DYNAMICS OF ROTATIONAL MOTION

10.1. IpENTIFY: Use Eq. (10.2) to calculate the magnitude of the torque and use the right-hand rule illustrated
in Figure 10.4 in the textbook to calculate the torque direction.
(a) SET Up: Consider Figure 10.1a.

EXECUTE: 7=FI
i | =rsing = (4.00 m)sin90°
_ 4.00m )° = /=4.00m
axis & A 7=(10.0 N)(4.00 m)=40.0 N - m

Figure 10.1a

This force tends to produce a counterclockwise rotation about the axis; by the right-hand rule the vector 7
is directed out of the plane of the figure.
(b) SET Up: Consider Figure 10.1b.

F EXECUTE: 7=Fl

\ I = rsing = (4.00 m)sin120°
400m a"” 120 /=3464m
7=(10.0N)(3.464 m)=34.6 N-m

axis @e =z de

r

Figure 10.1b

This force tends to produce a counterclockwise rotation about the axis; by the right-hand rule the vector 7
is directed out of the plane of the figure.
(¢) SETUP: Consider Figure 10.1c.

EXECUTE: 7=FI

-— 4,00 m——— $=130" I =rsing = (4.00 m)sin30°

— [=2.00m

r 7=(10.0 N)(2.00 m)=20.0 N-m

Figure 10.1c

This force tends to produce a counterclockwise rotation about the axis; by the right-hand rule the vector 7
is directed out of the plane of the figure.
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10-2 Chapter 10

(d) SET Up: Consider Figure 10.1d.

2.00 m EXECUTE: 7=Fl
axis g ) [ =rsing =(2.00 m)sin60°=1.732 m
M\ Je=o° r=(10.0N)(1.732 m)=173 N-m

F
Figure 10.1d

This force tends to produce a clockwise rotation about the axis; by the right-hand rule the vector 7 is
directed into the plane of the figure.
(e) SET Up: Consider Figure 10.1e.

F EXECUTE: 7=Fl
i . r=0s0/=0and 7=0

(f) SET Up: Consider Figure 10.1f.

Figure 10.1e

axis =-«L EXECUTE: 7=FI

) \_/d)= 180° [=rsing, ¢=180°,

so /=0 and 7=0

Figure 10.1f

EVALUATE: The torque is zero in parts (e) and (f) because the moment arm is zero; the line of action of
the force passes through the axis.
10.2. IDENTIFY: 7= FI with /=rsing. Add the two torques to calculate the net torque.

SET UP: Let counterclockwise torques be positive.

EXECUTE: 7, =—F/ =—(8.00 N)(5.00 m) =—-40.0 N- m.

7, =+F,l, =(12.0 N)(2.00 m)sin30.0°=+12.0 N-m. > 7=17; + 7, =—28.0 N-m. The net torque is

28.0 N - m, clockwise.

EVALUATE: Even though F, <F,, the magnitude of 7; is greater than the magnitude of 7,, because F

has a larger moment arm.
10.3. IDENTIFY and SET UP: Use Eq. (10.2) to calculate the magnitude of each torque and use the right-hand
rule (Figure 10.4 in the textbook) to determine the direction. Consider Figure 10.3.

~ 4
N e
N 0.090 m 0.090 m .

¢y = 135°
b3 = 135° ’
r, r
3 0.090 m
=
F :
o, axisN 4
2 b
)
LY

Figure 10.3

Let counterclockwise be the positive sense of rotation.
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Dynamics of Rotational Motion 10-3

EXECUTE: 7, =7, =7, = \/(0.090 m)”> +(0.090 m)’> =0.1273 m
7 ==k

L =rsing; =(0.1273 m)sinl35° = 0.0900 m

7, =—(18.0 N)(0.0900 m) =-1.62 N-m

7, is directed into paper

T, =+,

I, = r,sing, =(0.1273)sin135° = 0.0900 m

7, = +(26.0 N)(0.0900 m) =+2.34 N - m

7, is directed out of paper

T, =+F/

Iy =rsingy =(0.1273 m)sin90°=0.1273 m

73 =+(14.0 N)(0.1273 m)=+1.78 N- m

7, is directed out of paper
2T=7+7,+73=—1.62N-m+234N-m+1.78 N-m=2.50 N-m

EVALUATE: The net torque is positive, which means it tends to produce a counterclockwise rotation; the
vector torque is directed out of the plane of the paper. In summing the torques it is important to include
+ or — signs to show direction.

10.4. IpENTIFY: Use 7= FI=rFsing to calculate the magnitude of each torque and use the right-hand rule to

determine the direction of each torque. Add the torques to find the net torque.
SET UP: Let counterclockwise torques be positive. For the 11.9 N force (F]), r=0. For the 14.6 N force

(F,), r=0.350 m and ¢ =40.0°. For the 8.50 N force (F3), »=0.350 m and ¢=90.0°.

EXECUTE: 7;=0. 7, =—(14.6 N)(0.350 m)sin40.0° =—-3.285 N - m.

7y =+(8.50 N)(0.350 m)sin90.0° =+2.975 N-m. 2 7=-3.285N-m+2.975 N- m=-0.31 N - m. The net
torque is 0.31 N - m and is clockwise.

EVALUATE: If we treat the torques as vectors, 7, is into the page and 7, is out of the page.

10.5. IDENTIFY and SET UpP: Calculate the torque using Eq. (10.3) and also determine the direction of the
torque using the right-hand rule.

(a) 7 =(=0.450 m)i + (0.150 m)j; F =(=5.00 N)i + (4.00 N)j. The sketch is given in Figure 10.5.

Figure 10.5

EXECUTE: (b) When the fingers of your right hand curl from the direction of 7 into the direction of F
(through the smaller of the two angles, angle @) your thumb points into the page (the direction of 7, the
—z-direction).

