Rotation of a Rigid Object
About a Fixed Axis

ANSWERS TO QUESTIONS

Q10.1 1 rev/min, or 3—7; rad/s. Into the wall (clockwise rotation). & =0.

FIG. Q10.1

Q102  +k, -k

Q10.3 Yes, they are valid provided that @ is measured in degrees per
second and « is measured in degrees per second-squared.

Q10.4 The speedometer will be inaccurate. The speedometer measures the number of revolutions per
second of the tires. A larger tire will travel more distance in one full revolution as 27r.

Q10.5 Smallest I is about x axis and largest I is about y axis.

2

Q10.6 The moment of inertia would no longer be if the mass was nonuniformly distributed, nor

could it be calculated if the mass distribution was not known.

Q10.7  The object will start to rotate if the two forces act along different lines. Then the torques of the forces
will not be equal in magnitude and opposite in direction.

Q10.8 No horizontal force acts on the pencil, so its center of mass moves straight down.

Q10.9 You could measure the time that it takes the hanging object, m, to fall a measured distance after
being released from rest. Using this information, the linear acceleration of the mass can be
calculated, and then the torque on the rotating object and its angular acceleration.

Q10.10  You could use @ = ot and v =at. The equation v = R is valid in this situation since a = Rer.

Q10.11 The angular speed @ would decrease. The center of mass is farther from the pivot, but the moment
of inertia increases also.

285
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Q10.12

Q10.13

Q10.14

Q10.15

Q10.16

Q10.17
Q10.18

Q10.19

Q10.20

The moment of inertia depends on the distribution of mass with respect to a given axis. If the axis is
changed, then each bit of mass that makes up the object is a different distance from the axis. In
example 10.6 in the text, the moment of inertia of a uniform rigid rod about an axis perpendicular to
the rod and passing through the center of mass is derived. If you spin a pencil back and forth about
this axis, you will get a feeling for its stubbornness against changing rotation. Now change the axis
about which you rotate it by spinning it back and forth about the axis that goes down the middle of
the graphite. Easier, isn’t it? The moment of inertia about the graphite is much smaller, as the mass
of the pencil is concentrated near this axis.

Compared to an axis through the center of mass, any other parallel axis will have larger average
squared distance from the axis to the particles of which the object is composed.

A quick flip will set the hard-boiled egg spinning faster and more smoothly. The raw egg loses
mechanical energy to internal fluid friction.

Icp = MR?, Iy = MR?, Iy, = %MRZ, Iem = %MRZ
Yes. If you drop an object, it will gain translational kinetic energy from decreasing gravitational
potential energy.

No, just as an object need not be moving to have mass.
No, only if its angular momentum changes.

Yes. Consider a pendulum at its greatest excursion from equilibrium. It is momentarily at rest, but
must have an angular acceleration or it would not oscillate.

Since the source reel stops almost instantly when the tape stops playing, the friction on the source
reel axle must be fairly large. Since the source reel appears to us to rotate at almost constant angular
velocity, the angular acceleration must be very small. Therefore, the torque on the source reel due to
the tension in the tape must almost exactly balance the frictional torque. In turn, the frictional torque
is nearly constant because kinetic friction forces don’t depend on velocity, and the radius of the axle
where the friction is applied is constant. Thus we conclude that the torque exerted by the tape on
the source reel is essentially constant in time as the tape plays.

. . ’ 0 .
As the source reel radius R shrinks, the reel’s angular speed o = R must increase to keep the

tape speed v constant. But the biggest change is to the reel’'s moment of inertia. We model the reel as
a roll of tape, ignoring any spool or platter carrying the tape. If we think of the roll of tape as a

uniform disk, then its moment of inertiais I = EMRZ . But the roll’s mass is proportional to its base

area 7 R*. Thus, on the whole the moment of inertia is proportional to R*. The moment of inertia

decreases very rapidly as the reel shrinks!
The tension in the tape coming into the read-and-write heads is normally dominated by
balancing frictional torque on the source reel, according to TR ~ 7o - Therefore, as the tape plays

the tension is largest when the reel is smallest. However, in the case of a sudden jerk on the tape, the
rotational dynamics of the source reel becomes important. If the source reel is full, then the moment

of inertia, proportional to R*, will be so large that higher tension in the tape will be required to give
the source reel its angular acceleration. If the reel is nearly empty, then the same tape acceleration
will require a smaller tension. Thus, the tape will be more likely to break when the source reel is
nearly full. One sees the same effect in the case of paper towels; it is easier to snap a towel free when
the roll is new than when it is nearly empty.
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The moment of inertia would decrease. This would result in a higher angular speed of the earth,
shorter days, and more days in the year!

There is very little resistance to motion that can reduce the kinetic energy of the rolling ball. Even
though there is static friction between the ball and the floor (if there were none, then no rotation
would occur and the ball would slide), there is no relative motion of the two surfaces—by the
definition of “rolling”—and so no force of kinetic friction acts to reduce K. Air resistance and friction
associated with deformation of the ball eventually stop the ball.

In the frame of reference of the ground, no. Every point
moves perpendicular to the line joining it to the
instantaneous contact point. The contact point is not
moving at all. The leading and trailing edges of the
cylinder have velocities at 45° to the vertical as shown.

FIG. Q10.23

The sphere would reach the bottom first; the hoop would reach the bottom last. If each object has
the same mass and the same radius, they all have the same torque due to gravity acting on them.
The one with the smallest moment of inertia will thus have the largest angular acceleration and
reach the bottom of the plane first.

To win the race, you want to decrease the moment of inertia of the wheels as much as possible.
Small, light, solid disk-like wheels would be best!

SOLUTIONS TO PROBLEMS

Section 10.1 Angular Position, Velocity, and Acceleration

P10.1

@ 6, -[500md]
o|,_, =Z—f‘ =100+ 4.004],_ =[ 10.0 rad/s |

t=0

Y0 =
(b) 0,5 00 . =5-00+30.0+18.0 =[ 53.0 rad

@500 = % T 10.0+4.00¢,_, o, =
dw

SEETS

t=3.00 s

0‘|t:3‘00 s T |
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Section 10.2  Rotational Kinematics: Rotational Motion with Constant Angular Acceleration

*P10.2 @ =251x10" rev/min=263x10° rad/s

®;-o; 2.63x10° rad/s-0
t 32s

(b) 0 =o;t +%at2 =0 +%(8.22 x10? rad/sz)(3.2 s)? =| 4.21x10° rad
o-w; 120 rad/s 3
P10.3 = = =| 4.00 rad
@  a=— e
1 1 2
®) 6= a)it+5at2 25(4'00 rad/s)(3.00 s)* =[ 18.0 rad

P104  ®; =2000 rad/s, & =-80.0 rad/s>

@  @;=;+at=2000-(80.0)(10.0)=[1200 rad/s

®  O=w+at
®; 2000

Za 800 =[ 2505

100 rev (1 minj( 27 rad j_ 107

(a) a= =[8.22x10% rad/s?
|

P10.5

w; = - = rad/S,(UfZO
1.00 min \ 60.0 s A\ 1.00 rev 3

wi-0; 0-1%%

3
= s=|524s
— =0
_, (ofto; (107[ )(107[ j
b 0, =owt= t= rad/s || — s |=| 27.4 rad
)  Oy=o ( 5 o radjs | =

P10.6  ®;=3600 rev/min=23.77x10* rad/s

(@) t=

0=50.0 rev =3.14x 102 rad and w;=0

a)% :a)i2 + 206

0=(3.77x10 rad/s)z +2a(314x10” rad)

a=|-226x10 rad/s” |

P10.7 ® =5.00 rev/s =10.07 rad/s. We will break the motion into two stages: (1) a period during which the
tub speeds up and (2) a period during which it slows down.

— 0+10.07 rad/s

While speeding up, 0, = wt (8.00 s)=40.0zrad

While slowing down, 0, =gt = 007 rad/s 0

So, Orora =01 +0, =100z rad =

(12.0 s) =60.07rad
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P10.8 O;-0; =t +%at2 and w; =w; +at are two equations in two unknowns ; and &
w;=w;—at: 0 —6’-z((0 —at)t+lat2=w t—latz
t f f ! f 2 f 2
37.0 rev( Z”radj — 980 rad/s(3.00 5)—~(3.00 5)°
rev 2

232 rad=294rad - (450 %Jar: @ =%: 137 rad/s’
. S

w_A_B_lrev_ 27rad
At 1day 86400s

P10.9  (a) =[7.27x107 rad/s |

AB 107° 2z rad
b At=—"= =|257x10* s | or 428 min
®) 7.27x107 rad/s( 360° ) | 257x10% s |

@

*P10.10  The location of the dog is described by 6,4 =(0.750 rad/s)t. For the bone,
1 1 2,2
0, =~ 27rad +—0.015 rad/s* t2.

