%MR ) g(sin@— ugcosd) 1 (sind - uscosb)
RZ n R? Mg cosé 2 cosd

a
ﬂsnzlgjﬂs

There are u on both sides of the equation, but we rearrange terms, and isolate .
2445,C0S60 =sing — 1 C0SO = 31,C0S0 =SiNG = g =%tan6

Assess: It is reasonable that the coefficient of static friction depends on the angle in this way, but not on M, L, or R.
Also, as another check, see that in the result for the acceleration if the friction is zero then the acceleration is what it
was for a particle sliding down africtionless slope.
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12.72. Model: The disk is a rigid body rotating on an axle passing through one edge. The gravitational potential
energy is transformed into rotational kinetic energy as the disk is released.

Visualize:
y
Axis of
rotation \ Before
o S yo=R,a=0
After R
y1=0,0 ‘.‘ B

We placed the origin of the coordinate system at a distance R just below the axle. In the initial position, the center of
mass of the disk is a the same level as the axle. The center of mass of the disk in the final position is coincident with
the origin of the coordinate system.

Solve: (@) Thetorqueis due to the gravitational force on the disk acting at the center of mass. Thus

7 =(mg)R= (5.0 kg)(9.8 m/s?)(0.30 m)=14.7 Nm

The moment of inertia about the disk’ s edge is obtained using the parallel-axis theorem:

| =1y + MR =%mR2 + mR? =ng2 - (gj (5.0 kg)(0.30 m)? = 0.675 kgm?

jazzzLNmzzzz rad/52
I 0.675kgm
(b) The energy conservation equation K¢ +Ug =K =Uy; is

%Ia)lz+mgy1=%Iw§+mgy0:>%Ia)f+0J:0 J+mgR

2
o= }ngR _ 2(5.0kg)(9.8 m/s )2(0.30 m) 6.6 radls
| 0.675kgm

Assess: An angular velocity of 6.6 rad/s (or 1.05 revolutions/s) as the center of mass of the disk reaches below the
axleisreasonable.

12.73. Model: Assume the rod has uniform density so the center of massis at the center.
Visualize: Use conservation of energy.

."_,;'2 v’
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Solve: (a) With friction so the bottom tip can’'t move, the potential energy is transformed into rotational kinetic energy.

2 2
ui=|<f:Mg(£)=1|w2=1[1ML2](LJ :Lg:i(lj —v=PLg
2)" 2 2\3 L/2 32 4

(b) If there is no friction, then the center of mass fals straight down and the potential energy is transformed into
trandational kinetic energy.

Ui = K; :mg[%):%mvzzv;ﬂg

Assess: Thefinal speed isfaster without friction, as we would expect. An aternate solution for part (a) isthe
gravitational torque around the point of contact is 7 = (L/2)(sind)Mg which varies asthe rod falls. Find the work

doneasit falls.
L% L o0 L
W=|rd6=—M sindd@d =—Mg| —cosé =—M
[rdo== gJo 5 Mo[-cos0 . =—Mg

Use the work-kinetic energy theorem with 1,4 = % MR? for an axis on one end.

2
W=ak = tmg=dio2 =L Imz | L) o ig=dveov= [Bug
27 2 23 L/2 3 4

12.74. Model: The long, thin rod is a rigid body rotating about a frictionless pivot on the end of the rod. The
gravitational torque on the rod causes it to rotate, transforming the gravitational potential energy of the rod's center
of massinto rotational kinetic energy.

Visualize:

= ~
i
"
Y
Ay
Y
Y
Before .
A
) 1 s
cm|® }-U=5L,w0=0 \
A}
A\
A}

1l
L 1 |

1
cm !
. x

i\ After  Vip
Vot =
=0, o

We placed the origin of the coordinate system at the pivot point. In the initial position, the center of mass is a
distance %L above the origin. In the final position, the center of massisat y=0 m and thus has zero gravitational

potential energy.
Solve: (a) The energy conservation equation for therod K¢ +Ug =K +Uy; is

%Ia;f+mgylzélco§+ mayo %(%mszwf+O J=0J+mg(L/2) = e, =./30/L

(b) The speed at thetip of therod is v, = (@)L = /3L .
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12.75. Model: Assume that the marble does not slip as it rolls down the track and around a loop-the-loop. The
mechanical energy of the marble is conserved.
Visualize:

Before
Yo=hovg=0

\

Mass m
Radius r
h —
n
2R~ P Fg
Free-body
diagram at
top

y=0atcm of

ball’s lowest position

Solve: The marble's center of mass moves in a circle of radius R—r. The free-body diagram on the marble at its
highest position shows that Newton’s second law for the marbleis

2
mvy

R-r

mg+n=

The minimum height (h) that the track must have for the marble to make it around the loop-the-loop occurs when the
normal force of the track on the marble tends to zero. Then the weight will provide the centripetal acceleration
needed for the circular motion. For n— O N,

sz

2 _ _
R-1) =v =g(R-r)

mg =

Since rolling motion requires V2 = r2w?, we have

R—r
ofr?=g(R-1)=of = S0

The conservation of energy equation is

(K +Ugt)top of 1oop = (Ki +Ugiinitia 3%””12 +%| of +mgy; = mgy, = mgh
Using the above expressions and | =%mr2 the energy equation simplifiesto
%mg(R— r +%(§jmr2[@j+ mg2(R—r)=mgh=h=2.7(R-r)

12.76. Model: The sphere attached to a thin rod is a rigid body rotating about the rod. Assume the rod is vertical
and the sphere solid.

Visualize: Pleaserefer to Figure P12.76. The sphere rotates because the string wrapped around the rod exerts atorque .
Solve: The torque exerted by the string on therod is 7 =Tr.

From the parallel-axis theorem, the moment of inertia of the sphere about the rod' s axisis

MR?

2 2
R 2 > MR 13
Ioffcenter=|0m+M(Ej =—MR"+ =2_0
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From Newton’s second law,
T_ Tr _ 20Tr
| (13MR?/20) 13MR?

12.77. Model: The angular momentum of the satellite in the elliptical orbit is a constant.
Visualize:

30,000 km

Solve: (a) Because the gravitational force is always along the same direction as the direction of the moment arm
vector, thetorque 7 =T x Ifg iszero at al points on the orbit.

(b) The angular momentum of the satellite at any point on the elliptical trajectory is conserved. The velocity is
perpendicular to r at pointsaand b, so f=90° and L = mvr. Thus

r
Ly = Ly = MVply = MVl = Vi = [—aJva

b
r :w_ 9000 km=6000 km and r, =w+ 9000 km = 24,000 km
v =| -2990KM 5000 ms) = 2000 ms
24,000 km

(c) Using the conservation of angular momentum L. = L,, we get

MVl SIN S = MVl =V, = {:—ajva/sin B TI= \/(9000 km)? + (12,000 km)? =1.5x10" m

C

From the figure, we see that sin 5. =12,000/15,000=0.80. Thus

y _( 6000 km ](sooo ™) _ 4000 mis

¢ 15,000 km 0.80
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12.78. Model: For the (bullet +door) system, the angular momentum is conserved in the collision.
Visualize:

Rotation axis

L=1.0m

/“

Bullet ___}--—="""

(=]
T
1

L

L~

Solve: Asthe bullet hits the door, its velocity v isperpendicular to 7. Thusthe initial angular momentum about the
rotation axis, with r =L, is

L; = mgvgL =(0.010 kg)(400 m/s)(1.0 m) = 4.0 kg m?/s

After the collision, with the bullet in the door, the moment of inertia about the hingesis

= ldoor + ouilet =%mDL2 +myL2 :%(10.0 Kg)(1.0 m)2 + (0.010 kg)(1.0 m)? = 3.343 kg m?

Therefore, L = 1w =(3.343 kg m?)w. Using the angular momentum conservation equation L; = L;(3.343 kg m?)w =
4.0kg m?/sand thus w =1.2 rad/s.

12.79. Model: Modd the turntable as a rigid disk rotating on frictionless bearings. For the (turntable + block)
system, no external torques act as the block moves outward toward the outer edge. Angular momentum is thus
conserved.

Visualize: Theinitial moment of inertia of the turntableis |, and the final moment of inertiais I,.

Solve: The initil moment of inertia is I3 =14gy =2mR®=1(0.2 kg)(0.2 m)*=0.0040 kg m*. As the block
reaches the outer edge, the final moment of inertiais
I, =1, + mgR? = 0.0040 kg m? + (0.020 kg)(0.20 m)?
=0.0040 kg m? + 0.0008 kg m? = 0.0048 kg m?
Let o and w, betheinitial and final angular velocities, then the conservation of angular momentum equation is
iy _ (0.0040 kg m?)(60 rpm)
I, (0.0048 kg m?)