(¢) 7=Fx F =[(—0.450 m)i + (0.150 m)j]x[(— 5.00 N)i + (4.00 N) ]

F=+(2.25N-m)i xi —(1.80 N-m)i X j— (0.750 N-m)j xi + (0.600 N-m)jx j

ixi= ]><] =0

; A

ixj=k, jxi=—k
Thus 7 =—(1.80 N-m)k — (0.750 N - m)(—k) = (- 1.05 N - m).
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10-4 Chapter 10

EVALUATE: The calculation gives that 7 is in the —z-direction. This agrees with what we got from the
right-hand rule.

10.6. IDENTIFY: Knowing the force on a bar and the point where it acts, we want to find the position vector for
the point where the force acts and the torque the force exerts on the bar.

SET UP: The position vector is r = xi + y} and the torque is 7=7 x F.
EXECUTE: (a) Using x=3.00 m and y=4.00 m, we have F =(3.00)i + (4.00);.
(b) 7=F x F =[(3.00 m)i + (4.00 m)j]x[(7.00 N)i + (=3.00 N)f].

7=(-9.00 N-m)k + (—28.0 N- m)(—k) = (=37.0 N - m)k. The torque has magnitude 37.0 N-m and is in
the —z-direction.
EVALUATE: Applying the right-hand rule for the vector product to 7 x F shows that the torque must be
in the —z-direction because it is perpendicular to both # and F, which are both in the x-y plane.

10.7. IDENTIFY: The total torque is the sum of the torques due to all the forces.
SET UP: The torque due to a force is the product of the force times its moment arm: 7 = FI. Let
counterclockwise torques be positive.
EXECUTE: (a) 7, =+(50 N)(0.20 m)sin60°=+8.7 N-m, counterclockwise. 7p = 0.
T =—(50 N)(0.20 m)sin30° =—-5.0 N - m, clockwise. 7, = —(50 N)(0.20 m)sin90° =—-10.0 N - m, clockwise.
(b) Xr=17,4+ 175+ 7c+7Tp=—6.3N-m, clockwise.
EVALUATE: In the above solution, we used the force component perpendicular to the 20-cm line. We
could also have constructed the component of the 20-cm line perpendicular to each force, but that would
have been a bit more intricate.

10.8. IDENTIFY: Use 7= FI/ =rFsing for the magnitude of the torque and the right-hand rule for the direction.
SET UP: Inpart (a), »=0.250 m and ¢=37°.
EXECUTE: (a) 7=(17.0 N)(0.250 m)sin37°=2.56 N -m. The torque is counterclockwise.
(b) The torque is maximum when ¢ =90° and the force is perpendicular to the wrench. This maximum
torque is (17.0 N)(0.250 m)=4.25 N-m.
EVALUATE: If the force is directed along the handle then the torque is zero. The torque increases as the
angle between the force and the handle increases.

10.9. IDENTIFY: Apply X7, =Ic,.

SETUP: @y, =0. @, = (400 rev/min) Mj =41.9 rad/s
60 s/min
EXECUTE: 7, =Ia, = 1@ ~(2.50 ke - mz)%ﬁm =13.IN-m.
. S

EVALUATE: In 7, =70, o, must be in rad/s?.

10.10. IpENTIFY: The constant force produces a torque which gives a constant angular acceleration to the disk
and a linear acceleration to points on the disk.

SETUp: X7, =Ie, applies to the disk, ce)z2 = a)gz +20:,(0 - 6,) because the angular acceleration is

constant. The acceleration components of the rim are a,,, = r& and a,, = r@’, and the magnitude of the

R B 2
acceleration is @ =+fa,, + d_.,.

EXECUTE: (a) X7, =0, gives Fr=1Ic, . For a uniform disk,

=2 MR* =L(40.0 ke)(0.200 m)* =0.800 kg m*. ¢, =27 = GLONN0200 m)
2 2 I 0.800kg m

6—6,=0.200 rev=1257 rad. @, =0, so @ =ay, +20,(6—6,) gives

=7.50 rad/s>.

, =/2(7.50 rad/s?)(1.257 rad) = 4.342 rad/s. v =r@=(0.200 m)(4.342 rad/s) = 0.868 ms.
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Dynamics of Rotational Motion 10-5

(b) ay, = rar=(0.200 m)(7.50 rad/s*) =1.50 m/s>. a4 = ra* = (0.200 m)(4.342 rad/s)* =3.771 m/s>.

a :\/atzan + arzad =4.06 m/s”.

EVALUATE: The net acceleration is neither toward the center nor tangent to the disk.
10.11. IDENTIFY: Use 2.7, =/, to calculate . Use a constant angular acceleration kinematic equation to

relate «,, @, and .
SET Up: For a solid uniform sphere and an axis through its center, / = %MRZ. Let the direction the sphere

is spinning be the positive sense of rotation. The moment arm for the friction force is /=0.0150 m and the
torque due to this force is negative.
EXECUTE: (a) @, _ 7, _ =(0.0200 N)(0.0150 m) _

3 ~14.8 rad/s?
I 2(0.225 kg)(0.0150 m)

W, —ay, —22.5rad/s
a, —14.8 rad/s®
EVALUATE: The fact that ¢, is negative means its direction is opposite to the direction of spin. The

b) v, —wy, =-22.5radls. w, =y, +a,t gives t = =1.52s.

negative ¢, causes @, to decrease.

10.12. IDENTIFY: Apply X7, =Ic, to the wheel. The acceleration a of a point on the cord and the angular
acceleration & of the wheel are related by « = Rex.
SET UP: Let the direction of rotation of the wheel be positive. The wheel has the shape of a disk and
1= %MRz. The free-body diagram for the wheel is sketched in Figure 10.12a for a horizontal pull and

in Figure 10.12b for a vertical pull. P is the pull on the cord and F is the force exerted on the wheel by
the axle.

EXECUTE: (a) @, = 2= = (300 N)(0.250 m) - =34.8 rad/s>,
I 1(920 kg)(0.250 m)

a = Ror=(0.250 m)(34.8 rad/s>) =8.70 m/s.