We look for a solution to

0.75t = %”Jr 0.007 5¢>

0=0.007 5t* —0.75t +2.09 = 0

t 0.75+ Joys2 —4(0.007 5)2.09
B 0.015

=288s0r97.1s

The dog and bone will also pass if 0.75¢ = 23—” ~27+0.007 5t or if 0.75¢ = 23—” +27+0.007 5t that is, i

either the dog or the turntable gains a lap on the other. The first equation has

,_075% |0.752 ~4(0.007 5)(~4.19)
- 0.015

=105sor —5.30s

only one positive root representing a physical answer. The second equation has

0.75+,/0.75 —4(0.007 5)8.38

t= =128 sor87.2s.
0.015

In order, the dog passes the bone at after the merry-go-round starts to turn, and again at
and 26.6 s, after gaining laps on the bone. The bone passes the dog at 73.4 s, 87.2s,97.1 s,

105 s, and so on, after the start.
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Section 10.3  Angular and Linear Quantities

P10.11  Estimate the tire’s radius at 0.250 m and miles driven as 10 000 per year.

0==
r 0.250 m

0=6.44x107 rad/yr( L rev j =1.02x107 rev/yr or | ~ 107 rev/yr
2rrad
v 450 m/s
P10.12 v=rw; w=—=——+—"—=|0.180 rad
@ 0-2-80m

2 (450 m/s)
(b) 0, =2 = M =|8.10 m/ s% toward the center of track
r
r 250 m

4 .
510010 ml[1609 m):6.44x107 rad/yr

1 mi

P10.13  Given r =1.00 m, a = 400 rad/s*, w; =0 and 6, =57.3°=1.00 rad

(@) wi=w;+at=0+at

Att=200s, ® =400 rad/s*(2.00 ) :
(b) v=rw =100 m(8.00 rad/s)=|8.00 m/s

|a,|=a, =r&* =1.00 m(8.00 rad/s)2 =640 m/s*

a; =ra =100 m(400 rad/s®) =400 m/s*
The magnitude of the total acceleration is:

a=qa’+a} =\/(64.0 m/sz)2 +(4.00 m/sz)2 :

The direction of the total acceleration vector makes an angle ¢ with respect to the radius to
point P:

- B | a1 2001 5
¢=tan (ﬂ—j—tan (m —

c

©) 0,=6;+ a)it+%at2 =(1.00 rad)+%(4.00 rad/s)(2.00 ) =[ 9.00 rad



*P10.14

P10.15

P10.16

@)

(b)

(©

(d

(@)

(b)

(©)

@)

(b)
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Consider a tooth on the front sprocket. It gives this speed, relative to the frame, to the link of
the chain it engages:

0.152 m 2zrad (1 min
=1 = 76 i =| 0.605
o=r0=( 22 g revjmin| 2720 L 1in)

Consider the chain link engaging a tooth on the rear sprocket:

v 0.605 m/s
w=7= (0 m) :lml

Consider the wheel tread and the road. A thread could be unwinding from the tire with this
speed relative to the frame:

0.673 m
v=rm :( 5 )17.3 rad/s=| 5.82 m/s

We did not need to know the length of the pedal cranks, but we could use that information
to find the linear speed of the pedals:

v=rw=0175m7.96 rad/s(
1rad

): 1.39 m/s

v 250 m/s
w_7_—1.00 = 25.0 rad/s

a); = w? +2a(A0)

0% - w? (25.0 rad/s)2 -0
f i 2
a= = =__39.8 rad/s
2(A0) 2[(1.25 rev)(2z rad/rev)] /

Aw 250 rad/s
ANft=——=————"T_—=10628s

a 398 rad/s2
s=0t=(11.0 m/s)(9.00 s)=99.0 m

s 99.0m
O s~ = [Ba3rev

Uy 220 m/s

o :7_m=75.9 rad/s=| 12.1 rev/s
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P10.17

P10.18

*P10.19

2zrad (1200 rev
—oaf = ~[126 rad
@ on2-2Rd( 120
®)  v=0r=(126 rad/s)(300x 107 m)=[377 m/s

(c) A, =o’r= (126)2(8.00 x 10’2) =1260 m/s2 so a, =| 1.26 km/s2 toward the center

(d)  s=r0=aort=(126 rad/s)(8.00x10 m})(2.00 5)=

The force of static friction must act forward and then more and more inward on the tires, to produce

both tangential and centripetal acceleration. Its tangential component is m(1.70 m/s? ) Its radially
2

. . mo . .
inward component is . This takes the maximum value

mcoj%r = mr(a)l2 + ZaAH) = mr(O + Za%) =mara=mm;, = mﬁ(1.70 m/sz).

With skidding impending we have ) F, =ma,, +n—-mg=0,n=mg

fo=pun=pumg= \/m2(1.70 m/sz)2 +m27r2(1.70 m/sz)2
1.70 m/s2 P
=————41 =|0.572
=IO i

(@) Let Rg represent the radius of the Earth. The base of the building moves east at v; =@ Rg
where @ is one revolution per day. The top of the building moves east at v, = (R +h). Its
eastward speed relative to the ground is v, —v; =@ h. The object’s time of fall is given by

Ay=0 +% gt?, t= /Z_h During its fall the object’s eastward motion is unimpeded so its
g

2 2"
deflection distance is Ax=(v, v, t=wh |— =| @ K32 (_] )
8 8

12
2z rad 3/2 252
b R som)’ 22| ~[116
® ga00s0™ (9.8111

() The deflection is only 0.02% of the original height, so it is negligible in many practical cases.
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Section 10.4  Rotational Energy

P10.20  m; =400kg, r; =|y;|=3.00 m; y
my =200 kg, 15 =y, =2.00 m; 4.00kg y=3.00m
my =3.00 kg,r3:|y3|:4.00 m; n
® =2.00 rad/s about the x-axis W d
2.00 kg y=-2.00m

(a) Ix =m11’12 +m27’22 +m37’32

I, = 4.00(3.00)° + 2.00(2.00)> +3.00(4.00)* = [ 92.0 kg - m> 3.00 kg @ y——4.00m
_1 s 1 2 _
Ky =5 1,0” =2 (920)(200)" =[184]

FIG. P10.20
1 1 2
(b) v; =r,0 =3.00(2.00)=| 6.00 m/s K, =Em1012 :5(4.00)(6.00) =720]
1 2 1 2
=r,w=2.00(2.00)=| 4.00 m/s K, == =—(2.00)(4.00)" =16.0
03 = 0= 2.00(2.00) = [ 200 mjs] = Lnso3 = Laooaooy - 160
1 1 2
v3 =130 =4.00(2.00) =| 8.00 m/s K; = Em3v§ = 3(3.00)(8.00) =96.0]

K=K, +K, +K;=720+16.0+96.0=| 184] :%waz

P10.21  (a) 1= m;} y (m)
j i
In this case, 6}9— (2'00 kg)
7’1:7’2:7’3:7’4 2+
r =(3.00 m)? +(2.00 m)> =130 m L]
2
1=[v13.0 m] [3.00+2.00+2.00 + 4.00] kg | —+— ()
=| 143 kg-m? T

1 2 1 2 2
©)  Kg=ylo® = (143 kg-m?)(6.00 rad/s) @__@
=| 2.57x10% J T

FIG. P10.21
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P10.22

I=Mx?+m(L-x)

% =2Mx—2m(L-x)=0 (for an extremum)
X
mL
Sx=
M+m

d*I . .
d_z =2m + 2M; therefore I is minimum when the axis of

X

which is also the center

rotation passes through x =

of mass of the system. The moment of inertia about an axis
passing through x is

mL P m P Mm
Iem =M[ } +m[1— } I*= [* = ul?
M+m M+m M+m

Mm

where u = M .
+m

FIG. P10.22

Section 10.5 Calculation of Moments of Inertia

P10.23

We assume the rods are thin, with radius much less than L.