Assess: A change of angular velocity from 60 rpm to 50 rpm with an increase in the value of the moment of inertia
is reasonable.

Lf:Li:>0)2|2:0)l|1:>0)2: :50rpm

12.80. Model: Assume the merry-go-round is a disk and Luc is a cylinder. Assume the frictiona torque is
negligible on the system of merry-go-round-plus-Luc. Assume the dumbbells contribute nothing to the moment of
inertiawhen they are brought into Luc’s chest.

Visualize: Wearegiven m . =96.9 kg, myq =153 kg.
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Solve: Use conservation of angular momentum because there is no net external torque on the system.
L=L = (lmgr +(lLwe)or = (Imgr + (I Luedt )ex
(I mgr + (I Luc)i)
(Imgr +(|Luc)f)
1(153 kg)(2.0 m) +2(96.9 kg)(0.20 m)® + 2(4.0 kg)(0.85 m)?
=(35 rpm) 5 > =
%(153 kg)(2.0 m) +%(96.9 kg)(0.20 m)

@ =

36 rpm

Assess. The merry-go-round did not speed up much because it’s own moment of inertia dominated and the decrease
in | was small compared to the original I. We did not need Luc’s height.

12.81. Model: Model the merry-go-round as arigid disk rotating on frictionless bearings about an axle in the center
and John as a particle. For the (merry-go-round + John) system, no external torques act as John jumps on the merry-
go-round. Angular momentum is thus conserved.

Visualize: The initial angular momentum is the sum of the angular momentum of the merry-go-round and the
angular momentum of John. The final angular momentum as John jumps on the merry-go-round is equa to
lfinal@final -

Solve: John's initial angular momentum is that of a particle: Ly =mv;Rsin g =myv;R. The angle §=90° since

John runs tangent to the disk. The conservation of angular momentum equation Ly =L; is

1
lfina@rinal = Ldisk + Ly :(EMRZJQ +myv;R

= (lj(zso kg)(L.5 m)2(20 rpm)z—” rad ), (30 kg)(5.0 m/s)(1.5 m) =814 kg m?/s
2 60\ rpm
814 kg m?/s
= Ofipal ==~
final

liina = g + 13 =%MR2 +myR? =%(250 kg)(L.5 m)? + (30 kg)(L.5 m)? = 349 kgm?

814 kg m?/s

329 kg 2 =2.33rad/s=22 rpm
gm

Dfinal =

12.82. Model: Model the skater as a cylindrical torso with two rod-like arms that are perpendicular to the axis of
thetorso in theinitial position and collapse into the torso in the final position.

Visualize:
w
-
. 66cm 66cm
f o 1
S
C || D Before
25@# 160 cm @, = 1.0 rpm
40 kg
—
.
1 4 T
45 kg 200 cm After
)
~— ! /T
20 em
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12-40 Chapter 12

Solve: For the initial position, the moment of inertiais 1y = Ity + 2l orm- The moment of inertia of each arm is
that of a 66-cm-long rod rotating about a point 10 cm from its end, and can be found using the parallel-axis theorem.
In the final position, the moment of inertiais I, :%MRZ. The equation for the conservation of angular momentum

Lt = L; canbewritten l,w, = 1,00 = w, =(11/15)ey. Calculating I, and 1,
1 1
|1=§MTR2+2{EMAL1 +MAd2}
:%(40 kg)(0.10 m)? + 2[1—12(2.5 kg)(0.66 m)? + (2.5 kg)(0.33 m+0.10 m)z} =1.306 kg m?

1 2 1 2 2 (1306 kg m2)
I, ==MR“==(45kg)(0.10 m)*=0.225 kgm“  => 09 =———~ =
2575 5 (45 ka)( ) g @ (0225 kg ) (1.0rev/s) =5.8rev/s

reasonable.

12.83. Model: Because no external torque acts on the star during gravitational collapse, its angular momentum is
conserved. Model the star as a solid rotating sphere.
Solve: (@) The equation for the conservation of angular momentum is

Li=L = lia =l =>[§m32jw. =(Eme2jwf

5
@
~R-R [
i

The angular velocity isinversely proportional to the period T. We can write

R =R | = (7.0x10° m) /LS(3 =1.3749x10° m=137 km
Ti 2.592x10° s

(b) A point on the equator rotateswith r = R;. Itsspeedis

ve 27R  27(137,490 m)
T 0.10s

=8.6x10°% m/s

12.84. Model: Assume the earth is a uniform sphere.
Visualize: Look up mg =6.0x10%* kg, rz =6.37x10° m. Calculate: 26000 yr = 8.2x10%2s, 1d=24 h=86400s.
Solve: Solve the equation for the torque.