(b) F,=—P, F,=Mg. F=yP?+(Mg)> =/(40.0 N)* +(19.20 kg][9.80 m/s’])> =98.6 N.

[F, ] Mg (9.20 kg)(9.80 m/s?)
\F.| P 400N

98.6 N and is directed at 66.1° above the horizontal, away from the direction of the pull on the cord.

(c) The pull exerts the same torque as in part (a), so the answers to part (a) don’t change. In part (b),
F+P=Mg and F =Mg—P=(9.20 kg)(9.80 m/s?)—40.0 N =50.2 N. The force exerted by the axle has

magnitude 50.2 N and is upward.
EVALUATE: The weight of the wheel and the force exerted by the axle produce no torque because they act
at the axle.

tang = and ¢ =66.1°. The force exerted by the axle has magnitude

Mg
(b)

Figure 10.12
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10-6 Chapter 10

10.13.  IDENTIFY: Apply Y F =ma to each book and apply Y7, = I, to the pulley. Use a constant
acceleration equation to find the common acceleration of the books.

SET UP: m; =2.00 kg, m, =3.00 kg. Let 7] be the tension in the part of the cord attached to m; and T,
be the tension in the part of the cord attached to m,. Let the +x-direction be in the direction of the
acceleration of each book. a = Rev.

. 2(x - 2(1.2
EXECUTE: (a) x—xy= v0xt+%axt2 gives a, = x 5 %) _ 20120 mg =3.75 m/s>. a; =3.75 m/s® so

t (0.800 s)

Ii=ma; =750N and T, =m,(g —a;) =182 N.
(b) The torque on the pulley is (7, —7;)R =0.803 N - m, and the angular acceleration is
o =a/R=50rad/s®, so I =7/ =0.016 kg - m>,
EVALUATE: The tensions in the two parts of the cord must be different, so there will be a net torque on
the pulley.

10.14.  IDENTIFY: Apply X F =md to the stone and Y, 7, = I, to the pulley. Use a constant acceleration
equation to find a for the stone.

SET UP: For the motion of the stone take +y to be downward. The pulley has 7 = %MRZ. a=Ro.
EXECUTE: (a) y— ) =vo,t+1a,t gives 12.6 m=14,(3.005)* and a, =2.80 m/s”.
Then ZFy =ma,, applied to the stone gives mg —T =ma.
2.7, =lo, applied to the pulley gives TR = %MRza = %MRz(a/R). T= %Ma.
Combining these two equations to eliminate 7' gives
2
oM _a =(10.0 kgj 2.820 m/s =200k
2\g-a 2 9.80 m/s“ —2.80 m/s
b)) T= %Ma :%(10.0 kg)(2.80 m/s?)=14.0 N
EVALUATE: The tension in the wire is less than the weight mg =19.6 N of the stone, because the stone
has a downward acceleration.

10.15. IDENTIFY: The constant force produces a torque which gives a constant angular acceleration to the wheel.
SETUP: @, =@, + ot because the angular acceleration is constant, and 2.7, = /¢, applies to the
wheel.

EXECUTE: @y, =0 and @, =12.0 rev/s=75.40 rad/s. @, =y, + a,t, so
a, = @~ @, 7540 radls _ 37.70 rad/s’. 27, =Ia, gives
t 2.00s
/ _Fr_(80.0 N)(O.IZ(; m) 0255 kg - m’.
a, 37.70 rad/s
EVALUATE: The units of the answer are the proper ones for moment of inertia.
10.16. IDENTIFY: Apply 2 F |, =ma,, to the bucket, with +y downward. Apply 2.7, =10, to the cylinder, with

the direction the cylinder rotates positive.
SET UP: The free-body diagram for the bucket is given in Figure 10.16a and the free-body diagram for

the cylinder is given in Figure 10.16b. [ = %MRZ. a(bucket) = Ro(cylinder)
EXECUTE: (a) For the bucket, mg — T = ma. For the cylinder, 27, = o, gives TR= %MRZO(. a=alR

then gives T = %Ma. Combining these two equations gives mg — %Ma =ma and

a=—"8 [ 150k g g0 1s?) =7.00 mis.
m+M/2 (15.0kg+6.0kg
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Dynamics of Rotational Motion 10-7

T =m(g —a)=(15.0 kg)(9.80 m/s> — 7.00 m/s>)=42.0 N.

(b) v, =15, +2a,(y - yy) gives v, = \/2(7.00 m/s?)(10.0 m) =11.8 m/s.

(©) a,=7.00m/s>, vy, =0, y—y,=10.0m. y—y,=vyt+la s gives

t=\/2(y—y0) =\/2(10.0 m o

a, 7.00 m/s*
(d) X F, =ma, applied to the cylinder gives n—T - Mg =0 and
n=T+mg=42.0 N+ (12.0 kg)(9.80 m/s*) =160 N.

EVALUATE: The tension in the rope is less than the weight of the bucket, because the bucket has a
downward acceleration. If the rope were cut, so the bucket would be in free fall, the bucket would strike

the water in ¢ = /% =1.43 s and would have a final speed of 14.0 m/s. The presence of the
. s

cylinder slows the fall of the bucket.

(@ (b)
Figure 10.16

10.17.  IDENTIFY: Apply Y F =ma to each box and Y7, = I« to the pulley. The magnitude a of the

acceleration of each box is related to the magnitude of the angular acceleration « of the pulley by a = Ra.
SET UP: The free-body diagrams for each object are shown in Figure 10.17a—c. For the pulley,

R=0250m and [ = %MRZ. T, and T, are the tensions in the wire on either side of the pulley.
my; =12.0 kg, m, =5.00 kg and M =2.00 kg. F is the force that the axle exerts on the pulley. For the

pulley, let clockwise rotation be positive.
EXECUTE: (a) X F, =ma, for the 12.0 kg box gives T =mja. LF, =ma, for the 5.00 kg weight gives

myg —T, =mya. 2.7, = I, for the pulley gives (T2—T1)R=(%MR2)0(. a=Ro and T, -1} =%Ma.