Call the junction of the rods the origin of coordinates, and
the axis of rotation the z-axis.

For the rod along the y-axis, I = %mL2 from the table.

For the rod parallel to the z-axis, the parallel-axis theorem
gives

2
I:lmr2 +m(£) ;lmL2
2 2 4

- - . .
_ -~ axis of rotation
- -
z

FIG. P10.23

m

In the rod along the x-axis, the bit of material between x and x + dx has mass ( I jdx and is at

2
distance r = |x? + (Ej from the axis of rotation. The total rotational inertia is:

L2 2
1 1 L7 (m
Liotal :EWZLZ +ZML2 + _[ (xz +—j(—)dx

i 4 \L
L2
7 (mjxs/ mL |4*
=—mL" +| — |— +—X
12 L)sl,, 4l
7 o ml* ml* | 11mL?
=—mL" + + =
12 12 4 12

Note: The moment of inertia of the rod along the x axis can also be calculated from the parallel-axis

2
theorem as lmL2 + m(é) .
12 2



P10.24

P10.25

P10.26
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Treat the tire as consisting of three parts. The two sidewalls are each treated as a hollow cylinder of
inner radius 16.5 cm, outer radius 30.5 cm, and height 0.635 cm. The tread region is treated as a
hollow cylinder of inner radius 30.5 cm, outer radius 33.0 cm, and height 20.0 cm.

Use I = %m(Rl2 +R? ) for the moment of inertia of a hollow cylinder.

Sidewall:
m= ﬂ[(0.305 m)® —(0.165 m)z](6.35 x107 m)(1.10x10° kg/m’)=144 kg
Iy = %(1.44 kg)[(0.165 m)? +(0.305 m)z] =868x1072 kg-m>

Tread:

m= ﬂ[(0.330 m)? — (0.305 m)z](O.ZOO m)(110x10° kg/m?)=11.0 kg

Lead =%(11.0 kg)[(o.33o m)? +(0.305 m)z] =111 kg -m>

Entire Tire:

Tiotal = 2Lsige + lireaq = 2(8:68 10 kg-m*)+ 111 kg-m” =| 1.28 kg-m”

Every particle in the door could be slid straight down into a high-density rod across its bottom,
without changing the particle’s distance from the rotation axis of the door. Thus, a rod 0.870 m long
with mass 23.0 kg, pivoted about one end, has the same rotational inertia as the door:

1. ., 1 2 2
I =§ML =§(23.0 kg)(0.870 m)” =| 5.80 kg-m~ |.

The | height of the door is unnecessary | data.

Model your body as a cylinder of mass 60.0 kg and circumference 75.0 cm. Then its radius is

0.750 m
Vid

=0.120 m

and its moment of inertia is

%MRZ :%(60.0 kg)(0.120 m)® = 0.432 kg -m? ~| 10° kg-m? =1 kg-m? |.
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P10.27  For a spherical shell dI = 2 dmr? = %[(Mrzdr)p]rz

"3
I=Jdlzj§(4m2)r2p(r)dr
I= T%(4m4)(14.2 - 11.6%)(103 kg/m?)dr
0
= (%)47[(14.2 x10° )R?S— (%)4ﬂ(11.6 x 103)%5
1=8—”(103)R5(£—11—‘6j
3 5 6

R
M= [dm=[4nr?| 142~ 11.6 103 dr
! R

e 103(14.2 B 11.6)R3
3 4

1 (87/3)(10°)R°(142/5-116/6) (_907
1.83

MR?  47x10°R°R*(14.2/3-11.6/4) 3

*P10.28 (a) By similar triangles, L. %, y= hL_x The area of the front face
x

j:0.330

is %hL. The volume of the plate is %th . Its density is y h
P _M_ T M__2M . The mass of the ribbon is
V. shlw hLw |<x—>|
- -
P L
dm = pdV = pywdx = ]\;Izwdx = Z;l\gix dx = ZAﬁ;cdx .
v FIG. P10.28
The moment of inertia is
L L 4 2
I= J.rzdm = J x? ZM;cdx =¥J.x3dx=%L—= ML .
all mass x=0 L L 0 L 4 2
. 2L\’ 4MI?
(b) From the parallel axis theorem I = I + M 5= Iepm + and
L\’ Mr? , . .
Iy=Icyq+M 3] = Iem +T. The two triangles constitute a rectangle with moment of
4MI? ML* 1

inertia Ioy +—5—+ley +—5— =3 (2M)L?. Then 2l = %MLZ

2
AML” 1 vz 8 e 2| Lz |
18 18 2

I:ICM+
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We consider the cam as the superposition of the original solid disk and a disk of negative mass cut
from it. With half the radius, the cut-away part has one-quarter the face area and one-quarter the
volume and one-quarter the mass M, of the original solid cylinder:

1 4
My-=My,=M M,=—M.
0 4 0 0 3

By the parallel-axis theorem, the original cylinder had moment of inertia

RY 1 ) R*> 3 )
Iem+ Myl = | ==MyR*+My—=—M,R".
M 0(2) 5 Vo 0 3%
2 2
The negative-mass portion has [ = l(—lMO )(Ej _ MR . The whole cam has
2\ 4 2 32
2
1=§M0R2—M°R :§M0R2=§éMR2:§MR2 and K =L 10% =12 MRr20? = | 2 MR%0? |.
4 32 32 323 24 2 224 48

Section 10.6 Torque

P10.30

P10.31

P10.32

Resolve the 100 N force into components perpendicular
to and parallel to the rod, as

Foar =(100 N)cos57.0°=545 N 100 N

and  Fy.,, = (100 N)sin57.0°=83.9 N

The torque of F,,, is zero since its line of action passes

ar

through the pivot point. FIG. P10.30

The torque of F,, is 7=283.9 N(2.00 m)=| 168 N-m | (clockwise)
> 7=0.100 m(12.0 N)-0.250 m(9.00 N)-0.250 m(10.0 N)=| -3.55 N-m

The thirty-degree angle is unnecessary information.

9.00 N

FIG. P10.31

The normal force exerted by the ground on each wheel is

1500 kg)(9.80 m/s?
n:%:( g)(4 / ):3680N

The torque of friction can be as large as

Tiax = fmax = (151)r = (0.800)(3 680 N')(0.300 m) =

The torque of the axle on the wheel can be equally as large as the light wheel starts to turn without
slipping.



298 Rotation of a Rigid Object About a Fixed Axis

P10.33  In the previous problem we calculated the maximum torque that can be applied without skidding to
be 882 N - m. This same torque is to be applied by the frictional force, f, between the brake pad and
the rotor for this wheel. Since the wheel is slipping against the brake pad, we use the coefficient of
kinetic friction to calculate the normal force.

T 882 N-m 3
=fr= nyr,son=—-=———————=802x10° N=| 8.02 kN
7= fr=(un) (0.500)(0.220 m)

My

Section 10.7  Relationship Between Torque and Angular Acceleration

2
P1034 (a) I:%MRZ = %(2.00 kg)(7.00x10™* m)" =490x10~° kg-m”

=1:&03=122 rad/s>
[ 490x10"

_Aao
At

o lo 1 200(27)

PR TR LT

1

(b) AO= Eatz = %(122 rad/s)(1.03 s)* = 64.7 rad =

P10.35 m=0.750 kg, F =0.800 N

@) 7 =F =30.0 m(0.800 N)=[ 240 N-m

r _rF 24.0
I mr* 0.750(30.0)

©  a =ar=00356(30.0)=

1 0.800 N

- =| 00356 rad/s” |

FIG. P10.35

P10.36 ;= +at: 10.0 rad/s =0+ a(6.00 s)
_ 1000 rad/s* =1.67 rad/s>
6.00
>7 360N-m 5
a 7=360N m=Ia: I= = =| 21.6 kg-m
@ X o 167 rad s
(b) wp=w;+at: 0=10.0+ (60.0)

a=-0.167 rad/s*

7= |Ia| = (216 kg-m®)(0.167 rad/s?)=

1
(c) Number of revolutions 0 = 0; + w;t + ~at?
2

During first 6.00 s 0= %(1.67)(6.00)2 =30.1 rad

During next 60.0s 6 =10.0(60.0) —%(0.167)(60.0)2 =299 rad

1rev
O =329 rad 5 1 |-
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For m,, T, IR