2 2 2
_ _ 2 2 A | 24 6 2 <%
r_QIa)_Q(SmErE)aJ [26000yrj(5(6.0x10 kg)(6.37x10° m) j(24hj

2r 2 24 6 \2 2r 22
= —== || £(6.0x10%* kg)(6.37x10° m =5.4x10%? N-m
[8.2><1011 s][S( o) ) )(86400 s)

Assess: The torgque from the moon and sun on the earth is huge, as it must be to change the angular momentum of the
earth.
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Challenge Problems

12.85. Model: The sacs are constrained by the stamens. The gravitational torque is 2000 times less than the
straightening torque, so ignore it in part b.
Visualize: Refer to the diagram below.

Final

Known

. R=1.0x10"3m
L, A8 = 60°
\ 60
R At=030% 10735

\‘.‘ w, = 0 rad/s.
M pen =M= 1.0 X 10 kg

/c Y : oy

Wetamen

Solve: (a) The moment of inertia of the stamen and sac can be calculated using kinematic equations.
2
| = Myamen (gj + My R? = (1.0x107° kg)(5.0x107* m)? + (1.0x107° kg)(1.0x107> m)? =1.25x 10 kg- m?

An additional significant figure has been kept in this intermediate result.
The “straightening torque” is

r=la=(125x10"*? kg-m?)(2.32x10" rad/s?) =2.91x10° N-m~ 2.9x10™° N-m

(b) We can use the kinematic equations to find the angular acceleration of a sac, and then the corresponding
tangentia acceleration.

2(60°)( 2xrad )
a= ZAf _ = 2.32x10" rad/s?
A2 (0.30x1070s)

The tangentia acceleration is
a = aR=(2.32x10 rad/s?)(1.0x10~3 m) = 2.32x10* m/s?
Using the kinematic equations with the result above gives
v = a,At = (2.32x10% m/s?)(0.30x1072 5) = 7.0 m/s

Assess:  These results seem reasonable. The accelerations are huge, while the torque is relatively small. Thisis due to
therelatively low moment of inertia of the structure.
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12.86. Model: The pulley is arigid rotating body. We also assume that the pulley has the mass distribution of a
disk and that the string does not slip.
Visualize:

R=6.0cm
mp=2.0kg
™~ Tic = —0.50 N m
; Tl . -
T, \ BB
L ¥p=1.0m
va=d 40kg
V(Fo),
Free-body 'fl

diagram for m,
= 0 4 my 2.0 kg

(Fg)
Free-body
diagram for m,

Because the pulley is not massless and frictionless, tension in the rope on both sides of the pulley is not the same.
Solve: Applying Newton's second law to my, m,, and the pulley yields the three equations:

Noting that —a, =& =4, | :%%Rz, and a = a/R, the above equations simplify to

a

1 1 050Nm 1 0.50Nm
Tl_rnlg:rnla ng—Tzerba TZ_Tl:[Ernpsz[_]_ =

— a+———
R/R R Zmp 0.060m

Adding these three equations,
1
- =a = 8.333N
(m,—my)g [”‘1+mz+2”bj+

_ (mp—m)g-8.333N _ (4.0 kg—2.0 kg)(9.8 m/s”) ~8.333N
m.L+mz+%mb 2.0 kg+4.0 kg+ (2.0 kg/2)

—=a =1.610 m/s®

We can now use kinematics to find the time taken by the 4.0 kg block to reach the floor:

= tl = 2(1;m)2 =11s
(1.610 m/s%)
12.87. Solve: (a) In S.I. units 2 comes in kg/m. Since x comes in m, for the units of cx? to be kg/m it must be

that c comesin kg/m3.
(b) Sincethe density is afunction of x we integrate over the whole rod to get M. We have dm= Adx.

L/2 , 14 L/2 o 13 1 .
M =J.dm=.[/1dx=2_[ cx“dx=2c EX =§C§=ECL
0 0

_12M

_T
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(c) We'll use our value of c at the end.

L/2 L/2 5
[ =jr2dm:2 f x?(cx?)dx = ZC|:1X5:| =gc[£j - G5
! 5 |, 5

(lZMj
3
s\ L Ls—iMLz

80 80 20
Assess; The answer has the form of other moments of inertia.