Adding these three equations gives m,g = (m + m, + %M )a and

a= T lg= 500 ke (9.80 m/s?) = 2.72 m/s. Then
my +my + 5 M 12.0 kg +5.00 kg +1.00 kg

T, =ma=(12.0 kg)(2.72 m/s2) =326 N. myg—T, =m,a gives

T, = my(g — a) = (5.00 kg)(9.80 m/s*> — 2.72 m/s*) = 35.4 N. The tension to the left of the pulley is 32.6 N
and below the pulley it is 35.4 N.

(b) a=2.72 m/s*

(c) For the pulley, X F, =ma, gives F, =7;=32.6 N and X F, =ma, gives

F, =Mg+T, =(2.00 kg)(9.80 m/s?) +35.4 N=55.0 N.
EVALUATE: The equation myg = (m; + m, + %M )a says that the external force m,g must accelerate all

three objects.
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meg y Mg =
(@) (b) ©
Figure 10.17

10.18.  IDENTIFY: The tumbler has kinetic energy due to the linear motion of his center of mass plus kinetic
energy due to his rotational motion about his center of mass.

SETUP: v, =Rw. w=0.50rev/s=3.14rad/s. I = %MR2 with R=0.50m. K, = %Mvgm and

C

K. =11 &

rot = 2 cm

EXECUTE: (a) K\, =K., + K

; _ 1 2 _1 2
rot With Ko =My, and K =5 1,0".

~27cm
Yem = R0 =(0.50 m)(3.14 rad/s) =1.57 m/s. K, =2(75 kg)(1.57 m/s)” =92.4 J.
Kpop =3 1m@” = IMR?@? = 1MV, =4621 K, =9241+4621=1401.
by Koo 8620 _ 50
Ky 1407

EVALUATE: The kinetic energy due to the gymnast’s rolling motion makes a substantial contribution
(33%) to his total kinetic energy.
10.19.  IDENTIFY: Since there is rolling without slipping, v, = Rw. The kinetic energy is given by

Eq. (10.8). The velocities of points on the rim of the hoop are as described in Figure 10.13 in Chapter 10.

SETUP: @w=3.00rad/s and R =0.600 m. For a hoop rotating about an axis at its center, / = MR?.
EXECUTE: (a) v, = Rw=(0.600 m)(3.00 rad/s) =1.80 m/s.

() K =10, + 1107 =107, + L(MR*) (v IR?) = My, = (2.20 kg)(1.80 m/s)* =7.13 1
() (i) v=2v,, =3.60 m/s. v is to the right. (ii) v=0

(iit) v= \/vczm + vtzan = vczm +(Rw)* = \/Evcm =2.55m/s. v at this point is at 45° below the horizontal.
(d) To someone moving to the right at v=v,,, the hoop appears to rotate about a stationary axis at its

center. (i) v=Rw=1.80 m/s, to the right. (ii) v=1.80 m/s, to the left. (iii)) v=1.80 m/s, downward.

EVALUATE: For the special case of a hoop, the total kinetic energy is equally divided between the motion
of the center of mass and the rotation about the axis through the center of mass. In the rest frame of the
ground, different points on the hoop have different speed.

10.20.  IDENTIFY: Only gravity does work, so W, ;.. =0 and conservation of energy gives K; +U; =K, +U,.

2 2
Ky =2 My + 31 ,0°.
SETUP: Let y, =0, so U, =0 and y; =0.750 m. The hoop is released from rest so K; =0. v, = Rw.
For a hoop with an axis at its center, [, = MR?.
EXECUTE: (a) Conservation of energy gives U; =K,. K, = %MRza)2 + %(MRz)a)2 = MR*&’, so
J 9.80 m/s*)(0.750
MR*&? =Mgy,. o= B \/( el m) =33.9 rad/s.

R 0.0800 m
(b) v=Rw=(0.0800 m)(33.9 rad/s)=2.71 m/s
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EVALUATE: An object released from rest and falling in free fall for 0.750 m attains a speed of
22(0.750 m) =3.83 m/s. The final speed of the hoop is less than this because some of its energy is in

kinetic energy of rotation. Or, equivalently, the upward tension causes the magnitude of the net force of the
hoop to be less than its weight.
10.21.  IDENTIFY: Apply Eq. (10.8).

SET Up: For an object that is rolling without slipping, v, = R@.
EXECUTE: The fraction of the total kinetic energy that is rotational is

(1/2)] 0 B 1 B 1
1/2)MvE, + (U2 @ 1+ (Mg We /@ 1+ (MR )
@ I, = (1/2)MR?, so the above ratio is 1/3.
M) I, = (2/5)MR? so the above ratio is 2/7.
(¢) 1., = (2/3)MR? so the ratio is 2/5.
(d) 1., = (5/8)MR? so the ratio is 5/13.

EVALUATE: The moment of inertia of each object takes the form 7 = ,HMR2. The ratio of rotational

__B
1+1/8 1+

10.22.  IDENTIFY: Apply X F =ma to the translational motion of the center of mass and 27, =1Ia, tothe

kinetic energy to total kinetic energy can be written as . The ratio increases as f increases.

rotation about the center of mass.
SET UP: Let +x be down the incline and let the shell be turning in the positive direction. The free-body

diagram for the shell is given in Figure 10.22. From Table 9.2, I, = %mRz.
EXECUTE: (a) 2 F, =ma, gives mgsin f— f =mag,. 27, =1, gives fR= (%mRz)a. With
o =ag, /R this becomes f = %macm. Combining the equations gives mg sinff— %macm =ma, and

_3gsinB_ 3(9.80 m/s”)(sin38.0°)

Ao ; ; =3.62m/s”. f =2ma, =2(2.00 kg)(3.62 m/s’) =4.83 N. The
friction is static since there is no slipping at the point of contact. n=mg cos f=15.45 N.
o _S_48N =0.313.
n 1545N

(b) The acceleration is independent of m and doesn’t change. The friction force is proportional to m so will
double; f =9.66 N. The normal force will also double, so the minimum g, required for no slipping

wouldn’t change.
EVALUATE: If there is no friction and the object slides without rolling, the acceleration is g sinf3. Friction

and rolling without slipping reduce a to 0.60 times this value.