2 F =ma;: +n-mg=0 1y
nl =m1g=196 N
fra = mny =7.06 N

> F,=ma,: -7.06N+T; =(2.00 kg)a 1)

For the pulley,

S r=la: —T1R+T2R=1MR2(E) T,
2 R

1 f1a
-T, +T, =—(10.0 kg)a T
2 l 1
T, +T, = (5.00 kg)a 2) @ g
g \
For m,, +1y —m,gcosf =0 /1 T
2
1, =6.00 kg(9.80 m/s”)(c0s30.0°) n, Mg
=509 N
FIG. P10.37
fra = iy
=183 N: -183 N-T, +m,sinf@=m,a
~183 N-T,+29.4 N =(6.00kg)a (3)
(@) Add equations (1), (2), and (3):
~7.06 N—18.3 N+29.4 N = (13.0 kg)a
401N 2
= = 0.309
T30k
®) T, =200kg(0.309 m/s*)+7.06 N=[7.67 N
T, =7.67 N+5.00 kg(0.309 m/s*)=[9.22N
R
I= %mRZ = %(100 kg)(0.500 m)* =12.5 kg - m>
®; =50.0 rev/min=>5.24 rad/s n=700N
s —Q; —
@ 2r~ 01 07528 rad)s o g/s
t 6.00 s
r=1la=125kg-m*(~0.873 rad/s’)=-10.9 N-m f=un
FIG. P10.38

The magnitude of the torque is given by fR=10.9 N-m, where fis
the force of friction.

109 N-m
Therefore, = — and =1un
refore, =500 m f=m

. f 218N
1d L _[0312
yieds K= T 700N
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*P10.39 Y. r=Ila= %MRza

2
~135 N(0.230 m)+T(0.230 m)=—(80 kg)(% mj (~1.67 rad/s?)

1
2

Section 10.8  Work, Power, and Energy in Rotational Motion

P10.40  The moment of inertia of a thin rod about an axis through one end is I = lMLZ. The total rotational

kinetic energy is given as

1 1
Ky =51hw§+§1mw;

_myL3 _ 60.0 kg(2.70 m)*

with I =146 kg-m”
h 3 3 3
2100 kg(4.50 m)”

and I,= Mol _ 8 m) =675 kg-m?

3 3
In addition, o, = 2rrad( _1h 1 1.45x107* rad/s

12h (3600s

while ©, = 2rrad( 1h ) 1.75x107 rad/s

1h {3600s

2 2
Therefore,  Kg =%(146)(1.45 x107*) +%(675)(1.75 x107) = 1.04x107 J
. E 1., 11, 5 5.
*P10.41  The power output of the bus is ¥ = N where E = EI 0° = EEMR o~ is the stored energy and
At = Ax is the time it can roll. Then iMRza)2 = 9Nt = AX and
v v

MR2w2v 1600 kg(0.65 m)2(4000-%)211.1 m/s

Ax 24.5 km |.
49 4(18-746 W)
P10.42  Work done = FAr =(5.57 N)(0.800 m)=4.46 ] ~
| ) ~||:|||N L >

and Work = AK = — I} -~ lo}
2 2
(The last term is zero because the top starts from rest.)

1 B}
Thus, 4.46 J = E(4.00 x10* kg-m”)o}

and from this, @ ; =| 149 rad/s |.

FIG. P10.42
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1

*P10.43  (a) (R1 +R3)= (035 kg)[(o.oz m)* +(0.03 m)z] =2.28x10* kg -m>

K1 +K2 +Kr0t +ug2)i _kax:(Kl +K2 +Kr0t)f

1 2 1 2 1 o 2)(0.82 m/s )
5 (0850 kg)(0.82 mys)” +—(0.42 kg)(0.82 mys) +E(2.28 x107* kg-m )(m
+0.42 kg(9.8 m/s?)(0.7 m)-0.25(0.85 kg)(9.8 m/s*)(0.7 m)

2
1 1 1 B} v
= (085 kg)o + (042 kg)o] +E(2.28 x107 kg.mz)[ ! j

0.03 m
0.512 ] +2.88 ] - 1.46 ] = (0.761 kg)v?

C194]
159
U5 = 0.761 kg m
v 159 m/s
(b) w—;—m— 53.1 rad/s

P10.44  We assume the rod is thin. For the compound object

1 2
I =§MrodL2 + |:gmballR2 + MballDzjl

I= %1.20 kg(0.240 m)? +§2.00 kg(4.00x10 m)2 +2.00 kg(0.280 m)?

[=0.181 kg-m?
(@) Ki+U;=K;+U; +AE
1., L
Elw +0=0+M,.48 5 +MpauS(L+R)+0
%(0.181 kg-m®)o® =1.20 kg(9.80 m/s*)(0.120 m)~+2.00 kg(9.80 m/s”}(0.280 m)
1 2\ 2
E(0.181 kg-m )a) =[6.907
(b) o =873 rad/s
() v=rw=(0.280 m)8.73 rad/s=| 2.44 m/s

(d) vj% :vi2+2a(yf—y,-)
0= J0+2(9.80 m/s?)(0.280 m) = 2.34 mys

The speed it attains in swinging is greater by 2—:4 =| 1.043 2 times

301
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P1045 (a) For the counterweight,

50.0
ZFy = ma, becomes: 50.0-T = (9 80)5{

For the reel ) r=1Ia reads TRzIazI%

where 1=%MR2 =0.093 8 kg -m?> ‘T
We substitute to eliminate the acceleration: v 1
6.00 mf ii
TR?
50.0-T = 510( : ) | 563
T=|114N and
FIG. P10.45
50.0—11.4 -
=————=|757 m/s
10
v} =07 +2a(x; - x;): v; =4/2(7.57)6.00 =[ 953 my/s
(b) Use conservation of energy for the system of the object, the reel, and the Earth:

1 1
(K+U)i:(K+U)f: mgh=3m02+zlw2

2meh =mv® +1 i =2 rrz+L
&= R*| R?

[2mgh  [2(50.0 N)(6.00 m)
A meL :\/ 5.10 kg + oo | 953 mjs
RZ

(0.250)"
P10.46  Choose the zero gravitational potential energy at the level where the masses pass.
K¢+Ug =K;+Ug +AE
1 2, 1 2 1.5
—Mmyv +Em20 +Ela) =0+m;ghy; +mygh,; +0

2

1 11 o)
5(15'0 +10.0)0% + E[EGDO)RZ }(Ej = 15.0(9.80)(1.50) + 10.0(9.80)(~1.50)

(265 kg)o? =735] = v

P10.47  From conservation of energy for the object-turntable-cylinder-Earth
system,

%()+ ~mo* = mgh

02
Ir_z_ 2mgh —mo*

I= mrz[L‘Zl—l)
v FIG. P10.47




Chapter 10
P10.48  The moment of inertia of the cylinder is

I= Emrz = %(81.6 kg)(1.50 m)® =91.8 kg-m?

and the angular acceleration of the merry-go-round is found as

= =0.817 rad/s”.
1 (91.8 kg~m2) /
At t=3.00 s, we find the angular velocity

7 (Fr) (50.0 N)(150 m)

w=w;+aot
©=0+(0.817 rad/s*)(3.00 s) = 2.45 rad/s

1
and K =— Io* :5(91.8 kg-m?)(2.45 rad/s)” =[ 276 |

P1049 (a) Find the velocity of the CM

(K+U), =(K+U),

FIG. P10.49
3R 3

2mgR
©  vow =y =R
*P10.50  (a) The moment of inertia of the cord on the spool is
%M(Rf +R3) :%0.1 kg((0.015 m)* +(0.09 m)*) = 416 x 10~ kg-m”.

The protruding strand has mass (10*2 kg /m)0.16 m=16x10" kg and

I=Icy +Md? :%MLZ +Md*=16x107 kg(é(o.w m)® +(0.09 m+0.08 m)zj
=4.97x107 kg -m?