Now insert the value of ¢ from part (b).

12.88. Model: Thetoy car isaparticle located at the rim of the track. The track is a cylindrical hoop rotating about
its center, which is an axis of symmetry. No net torques are present on the track, so the angular momentum of the car
and track is conserved.
Visualize:
@c
i I
m

Vc"%

Known
\ @, r=30cm
m=200g M=10kg
ve = 0.75 m/s relative to track
M
Find
2

Solve: Thetoy car’s steady speed of 0.75 m/srelative to the track means that
VeV =0.75m/s= v, =V, +0.75 m/s,

where v, is the velocity of a point on the track at the same radius as the car. Conservation of angular momentum
implies that

Li=L

0=l + Iy = (mrz)a)c + (Mrz)a)t =M, + Moy
Theinitial and final states refer to before and after the toy car was turned on. Table 12.2 was used for the track.

: v, v,
Since w, =-%, @, =-+, wehave
r r

0=mv, + My,
= m(v; +0.75 m/s) + My, =0
>V = —L(OIS m/s) = (0.200 kg) (0.75 m/s) =-0.125 m/s
m+M (0.200 kg+1.0 kg)

The minus sign indicates that the track is moving in the opposite direction of the car. The angular velocity of thetrack is

_ Vv _ (0.125 m/s)

= =0.417 rad/s clockwise.

r 0.30m
Inrpm,
o, = (0.417 rad/s)| (ﬂ_sj
2z rad )\ min
=4.0rpm

Assess: The speed of the track is less than that of the car because it is more massive.
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12.89. Model: Define the system as the rod and cube. Energy and angular momentum are conserved in a perfectly
elastic collision in the absence of anet external torque. The rod is uniform.
Visualize: Please refer to Figure CP12.89.

Solve: Let the final speed of the cube be v;, and the final angular velocity of the rod be w. Energy is conserved,
and angular momentum around the rod’ s pivot point is conserved.

1 2 1 2.1 2
B =B =ZmMg =-m + 2l

d d
L=L= mVo(Ej: my (Ej+ lroq@

Thisistwo eguations in the two unknowns v; and . From Table 12.2,

lod :1—12Md2 =%(2m)o|2 =%ch|2
From the angular momentum equation,
Vo =V +Ew = a):é(vo—vf)
3 d

Substituting into the energy equation,

1 5, 1 o 1(1 L) 9 2
—mvy=—mvf +—=| =md“ || — |(Vo—V
5> Mo =5 MV [ j(dzj( 0—V)

The answer v; =V, meanstheice cube missed therod. So v :%v0 to the right.

12.90. Model: The clay ball is a particle. The rod is a uniform thin rod rotating about its center. Angular
momentum is conserved in the collision.

Visualize:

Known

L=30cm

M=75¢g

m=10g

Vo=2.5m/s

h=L(1-cos0)

Find

eV ' h 0
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Solve: Thisisatwo-part problem. Angular momentum is conserved in the collision, and energy is conserved as the
ball rises like a pendulum. The angular momentum conservation equation about the rod’s pivot point is

L =L = MVl = (ball+rod) @

Note r = % =15cm. Therod and ball are a composite object. From Table 12.2, | 4 = %MLZ, S0

1 2 1 L2 M
2 2 2
|ba||+,od=|ba“+|rod:mr +EML :mZ—FEML :7(m+?j

If v; isthefinal velocity of the clay ball, cozv—fzz%sincethe ball sticksto therod. Thus
r

myl L M\ 2v
— —— I m+—|| —
2 4 3L

Sy = mo (0.010 kg)(2.5 m/s) —0.714 ms

m+% (0.010 kg) +7(0'07§ kg)

Energy is conserved as the clay ball rises. Compare the energy of the ball-rod system just after the collision to when
the ball reaches the maximum height. Note that the center of mass of the rod does not change position.

1
E=E 3E(|rod + 1)@ =mgh
Thus

2 2
1"_ m+M Zi =mgh:>vf2 m+M =mgL(1- cosé)
24 3 L 3

2
:>1—V—f m+M =Co0sd
mgL 3

Using the various values, cosf =0.393= 6§ =67°.
Assess: The clay ball rises h:%(l— cosd)=9.1cm. This is about 2/3 of the height of the pivot point, and is

reasonable.
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