» mgcosf3

Figure 10.22
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10.23.  IDENTIFY: Apply Y F,
(a) SET UP: The free-body diagram is given in Figure 10.23a.

=md,, and > 7, =10, tothe motion of the ball.

Xt

EXECUTE: ZFy =ma,

n=mg cos@ and f, = mg cos@
2 F.=ma,

mg sin @ — p mg cos@=ma

g(sin@—py, cosb)=a (eq. 1)
Figure 10.23a

SET UP: Consider Figure 10.23b.

n and mg act at the center of the ball
and provide no torque.

Figure 10.23b

EXECUTE: Y.7=7,=ugng cos6R; 1= %mRZ

27, =10, gives u, mgcos R = %mR2a

cm "z

No slipping means « =a/R, so (g cosf = %a (eq.2)

We have two equations in the two unknowns a and . Solving gives a = % gsin@ and
fs = 2tan6 = 2 tan 65.0°=0.613.

(b) Repeat the calculation of part (a), but now 7 = %mRz. a= % g sind and

s =Ftanf=Ztan 65.0° = 0.858

The value of g calculated in part (a) is not large enough to prevent slipping for the hollow ball.
(c) EVALUATE: There is no slipping at the point of contact. More friction is required for a hollow ball
since for a given m and R it has a larger / and more torque is needed to provide the same ¢. Note that the
required 4, is independent of the mass or radius of the ball and only depends on how that mass is
distributed.

10.24. IDENTIFY: Apply conservation of energy to the motion of the marble.

SETUP: K= %mv2 + %Ia)z, with [ = %MRZ. Vem = R for no slipping.

Let y=0 at the bottom of the bowl. The marble at its initial and final locations is sketched in
Figure 10.24.

. . 1 1
EXECUTE: (a) Motion from the release point to the bottom of the bowl: mgh = Emv2 + 51 .

2
mgh=lmv2+ l(ngzj(lj and v= &gh.
2 2\5 R 7
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Motion along the smooth side: The rotational kinetic energy does not change, since there is no friction
v _ %gh 5

—= h
2g  2g 7

1
torque on the marble, Emv2 + K, =mgh'+ K.y W=

(b) mgh=mgh’ so I’ =h.
EVALUATE: (c) With friction on both halves, all the initial potential energy gets converted back to

potential energy. Without friction on the right half some of the energy is still in rotational kinetic energy
when the marble is at its maximum height.

h

Rough

it Smooth
(no slipping)

Figure 10.24

10.25. IDENTIFY: Apply conservation of energy to the motion of the wheel.
SET UP: The wheel at points 1 and 2 of its motion is shown in Figure 10.25.

B0 Take y = 0 at the center of the wheel when it is
at the bottom of the hill.

w =250 rad,'r},-.\
Y

#1

Figure 10.25

The wheel has both translational and rotational motion so its kinetic energy is K = %Icma)2 + %Mvczm.

EXECUTE: K| +U;+W o, =K, +U,
W

Of

K =11af +1Mv}; v=Re and I=0.800MR* so

ther = Waic =—3500 ] (the friction work is negative)

K, =1(0.800)MR* e’ +1 MR* e’ =0.900MR> &}
K,=0, U =0, Uy=Mgh
Thus 0.900MR@f + Wy, = Mgh
M = wig =392 N/(9.80 m/s?) = 40.0 kg
_ 0.900MR> @}’ + Wy
Mg
, — (0.900)(40.0 kg)(0.600 m)?(25.0 rad/s)* — 3500 J
(40.0 kg)(9.80 m/s?)

EVALUATE: Friction does negative work and reduces #.
10.26.  IDENTIFY: Apply Y7, =Ie, and X F =ma to the motion of the bowling ball.

h

=11.7m

SETUP: a,, =Ra. f,=pun. Let +x be directed down the incline.

EXECUTE: (a) The free-body diagram is sketched in Figure 10.26.
The angular speed of the ball must decrease, and so the torque is provided by a friction force that acts up
the hill.
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10.27.

10.28.

(b) The friction force results in an angular acceleration, given by /oz= fR. > F =mi applied to the
motion of the center of mass gives mg sinff— f =ma,,,, and the acceleration and angular acceleration are

related by a.,, = Ra.

Combining, mg sinf=ma,, (1 + %) =mayy, (7/5). agy, =(5/7)g sinf.
m

. . 2 2 .
(¢) From either of the above relations between fand a.,,, f = gmacm = 7mg sinf3< yun = pgmgeosf.

U 2 (2/7)tanf.
EVALUATE: If u, =0, a,, =mgsinf. a,, isless when friction is present. The ball rolls farther uphill

when friction is present, because the friction removes the rotational kinetic energy and converts it to
gravitational potential energy. In the absence of friction the ball retains the rotational kinetic energy that is
has initially.

Figure 10.26

IDENTIFY: As the cylinder falls, its potential energy is transformed into both translational and rotational
kinetic energy. Its mechanical energy is conserved.

SETUP: The hollow cylinder has 7 =1m(R; +R;), where R,=0.200 m and R, =0.350 m. Use
coordinates where +y is upward and y =0 at the initial position of the cylinder. Then y; =0 and

¥, =—d, where d is the distance it has fallen. v, = Rw. K, = %Mvim and K, = %Icma)z.
EXECUTE: (a) Conservation of energy gives K, + U; =K, + U,. K;=0, U;=0. 0=U,+ K, and

0=—mgd + Tmv%, +11,0% Liw®= %(%m[Rf + R,f])(vcm/R,,)2 = L[l + (R /Ry 2 SO

2 2
(1+ [+ (R/Ry) ])ch _ (1+0.663)(6.66 m/s)>
2g 2(9.80 m/s?)