For the whole cord, I = 4.66 x10~* kg-m?. In speeding up, the average power is
1

o E _ 1lo®  466x107* kg-m® (2500-2;;

2
s 7B

At At 2(0.215 s)

20002
b)  #=1w=(7.65N)0.16 m+0.09 m)(M

60 s ):
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304 Rotation of a Rigid Object About a Fixed Axis
Section 10.9  Rolling Motion of a Rigid Object

P10.51

P10.52

P10.53

P10.54

1 1 2
(a) Ktrans:Eva:E(lO.O kg)(10.0 m/s)” =| 500 J
b K =11w2=l(lmr2j v 1100 kg)(10.0 mys)* =[ 2507
) 202 2 ) g '

7

(0 Kiotal = Kigans + Kror =| 750 ]

W= Kf _Ki = (Kl‘rans + Krot)f - (Ktrans +Kr0t ),’

2
W=l 102 —0-0=L a2 +l(EMR2)(£j
2 2 2 2\5 R

or W= (l)MUZ
10

(a) r=la
mgRsin6 = (ICM + mRz)a

e mgR? sin @

Iy +mR? ”
2 .
mgR*singd |1 .
fhoop =~ 3~ | 7 8sin0 /
2 . n mg
g mgR”sin@ _| 2 sind
disk %mRZ 3 8 . 6
. . 4 .
The disk moves with 3 the acceleration of the hoop. FIG. P10.53
(b) Rf=Ia
f=un=pmgcosd
e (%gsin&)(%mRz) R
mgcos@ mgcosO R*mgcos 6 3
K= lmv2 + llwz = l[m +LZ}JZ where w=— since no slipping.
2 2 2 R R
Also, U; =mgh, Uf =0, and v; =0
Therefore, l[m + LZ},Z =mgh
2 R
Thus, v = Lgh
1
[1 + (mR2 )]
For a disk, I= %mR2
2gh J4gh
So 0? = 0 sk =l
1+% ) Udisk 3
. 2 2 Zgh
For aring, I=mR*so v* = — or Vsing = \/E

Since vgig > Vying, | the disk | reaches the bottom first.



P10.55

P10.56

v, =400 m/s and w; =—=

Z_]_ﬂ_ 3.00 m
At 150s

Chapter 10
1
=2.00 m/s=—(0+v
/s=5(0+2y)

vy 400 m/s 8.00

r (6.38 x1072 m) /2 T 6.38x1072 rad/s

We ignore internal friction and suppose the can rolls without slipping.

(

+ Kot +Ug)i +AE

(Ktrans + Krot + ug)f

mech —

(0+0+mgyi)+0:(%mv? +%1w? +0j

2
0.215 kg(9.80 m/s*)[(3.00 m)sin 25.0°] :%(0.215 kg)(4.00 m/s)® + = I(ﬂ rad/S)

2 \6.38x1072

267]=1727+ (7 860 s’z)t

| 0951 kg-m?/s?

(@)

(b)

(©

7860 s>

Energy conservation for the system of the ball and the
Earth between the horizontal section and top of loop:

1 5, 1. 5 1 5, 1 5
—moy +—lw5 +mgy, =—mvy +—1
275 25} 8Y2 5 Mty 1

2
1 2 1(2 2 Uy jz
e = =2+
> M Z(er J( ; mgy,
2
=lmvf+l(3mr2)(v—lj FIG. P10.56
2 2\3 y

5 5 5 5
o =—7
628]/261

v, = \/012 —g QYy = \/(4.03 mys)’ —%(9.80 m/s”)(0.900 m) =[238 m/s|

2 (238 ms)’
The centripetal acceleration is L/ M =12.6 m/s*>g

r 0.450 m

Thus, the ball must be in contact with the track, with the track pushing downward on it.

2 2
1 5, 1(2 , v3j 1 1(2 Zj(vl)
—moy +—|—mr” | —=| +mgyz =—moi +—| —mr” | —
2 ° 2(3 )(r 3727 T al3 r

vy = \/012 —g QY = \/(4.03 mys)’ —%(9.80 m/s?)(~0.200 m) =[ 431 mys |

lmvz+m —lmvz
5 02 SY2 5 M1

0y =40} —2gy =\/(4.03 mys)” ~2(9.80 m/s?)(0.900 m) = ~1.40 m?/s?

This result is imaginary. In the case where the ball does not roll, the ball starts with less
energy than in part (a) and | never makes it to the top | of the loop.

305

=| 1.21x107* kg -m? | The | height of the can | is unnecessary data.
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Additional Problems

P10.57

P10.58

P10.59

mgésin@ = %méza

38

a=—=sin@
2/

a, = (%%sin&jr

Then (ig)r >gsiné
20

for r>E£
3

.. About % the length of the chimney | will have a FIG. P10.57

tangential acceleration greater than gsiné.

The resistive force on each ball is R = DpAv®. Here v=r®, where r is the radius of each ball’s path.
The resistive torque on each ballis 7 =R, so the total resistive torque on the three ball system is
Ttotal = 3rR.

The power required to maintain a constant rotation rate is & = 7,,;@ = 3rR@ . This required power
may be written as

P =T ® = 3r[DpA(rw)2]a) = (3r3DAw3 )p

3 i 1000
With o 2zrad( 10 1jev (1 mm): T rad/s
Irev | 1min N\ 60.0s 30.0
10007 )’
9 =3(0.100 m)>(0.600)(4.00 x 107 m?2
(0100 m)'(0500)(400 10+ ) S
or P= (0.827 m®/s? ) p, where pis the density of the resisting medium.

(a) In air, p=1.20 kg/m?,

and #=0827 m°/s* (1.20 kg/m*)=0.992 N -m/s=[ 0.992 W |
(b) In water, p=1000 kg / m® and 9= .

1 1 1 1
(a) W:AK:EIa)J%—EIw-Z:EI(a)?—a)?) where I:EmR2

1

_ G)@)(Loo kg)(0.500 m)z[(S.OO rad/s)” - 0] -

;=0 g (800 rad/s)(0.500 m)

=|1.60s
a a 2.50 rn/s2
© 0; :9i+wit+%at2; 0,=0; w;=0

2.50 m/s’
0, =~at® = l(—m/sj(mo 5)? =6.40 rad

b) ¢

2 2\ 0.500 m

s=r0=(0.500 m)(6.40 rad) = | 3.20 m< 4.00 m Yes




*P10.60 The quantity of tape is constant. Then the area of the rings you
see it fill is constant. This is expressed by

2 2 2 2 2 2 _[2, 2 2.
— T, + 7y =7 O 1y =4/t +1{ —1” is the

TS —nr =xr
outer radius of spool 2.

(@) Where the tape comes off spool 1, @, = 2 Where the
4
-1/2
tape joins spool 2, @, = 2 v(rs2 17— rz) / .
)
v v
(b) At the start, r =7, and r, =7, so @; =— and w, =—. The
Tt s
takeup reel must spin at maximum speed. At the end,
r=r;and 1, =7, SO @, -2 and @4 -2 The angular
Tt Ts
speeds are just reversed.
P10.61 (a) Since only conservative forces act within the system of the
rod and the Earth,
AEZO SO Kf+Uf=Kl+ul
Lip2i0-= 0+Mg(£)
2 2
where I = %MLZ
/3
Therefore, = 28
L
(b) > r=Ia, so that in the horizontal orientation,
L L
Mg(—) = M a
2 3
3
S
2L

38

a,=-a,=—-ra= —a(é)
2 v 2

© =4, =—r0’ :_(_)wz _

(d) Using Newton's second law, we have
3M
R,=Ma, = el 4
2
3Mg Mg
R]/_Mg:Mu]/:_T R]/: T

Chapter 10

Start

—_—

FIG. P10.60

Ry« L»’

R* Force
C Diagram
Mg

g <::-U Motion
- Diagram

ay

FIG. P10.61
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308 Rotation of a Rigid Object About a Fixed Axis
do

dt
t

«
[do = [[-10.0-5.00¢]dt = -10.0¢ - 2.50t* = & - 65.0 rad/s
65.0 0

o= % =65.0 rad/s— (10.0 rad/sz)t - (2.50 rad/s’ )if2

P10.62  a=-10.0 rad/s* - (5.00 rad/sS)t =

@  Att=3.00s,

© =650 rad/s—(10.0 rad/s*)(3.00 s)-(2.50 rad/s*)(9.00 s*)=[125 rad/s |

t t

(b) fd@: Jwat = [[650 rad/s(10.0 rad/s? )t~ (250 rad/s” )¢ at
2?:(65(?0 rad/so)t—(S.OO rad/s” )¢* - (0.833 rad/s’ )¢’
At£=3.00s,
0=(65.0 rad/s)(3.00 5)(5.00 rad/s*)9.00 s> ~(0.833 rad/s’)27.0 s’

P10.63  The first drop has a velocity leaving the wheel given by %mvl2 =mgh;, so

v, = [2gh; = \/2(9.80 m/s?)(0.540 m) =3.25 m/s

The second drop has a velocity given by

v, = 2gh, = \/2(9.80 m/s?)(0.510 m) =316 m/s

v .
From w =—, we find
r

3.25
o, _ o m/s

r  0381m

1
=8.53 rad/s and w, = Dy 316 mjs 8.29 rad/s
r 0381 m

or

2_,2 (829 rad/s)’ (853 rad/s)’
a=22-9 :( rad/s)” —( rad)s) =] -0.322 rad/s>
20 'y



P10.64

P10.65

Chapter 10

At the instant it comes off the wheel, the first drop has a velocity v, directed upward. The
magnitude of this velocity is found from

Kl-+Ugi=Kf +Ugf

%mvlz +0=0+mgh, orv; =,/2¢8h

and the angular velocity of the wheel at the instant the first drop leaves is

v 2.¢h
i

[2
Similarly for the second drop: v, =/2gh, and @, = %: 1‘322 .

The angular acceleration of the wheel is then

2gh 2gh
a:wﬁ—a)f: R R _ 8(hy —hy)
20 2(27) 27R>

1 1 1 1
K; :EM‘UJ% +Elw?: Uy =Mghy=0; K; :EMUz’Z +EI‘01'2 =0

U; =(Mgh).: f=uN = pMgcosb; w=2; h=dsin® and I:%mr2
! 4

(a) AEZEf—ElOr—deKf+Uf—Kl—Ul
1 1
—fd:EMv]hEIa)]%—Mgh
1 2 mrz 7;
—(,uMgcosé?)d:EMv i r?—Mgdsir\@
1 m o .
E[MJFE}) = Mgd sin 0 — (uMg cos 6)d or
v? = 2Mgd (sin@— pcos )
T+M

12
vy = {4gdm(sin9— LCOS 9)}

(b) Uj% =07 +2aAx, v; = 2ad

2
a=0 - Zg( M
2d m+2M

)(sin 0— pcosb)

309



310 Rotation of a Rigid Object About a Fixed Axis

P10.66  (a) E= l(EMR2 )(a)z)

205
2
5.98x102%)(6.37x10°)| 27— | =[257x10% ]
( )( ) 86 400

dE_d l(zMRz)(z_ﬂ)Z

dt  dt|2\5 T
1o o g dT
=2 MR*(27) (2T )E

= lMRZ(Z_”)Z(__Z)d_T
5 T T )dt

-2 10x10° s
=(2.57 x10% 86400 s/d
(257> ])[86400 sj[3.16><107 sj( ¥/day)

E:

N | =
[ ERNS

o

~

‘;—f =| -163x10" J/day |

*P10.67 (a) wr=0;+at

2 2
) :Tf_% :2”(Ti_Tf)
t t TTyt

27z(—1073 S) 1d 2 1
yr -_—22 2
~ = -10
1d1d100yr[864005J (3.156><107 sj °

(b) The Earth, assumed uniform, has moment of inertia

I =§MR2 =§(5.98 x10* kg)(6.37x10° m)2 =9.71x10% kg-m?
Y r=la~971x10¥ kg-m?(-267x102 s7%)=

The negative sign indicates clockwise, to slow the planet’s counterclockwise rotation.

(©) |z| = Fd. Suppose the person can exert a 900-N force.

7] 259%10 N-m e
d=l1="2"" S 10
ST

This is the order of magnitude of the size of the planetary system.



P10.68

P10.69

P10.70

AO= ot
a0 () e

= 7 900 rev
@ 60s

0.800 m
V=——- = -139 m/s
0.00574 s -

t =0.00574 s

¢ will oppose the torque due to the hanging object:

Zrzla:TR—rf: szTR—Ia

311
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1)

Now find T, I and «in given or known terms and substitute into

equation (1).

Y F,=T-mg=-ma: T=m(g—a)
at? 2y
alsoAy:vit+7 a:t—2
2
and aziz—yzz
R Rt
2
1=1m R2+(5j =2 MR?
2 2 8

Substituting (2), (3), (4), and (5) into (1),

we find >
Rt

(a) W =AK+AU
W:Kf _Ki+uf —Ul-
0=lmv2 +llco2 —mgﬂlsin@—lkd2
2 2 2

la)z(1+mRz)= mgdsin49+lkd2
2 2

\/2mgdsin0+kd2
O=———
[+mR?

2y, 5MR*(2y)
- e~ B
Tf m(g tz ) 8

(2)

€)

4)

()

FIG. P10.69

FIG. P10.70

\/ 2(0.500 kg)(9.80 m/s)(0.200 m)(sin37.0°)+50.0 N/m(0.200 m)*
(b) =

1.00 kg -m? +0.500 kg(0.300 m)”

[1.18+2.00
o=\ " /3.04 =| 1.74 rad/s
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P10.71

P10.72

P10.73

(a) myg—T, =mya 2.00 m/s?

T, =my(g—a) =200 kg(9.80 m/s* ~2.00 m/s*)=[156 N | - L

T, —m;gsin37.0°=mja 15.0kg

Ty = (15.0 kg)(9.805in37.0°+2.00) m/s* =[ 118 N |
®  (T,-T,)R=Ia= 1(%)

(T, ~T;)R* (156 N —118 N)(0.250 m)* 5
I = = = 1.17 k -m
200 /s

a

FIG. P10.71

For the board just starting to move,

Y r=la: mg(é)cosez(%mﬂzja R
azi(éjcose yl
2\ ¢ mg

The tangential acceleration of the endis a4, =la = 3 gcosd
2 FIG. P10.72

. . 3
The vertical component is a,=a,co80=—g cos® 0
2

If this is greater than g, the board will pull ahead of the ball falling:

3 2 . 2 5 2 2 S
(@) Egcos 6> g gives cos” 62> 3 SO cos@ = \/; and 6<353

(b) When 6 =35.3°, the cup will land underneath the release-point of the ball if r,={cosd

When ¢=1.00 m, and 8=35.3° 1, =1.00 m\/g =0.816 m

so the cup should be (1.00 m—0.816 m) =| 0.184 m from the moving end

Att=0, »=3.50 rad/s = wye’. Thus, ®, = 3.50 rad/s
Att=930s, o=2.00 rad/s=w,e ¥, yielding o =6.02x1072 57!

dow d(a)oe_d)
oa==—=—-

dt dt
Att=3.00s,

— %1072
o =(3.50 rad/s)(-6.02x107 s e 300(60210%) _ 75176 rad/s?

t
b 0= g we " dt :f—g[e*ﬁ ~1] =%[1 —e

=wy(-0)e ™

(@)

Att=250s,

2
0= 3.50 rad/s |:1 _ 67(6.02X10 )(2.50):‘ —812 rad =

(6.02x1072)1/s

©  Astom 052 (1-e7)- 200 552 rad - [936 rev |

o
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Consider the total weight of each hand to act at the center of gravity (mid-point) of that hand. Then
the total torque (taking CCW as positive) of these hands about the center of the clock is given by

T= —mhg(%’) sing, — mmg(LTm) sin@,, = —%(mth sin@, +m,L, sind,,)

If we take t = 0 at 12 o’clock, then the angular positions of the hands at time ¢ are

Hh = wht ’
where o), =% rad/h
and 6, =0,t,
where o, =27 rad/h
Therefore, 7=-490 m/ s {60.0 kg(2.70 m) sin(%) +100 kg(4.50 m)sin 2;#}
or 7=-794 N-m sm(zj +2.78sin me} , where t is in hours.
(@) (i) At 3:00, t=3.00 h,
[ (x .
SO 7=-794N- m_sm(a) +2.78sin 67:} =[-794 N-m
.. 15 L .
(ii) At5:15,t=5 h+a h =5.25 h, and substitution gives:
7=|-2510 N-m
(i)  At6:00, r=
(iv) At 8:20, r=|-1160 N-m
v) At 9:45, 7=[-2940 N-m
(b) The total torque is zero at those times when

sin(%) +2.78sin27at =0

We proceed numerically, to find 0, 0.515 295 5, ..., corresponding to the times

12:00:00 12:30:55 12:58:19 1:32:31 1:57:01
2:33:25 2:56:29 3:33:22 3:56:55 4:32:24
4:58:14 5:30:52 6:00:00 6:29:08 7:01:46
7:27:36 8:03:05 8:26:38 9:03:31 9:26:35

10:02:59 10:27:29 11:01:41 11:29:05
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*P10.75  (a)

(b)

P10.76  Energy is conserved so AU + AK,, + AK ;a0 =0 !