2
cm

=3.76 m.

H1+0+ (R /R v = gd and d =

b) K, = 1mvgm since there is no rotation. So mgd = %mv which gives

2

o =~2d =+/2(9.80 m/s2)(3.76 m) = 8.58 mis.
(c) In part (a) the cylinder has rotational as well as translational kinetic energy and therefore less
translational speed at a given kinetic energy. The kinetic energy comes from a decrease in gravitational
potential energy and that is the same, so in (a) the translational speed is less.
EVALUATE: If part (a) were repeated for a solid cylinder, R, =0 and d =3.39 m. For a thin-walled

hollow cylinder, R, =R, and d =4.52 cm. Note that all of these answers are independent of the mass m

of the cylinder.

IDENTIFY: At the top of the hill the wheel has translational and rotational kinetic energy plus gravitational
potential energy. The potential energy is transformed into additional kinetic energy as the wheel rolls down
the hill.
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SETUP: The wheel has I = MR?, with M =2.25 kg and R =0.425 m. Rolling without slipping means
m = Re for the wheel. Initially the wheel has v, ; =11.0 m/s. Use coordinates where +y is upward

and y =0 at the bottom of the hill, so y; =75.0 m and y, = 0. The total kinetic energy of the wheel is

K= %mv%m + %1 cma)2 and its potential energy is U = mgh.

EXECUTE: (a) Conservation of energy gives K; +U, = K, +U,.

2
v,
K=1m 2 Tl = v%m +%(mR2)[ﬂj =mv§m. Therefore K = mv%m,l and K, = mv?

2 2fem cm,2*

U, =mgy,, Uy,=mgy, =0, so mgy +mvzm1 = mvcmz Solving for v, , gives

Vema =\Vem1 + @1 =y(11.0 m/s)? + (9.80 m/s>)(75.0 m) = 29.3 ms.

(b) From (b) we have K, = mvg,, = (2.25 kg)(29.3 m/s)* =1.93x10° J.

EVALUATE: Because of the shape of the wheel (thin-walled cylinder), the kinetic energy is shared equally
between the translational and rotational forms. This is not true for other shapes, such as solid disks or
spheres.

10.29. IDENTIFY: As the ball rolls up the hill, its kinetic energy (translational and rotational) is transformed into
gravitational potential energy. Since there is no slipping, its mechanical energy is conserved.

SET UP: The ball has moment of inertia 7, = %mRz. Rolling without slipping means v, = Rw. Use
coordinates where +y is upward and y =0 at the bottom of the hill, so y; =0 and y, =4 =5.00 m. The
ball’s kinetic energy is K = —mv 17, andits potential energy is U = mgh.

2 cm

EXECUTE: (a) Conservation of energy gives K| +U; = K, +U,. U; =0, K, =0 (the ball stops).

2
Therefore K| =U, and %mvgm+ L m@* = mgh. % 0 =%(%mR2)[VCTm) =%mv§m so
5 [6gh  6(9.80 m/s?)(5.00 m)
%mvcm = mgh. Therefore v, = — =\/ 5 =7.67 m/s and
w="Ym = 767 mis _ 67.9 rad/s.
R 0.113m

(b) Ko = 110” = L2 = 1(0.426 kg)(7.67 m/s)* =835 1.

EVALUATE: Its translational kinetic energy at the base of the hill is %mvzm = %Kmt =12.52 J. Its total
kinetic energy is 20.9 J, which equals its final potential energy:

mgh = (0.426 kg)(9.80 m/sz)(S.()O m)=20091J.
10.30. IDENTIFY: Apply P=7w and W =17A6.
SET UP: P must be in watts, A@ must be in radians, and @ must be in rad/s. 1 rev=2x rad.
1hp=746 W. 7z rad/s =30 rev/min.
P (175 hp)(746 W/hp)
5 rad/s
30 rev/mm]
(b) W =A0=(519 N-m)(2x rad) =3260 J

=519 N -m.

EXECUTE: (a) 7=

(2400 rev/mm)(

EVALUATE: @=40 rev/s, so the time for one revolution is 0.025s. P= 1.306x10° W, so in one
revolution, W = Pt =3260 J, which agrees with our result.

10.31.  (a) IDENTIFY: Use Eq. (10.7) to find ¢, and then use a constant angular acceleration equation to find @,.
SET UpP: The free-body diagram is given in Figure 10.31.
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a. ; EXECUTE: Apply 27, =Ic, to find the

F
angular acceleration:
FR=Ia,

o FR _(18.0N)(2.40 m)

3 ——=0.02057 rad/s”
I 2100kg-m

Figure 10.31

SET UP: Use the constant ¢, kinematic equations to find @, .
w, =7 ), (initially at rest); o, =0.02057 rad/s®; 1=15.0's

EXECUTE: @, =, +o,t =0+ (0.02057 rad/s?)(15.0 s) = 0.309 rad/s

(b) IDENTIFY and SET UP: Calculate the work from Eq. (10.21), using a constant angular acceleration
equation to calculate & —§6,, or use the work-energy theorem. We will do it both ways.
EXECUTE: (1) W =17,A0 (Eq.(10.21))

AO=0-6, =yt + 1o’ =0+1(0.02057 rad/s*)(15.0 5)* =2.314 rad
7,=FR=(18.0N)(240 m)=432N-m

Then W =7,A60=(43.2 N-m)(2.314 rad) =100 J.

or

(2) W, =K, — K| (the work-energy relation from Chapter 6)

Wi =W, the work done by the child

Ky =0; K, =110’ =1(2100 kg m*)(0.309 rad/s)* =100 J

Thus W =100 J, the same as before.

EVALUATE: Either method yields the same result for .
(c) IDENTIFY and SET UP:  Use Eq. (6.15) to calculate £,,.

EXECUTE: F,, = % = 11;)(()) !
USs

EVALUATE: Work is in joules, power is in watts.
10.32. IDENTIFY: The power output of the motor is related to the torque it produces and to its angular velocity
by P=7,w., where @, must be in rad/s.

z7z

=6.67W

SET UP: The work output of the motor in 60.0 s is %(9.00 kJ)=6.00kJ, so P= 66.((;001(]

=100 W.
s

, = 2500 rev/min = 262 rad/s.
P 100W
o, 262 rad/s

z

EXECUTE: 7, = =0382N-m

EVALUATE: For a constant power output, the torque developed decreases when the rotation speed of the
motor increases.
10.33. IDENTIFY: Apply 27, =Ic, and constant angular acceleration equations to the motion of the wheel.

SETUP: 1rev=2xrad. x rad/s =30 rev/min.

EXECUTE: (a) 7,=Ila, =1 O, — @y,
t
((1/2)(1.50 kg)(0.100 m)? | 1200 rev/min)(s—fg radis ]
T 53 revimin” _ 0,377 N-m
DS
(b) @, At= (600 reV/mH?)(z.S 9 =25.0rev=157 rad.
60 s/min

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Dynamics of Rotational Motion 10-15

(€) W =1A0=(0.377 N -m)(157 rad)=59.2 .

2
) K=L10?= l((1/2)(1.5 kg)(0.100 m)z)[(IZOO reV/min)(£ rads D =592,
2 2 30 rev/min

the same as in part (c).

EVALUATE: The agreement between the results of parts (c) and (d) illustrates the work-energy theorem.
10.34. IDENTIFY: Apply >7. =Ie, to the motion of the propeller and then use constant acceleration equations

to analyze the motion. W =17A6.

SETUP: [=Lml’ =L(117 kg)(2.08 m)* =422 kg- m”.

EXECUTE: (a) o= - LNmz =46.2 rad/s>.
I 422kg-m

(b) @’ =}, +20.,(6 - 6,) gives ®=+206 = \/ 2(46.2 rad/s®)(5.0 rev)(27 rad/rev) = 53.9 rad/s.
(€) W =70=(1950 N - m)(5.00 rev)(2z rad/rev) = 6.13x10% J.
53.9 rad/s W 6.13x10%J

o, —
d) t=—= Z = =1.17s. P,=—=
@ o, 46.2 rad/s’ YA 1.17 s

EVALUATE: P=1w. 7 isconstantand @ is linear in ¢, so F,, is half the instantaneous power at the end

=52.5kW.

of the 5.00 revolutions. We could also calculate W from
W =AK =110 =1(42.2 kg- m?)(53.9 rad/s)” = 6.13x10° J.

10.35.  (a) IDENTIFY and SET UP: Use Eq. (10.23) and solve for 7,. P=7,w,, where @, must be in rad/s

z7z

EXECUTE: @, = (4000 rev/min)(27 rad/1 rev)(l1 min/60 s) =418.9 rad/s

5
. £:1.50><10 W:358N-m
. 418.9 rad/s

z

(b) IDENTIFY and SET UP:  Apply ¥ F =mi to the drum. Find the tension 7 in the rope using 7, from
part (a). The system is sketched in Figure 10.35.

EXECUTE: v constant implies a =0

and T=w
T 7, =TR implies
T=1,/R=358 N-m/0.200 m=1790 N
IIT |:| Thus a weight w=1790 N can be lifted.

w

Figure 10.35

(c) IDENTIFY and SET UP: Use v=R®.
EXECUTE: The drum has w=418.9 rad/s, so v=(0.200 m)(418.9 rad/s) =83.8 m/s.

EVALUATE: The rate at which 7T is doing work on the drum is P =7v = (1790 N)(83.8 m/s) =150 kW.

This agrees with the work output of the motor.
10.36. IDENTIFY: L=/Iw and =14y + I, oman-

SETUP: w=0.50rev/s=3.14 rad/s. Iy = %mdiskR2 and 1 oman = mwomanRz.

EXECUTE: [ =(55 kg +50.0 kg)(4.0 m)? =1680 kg - m>.
L=(1680 kg - m?)(3.14 rad/s) = 5.28x10> kg - m?/s

EVALUATE: The disk and the woman have similar values of /, even though the disk has twice the mass.
10.37.  (a) IDENTIFY: Use L =mvrsing (Eq. (10.25)):

SET UP: Consider Figure 10.37.
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: /\d;: 143.1° EXECUTE: L =mvrsing =
% v (2.00 kg)(12.0 m/s)(8.00 m)sin143.1°

Dt -
m .u..q‘j '

2
: | = rsin 36.9"= rsin ¢ L=115kg-m"/s

Figure 10.37

To find the direction of L apply the right-hand rule by turning 7 into the direction of ¥ by pushing on it

with the fingers of your right hand. Your thumb points into the page, in the direction of L.
(b) IDENTIFY and SET UP: By Eq. (10.26) the rate of change of the angular momentum of the rock equals
the torque of the net force acting on it.

EXECUTE: 7 =mg(8.00 m) cos 36.9° =125 kg - m? /s>
To find the direction of 7 and hence of dL/dt, apply the right-hand rule by turning 7 into the direction of

the gravity force by pushing on it with the fingers of your right hand. Your thumb points out of the page, in
the direction of dL/dt.

EVALUATE: L and dL/dt are in opposite directions, so L is decreasing. The gravity force is accelerating
the rock downward, toward the axis. Its horizontal velocity is constant but the distance / is decreasing and
hence L is decreasing.

10.38.  IDENTIFY: L, =Iw,
SET UP: For a particle of mass m moving in a circular path at a distance » from the axis, 7 = mr? and

v=ra. For a uniform sphere of mass M and radius R and an axis through its center, / = %MRz. The earth

has mass mg =5.97 x10%* kg, radius Rg = 6.38x10° m and orbit radius »=1.50x10"" m. The earth
completes one rotation on its axis in 24 h==86,400 s and one orbit in 1y=3.156x10" s.