Since rw =, this gives

or

As the bicycle frame moves forward at speed v, the center of each wheel moves forward at
the same speed and the wheels turn at angular speed o = % The total kinetic energy of the

bicycle is

+K

trans rot

or

1 1 1 1 v*
K= E(mframe + 2‘7/’/lwh(—:‘e1)v2 + Z(Elwheelwzj = E(mframe + meheel)v2 + (Emwheele)(F] .

This yields

1 1 2
K =~ (Mtrame *+ 3 shea Jo? = E[8.44 kg +3(0.820 kg)](3.35 m/s)” =[ 61.2] |-

As the block moves forward with speed v, the top of each trunk moves forward at the same

speed and the center of each trunk moves forward at speed % The angular speed of each

roller is w = % As in part (a), we have one object undergoing pure translation and two

identical objects rolling without slipping. The total kinetic energy of the system of the stone
and the trees is

or

1 1 o) (1 1 1 1 v?
K= Ernstonev2 + ZEmtree (E) + Z(Eltreewzj :E(mstone +Emtree)vz + (EmtreeRz)(ﬁj'

This gives

1 3 1 2
K= E(mstone + threejvz = E[844 kg +0.75(82.0 kg)|(0.335 my/s)” =[ 50.87 |.

mg(R—r)(cos@-1)+ [%mvz —0}+—[§mr2}a)2 =0

a)=\/2 (R-r)1-cosO)g

7 r2

10Rg(1—cos @ FIG. P10.76
\/% since R>>r.
B




P10.77

P10.78

S F=T-Mg=—Ma: Zr:TR:IazéMRZ(EJ

(@)

(b)

(©

(b)

Chapter 10

R

Combining the above two equations we find

T=M(g-a)
and
2T
a= M FIG. P10.77
thus T= Mg
3
2T 2 (Mg) 2
==l 2 15|38
M M\ 3 3
vf =0 +2a(xf xl) v?:0+2(zgj(h—0)
3
4gh
<[ 22

For comparison, from conservation of energy for the system of the disk and the Earth we
have

2
1(1 % 1
ugi +Kr0ti +Ktransi = ugf +Krotf +Ktransf1 Mgh+0+0 =0+E(EMR2)[%J +EMUf2
4qh
s
YFE =F—f=Ma: Y r=fR=Ia
Using [ =1MR2 and o =£, we find a = E
2 R 3IM

When there is no slipping, f =uMg.

Substituting this into the torque equation of part (a), we have

yMng%MRu and u=| ——|.

315
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P10.79 (a) AK, + AK +AU=0 m

trans
Note that initially the center of mass of the sphere is a

distance h+r above the bottom of the loop; and as the

mass reaches the top of the loop, this distance above h R

the reference level is 2R —r. The conservation of P
energy requirement gives

_ 1 5,1 5
mg(h+r)=mg(2R~r)+_mv”+_lo FIG. P10.79

2 .
For the sphere I = Emr2 and v=r® so that the expression becomes

gh+2.gr=2gR+%v2 (1)

Note that h = h,;, when the speed of the sphere at the top of the loop satisfies the condition
mo*

®-7) or v* =g(R-r)

> F=mg=

Substituting this into Equation (1) gives

Hinin = 2(R=7)+0.700(R =) or | Iy, =2.70(R—7)=2.70R |

(b) When the sphere is initially at #=3R and finally at point P, the conservation of energy
equation gives

mg(3R+r)= ng+%mv2 +%mvz, or

v? :g(ZRﬂf)g

Turning clockwise as it rolls without slipping past point P, the sphere is slowing down with
counterclockwise angular acceleration caused by the torque of an upward force f of static

friction. We have ) F, =ma, and ) 7=Ia becoming f—mg=—-mar and fr= (%)mrza.

5
Eliminating f by substitution yields o = 7_g so that ) F, = —;mg
r

2 10)2R +7 )
ZFX:‘”:‘IT::‘(»;J )mgz % (since R>>7)




P10.80

P10.81

Chapter 10 317

Consider the free-body diagram shown. The sum of torques pivot J2i
. . ~— y
about the chosen pivot is 'y > 3

H
Sr=la=Fi= (%mlz)[%TM] = @mz}zCM (1)

2

(@) {=1=1.24 m: In this case, Equation (1) becomes M l mg i
3(14.
SF_SU4TN) 45, m/s’
2m  2(0.630 kg) '
D F. =macy = F+H, =macy or H, =macy —F F=147N

Thus, H, =(0.630 kg)(35.0 m/s*)-147 N=+735 N or

H, - , FIG. P10.80

(b) (= % =0.620 m: For this situation, Equation (1) yields

acm =

3F  3(147 N)

= = =175 m/s*.
4m  4(0.630 kg) ms

acm =
Again, ) F, =macy = H, =macy —F, so
H, =(0.630 kg)(175 m/s*)-147 N=-3.68 N or H, = -3.68i N |.

F
(©) If H, =0, then ) F, =macy = F=macy, or dcy =—.
m
Thus, Equation (1) becomes
2

Fi= (—ml)(i) so (= El = %(1.24 m) =| 0.827 m (from the top) |
3 m 3 3

Let the ball have mass m and radius r. Then I = %mr2 . If the ball takes four seconds to go down

twenty-meter alley, then v =5 m/s. The translational speed of the ball will decrease somewhat as
the ball loses energy to sliding friction and some translational kinetic energy is converted to
rotational kinetic energy; but its speed will always be on the order of 5.00 m/s, including at the
starting point.

As the ball slides, the kinetic friction force exerts a torque on the ball to increase the angular speed.

When o = 2, the ball has achieved pure rolling motion, and kinetic friction ceases. To determine the
7

elapsed time before pure rolling motion is achieved, consider:

2 2){(5.00 m/s)/r}
t

ZT:Ia:(,ukmg)r:(gmr which gives

. 2(5.00 m/s) 2.00 m/s

S8 Hk8
Note that the mass and radius of the ball have canceled. If x; =0.100 for the polished alley, the
sliding distance will be given by

Ax =5t = (500 m/s) —200 WS | =102 m or Ax~[10" m .

(0.100)(9.80 m/s”
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P10.82

P10.83

Conservation of energy between apex and the point where
the grape leaves the surface:

1 1
mgAy:Emvj% +Elw%

2
1 2 1(2 2)\ Y
R(1-cosf)=— +—| =mR* | —
mgR( ) zmvf Z(Sm j(RJ

2
which gives g(1-cos8)= A )
10| R

mg cosd mg sinf

Consider the radial forces acting on the grape:

) FIG. P10.82
0 . me
mgcosd—n= )

g R

At the point where the grape leaves the surface, n— 0.

mvj% vj%
Thus, mgcos@= R or ?=gcosz9.

Substituting this into Equation (1) gives
7 10 S
g—gcosé’:ﬁgcosé’ or COSHZE and 6= .

(@) There are not any horizontal forces acting on the rod, so the center of mass will not move
horizontally. Rather, the center of mass drops straight downward (distance //2) with the rod
rotating about the center of mass as it falls. From conservation of energy:

Kf +Ugf :Ki+ugi

%MU%M +%Ia)2 +0=0 +Mg(gj or

2
1 Moy + l(i Mh* j(UCTMJ = Mg(gj which reduces to
2

2 2\12
3gh
Y
(b) In this case, the motion is a pure rotation about a fixed pivot point (the lower end of the rod)

with the center of mass moving in a circular path of radius //2. From conservation of energy:

L0240 =0+Mg(ﬁj or

2 2

1(1 ’ h

E(EMhz )[UC—MJ =Mg ( ) which reduces to

L 2
3gh




P10.84

P10.85

@)

(b)

(©

@)

(b)

(©
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2

The mass of the roll decreases as it unrolls. We have m = where M is the initial mass of

RZ
2

the roll. Since AE =0, we then have Aug +AK +AK,,; =0. Thus, when I = %,

trans

2 2 2
mo mr- @
- MgR)+ +|————1|=0
(mgr ~MgR) +— { 5 2}

Since wr = v, this becomes v =

3r2

Using the given data, we find v=| 5.31x10* m/s

We have assumed that AE =0. When the roll gets to the end, we will have an inelastic
collision with the surface. | The energy goes into internal energy |. With the assumption we

made, there are problems with this question. It would take an infinite time to unwrap the
tissue since dr — 0. Also, as r approaches zero, the velocity of the center of mass approaches
infinity, which is physically impossible.

ZFx:F+f:MuCM F

> t=FR-fR=1Ia

Ia 4F
FR—(MQCM_F)R:% fem =557 > f
FIG. P10.85
4F 1
=Macyy -F=M|— |-F=|-F
f acm (3M) 3

vj% :viz +2a(xf —xi)

Jst
Ufz _—
3M
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P10.86

Call f, the frictional force exerted by each roller M F
backward on the plank. Name as f; the rolling = ===
resistance exerted backward by the ground on m @ R m O R

each roller. Suppose the rollers are equally far

from the ends of the plank.

For the plank, FIG. P10.86

. F.=ma, 6.00N-2f, =(6.00 kg)a,

a
The center of each roller moves forward only half as far as the plank. Each roller has acceleration ?p
and angular acceleration
a,/2 %
(5.00 cm) (0.100 m)

Then for each,

a
> F.o=ma, +f—f, =(2.00 kg)?p

1 2 A
=] 5.00 5.00 =—(2.00 kg)(5.00
Seela 500 cm)+ f(500 cm)=(200 kg)5.00 cm)’ L

1
So fi+f :(E kg)ap
Add to eliminate f,:

2f, = (1.50 kg)a,,

() And 6.00 N - (1.50 kg)a,, = (6.00 kg)a,
(6.00 N)
ap Zmz 0.800 I'I'I/S2
o P
For each roller, a = > 0.400 m/s

(b) Substituting back, 2f, = (1.50 kg)0.800 m/s> 1 Mg
6.00 N
fi 1 |<—u <A —
0.600 N+ f, = kg(0.800 m/s?) o]y, LI IS
f, =—0.200 N
N Nt
The negative sign means that the horizontal force f §
of ground on each roller is | 0.200 N forward mg mg
rather than backward as we assumed. JL l’
<A \
W] bl

FIG. P10.86(b)



P10.87

P10.88

P10.89

Rolling is instantaneous rotation about the contact point P. The
weight and normal force produce no torque about this point.

Now F, produces | a clockwise torque | about P and makes the

spool roll forward.

Counterclockwise torques | result from F; and F,, making the

spool roll to the left.

The force F, produces about point P and does

not cause the spool to roll. If F, were strong enough, it would
cause the spool to slide to the right, but not roll.

The force applied at the critical angle exerts zero torque about
the spool’s contact point with the ground and so will not make
the spool roll.

From the right triangle shown in the sketch, observe that
0. =90°-¢=90°-(90°-y )=y .

Thus, | cos @, =cosy=% .
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AL,

F

FIG. P10.87

FIG. P10.88

(@) Consider motion starting from rest over distance x along the incline:

(Ktrans + Krot + u)l +AE= (Ktrar\s

0+0+ngsin0+0:%Mvz Jrz(l

2Mgxsin @ = (M + 2m)v*

Since acceleration is constant,

v? = v} +2ax =0+ 2ax, so s
y ’
2Mgxsin @ = (M + 2m)2ax L ,'I
e Mgsiné X ,"
| (M +2m)

continued on next page

+Kr0t+ll)f

2
T IR

FIG. P10.88
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() Suppose the ball is fired from a cart at rest. It moves with acceleration gsin@=a, down the
incline and 4, = —g cos @ perpendicular to the incline. For its range along the ramp, we have

1 2
-y;=v,t——gcos@"“=0-0
Y=Y =0y 28
(o 20,
gcosf

1
X—x;=v,t +Eaxt2

402,
d=0+ 1 gsiné %
2 g“cos” 0
i 2051» sinéd
- gcos®
(b) In the same time the cart moves

1
X—x;=v,t +Eu"t2

1{ gsin6M 4051'
d.=0+— 5 5
2\ (M+2m) | g% cos” 0

20;; sin6M
g(M +2m)cos® 0

c

So the ball overshoots the cart by

205sin0 20y sin6M
Ax=d-d, =

gcos® @ - gcos® O(M +2m)
20}, sin M + 4o, sin Om — 207, sin M

Ax 5
gcos” O(M +2m)

2 .
4mv,; sin 0

Ax = 5
(M+2m)gcos” 8




P10.90
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we can use Y 7 =la, which reads +fR, —-TR; = I«a. For rolling without

> F.=ma, reads —f + T = ma. If we take torques around the center of mass, %
T

slipping, o = 4 By substitution,

R, f
tn
In I

fRy—TR, = R, Rom (T-f) FIG. P10.90

fR3m —TR,Rym =IT - If
f(I+mR3)=T(I+mR,R,)

f:(l+mR1R2]T

[+mR3

Since the answer is positive, the friction force is confirmed to be | to the left.

ANSWERS TO EVEN PROBLEMS

P10.2

P10.4

P10.6

P10.8

P10.10

P10.12

P10.14

P10.16

P10.18

P10.20

P10.22

P10.24

P10.26

(a) 822 rad/s*; (b) 4.21x10° rad P10.28 % M2

1.20x10” rad/s; (b) 25.0
(a) 1.20x10” rad/s; (b) 25.0 s P10.30 168 N-m clockwise

2
~226 rad/s P1032 882N-m
13.7 rad/s* P10.34  (a) 1.03s; (b) 10.3 rev
(a) 2.88s; (b) 12.8 s P10.36  (a) 21.6 kg-mz; (b) 3.60 N-m; (c) 52.4 rev
(a) 0.180 rad/s; P10.38  0.312
(b) 8.10 m/ s% toward the center of the
track P10.40 1.04x107°]

(a) 0.605 my/s; (b) 17.3 rad/s; (c) 5.82 m/s; P10.42 149 rad/s
(d) The crank length is unnecessary
P10.44  (a) 6.90]; (b) 8.73 rad/s; (c) 2.44 m/s;

(a) 54.3 rev; (b) 12.1 rev/s (d) 1.043 2 times larger
0.572 P10.46 236 m/s
(@) 92.0 kg-m?; 1847; P10.48  276]

(b) 6.00 m/s; 4.00 m/s; 8.00 m/s; 184 ]
P10.50 (a) 743 W; (b) 401 W
see the solution

7Mo?
1.28 kg -m? F10.52 10

—~ 0 . 2
10" kg-m P10.54  The disk; 1/%2}1 versus \/E
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P10.56

P10.58

P10.60

P10.62

P10.64

P10.66

P10.68

P10.70

P10.72

P10.74

(a) 2.38 m/s; (b) 431 m/s;

(c) It will not reach the top of the loop.

(@) 0.992 W; (b) 827 W
see the solution

(a) 12.5 rad/s; (b) 128 rad

g(hz _hl)
27R?

(a) 2.57x10% J; (b) -1.63 x 10" J/day

139 m/s

. 2
(@) \/M (b) 1.74 rad/s

I+mR>
see the solution

(@) 794 N-m; -2510 N-m; 0;
-1160 N-m; —2940 N -m;
(b) see the solution

P10.76

P10.78

P10.80

P10.82

P10.84

P10.86

P10.88

P10.90

10Rg(1-cos6)

7r?
see the solution
(a) 35.0 m/s?; 7.35i N;

(b) 175 m/s?; -3.68i N;
(c) At 0.827 m from the top.

54.0°

4¢(R3 -#3
(a) g(3 ) ; (b) 5.31x10* m/s;
r

(c) It becomes internal energy.

(a) 0.800 m/s?; 0.400 m/s?;

(b) 0.600 N between each cylinder and the
plank; 0.200 N forward on each cylinder
by the ground

see the solution

see the solution; to the left