27 rad

3.156x107 s

The radius of the earth is much less than its orbit radius, so it is very reasonable to model it as a particle for
this calculation.

EXECUTE: (a) L, = o, = mr’w, = (5.97x10%* kg)(1.50x10'! m)z( ): 2.67x10* kg-m?/s.

ﬂ] =7.07x10% kg-m%/s
86,400 s

EVALUATE: The angular momentum associated with each of these motions is very large.
10.39. IDENTIFY and SET UP: Use L=/w.

EXECUTE: The second hand makes 1 revolution in 1 minute, so

= (1.00 rev/min)(27 rad/l rev)(1 min/60 s) = 0.1047 rad/s.

For a slender rod, with the axis about one end,

I=1MI? =1(6.00x107 kg)(0.150 m)* =4.50x 10~ kg - m”.

(b) L. =1, =(:MR*)w=2(5.97x10** kg)(6.38x10° m)2(

Then L =Iw=(4.50x10"> kg-m?)(0.1047 rad/s) =4.71x107° kg - m?/s.

EVALUATE: L is clockwise.
10.40. IDENTIFY: @, =d@/dt. L, =Iw, and 7, =dL,/dt.

SET UP: For a hollow, thin-walled sphere rolling about an axis through its center, 7 = %MR2.
R=0.240 m.
EXECUTE: (a) 4=1.50 rad/s> and B =1.10 rad/s*, so that 6(t) will have units of radians.

®) () o, =%=2Az+4Bz3. At 1=3.00s,

@, =2(1.50 rad/s?)(3.00 s) + 4(1.10 rad/s*)(3.00 s)* =128 rad/s.
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L, =(3 MR*)w, =2(12.0 kg)(0.240 m)* (128 rad/s) = 59.0 kg - m* /s.
.. dL dw 2

i) 7,=—2=]—2=J2A4A+12B¢t") and

(i) 7, " " ( )

7, =2(12.0 kg)(0.240 m)*(2[1.50 rad/s*] +12[1.10 rad/s*][3.00 s]*) =56.1 N - m.

EvVALUATE: The angular speed of rotation is increasing. This increase is due to an acceleration ¢, that is
produced by the torque on the sphere. When [ is constant, as it is here, 7, =dL,/dt=1Idw,/dt =1c, and

Egs. (10.29) and (10.7) are identical.
10.41. IDENTIFY: Apply conservation of angular momentum.

SET UP: For a uniform sphere and an axis through its center, / = %MRZ.

EXECUTE: The moment of inertia is proportional to the square of the radius, and so the angular velocity
will be proportional to the inverse of the square of the radius, and the final angular velocity is

2 5 2
0, =) R 27 rad 7.0x10° km —4.6x10° rad/s.
R, (30 d)(86,400 s/d) 16 km

EVALUATE: K = %I o’ = %La). L is constant and @ increases by a large factor, so there is a large
increase in the rotational kinetic energy of the star. This energy comes from potential energy associated
with the gravity force within the star.

10.42.  IDENTIFY and SET UP: L is conserved if there is no net external torque.
Use conservation of angular momentum to find @ at the new radius and use K = %1 @ to find the change
in kinetic energy, which is equal to the work done on the block.

EXECUTE: (a) Yes, angular momentum is conserved. The moment arm for the tension in the cord is zero
so this force exerts no torque and there is no net torque on the block.

(b) L, =L, so [y =1,m,. Block treated as a point mass, so = mr?, where r is the distance of the block
from the hole.

mii @y = mr5 @,

2 2
®, = a o = (0'300 mj (1.75 rad/s) =7.00 rad/s
7 0.150 m

1y 2 1292 1 2
(©) Ky =51of =5mr ey =5my

v =r@ =(0.300 m)(1.75 rad/s) = 0.525 m/s

Ky =Lmvf =1(0.0250 kg)(0.525 m/s)* =0.00345 J
K, = %mv%

vy =K@, =(0.150 m)(7.00 rad/s) =1.05 m/s
Ky =Lmvi =1(0.0250 kg)(1.05 m/s)* =0.01378 1

2
AK =K, -K;=0.01378 ] - 0.00345 J=0.0103 J
d) W, =AK

But W,,, =W, the work done by the tension in the cord, so W =0.0103 J.

EVALUATE: Smaller » means smaller /. L =/w is constant so @ increases and K increases. The work
done by the tension is positive since it is directed inward and the block moves inward, toward the hole.
10.43. IDENTIFY: Apply conservation of angular momentum to the motion of the skater.

SET UP: For a thin-walled hollow cylinder / = mR?. For a slender rod rotating about an axis through its
center, / :%mlz.

EXECUTE: Li = Lf SO Ila)l = [fd)f.

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



10-18 Chapter 10

I; =040 kg - m” +-L(8.0 kg)(1.8 m)* =2.56 kg - m”. I; =0.40 kg-m” + (8.0 kg)(0.25 m)” =0.90 kg - m”.

2
W = L w = 256l<—grr12 (0.40 rev/s) =1.14 rev/s.
I; 0.90 kg-m

EVALUATE: K = %I @ = %La). o increases and L is constant, so K increases. The increase in kinetic

energy comes from the work done by the skater when he pulls in his hands.
10.44. IDENTIFY and SET UP: Apply conservation of angular momentum to the diver.
SET UP: The number of revolutions she makes in a certain time is proportional to her angular velocity.

The ratio of her untucked to tucked angular velocity is (3.6 kg - m? )/(18 kg - mz).

EXECUTE: If she had tucked, she would have made (2 rev)(3.6 kg - m?)/(18 kg - mz) =0.40 rev
in the last 1.0 s, so she would have made (0.40 rev)(1.5/1.0) =0.60 rev in the total 1.5 s.

EVALUATE: Untucked she rotates slower and completes fewer revolutions.
10.45.  IDENTIFY and SET UP: There is no net external torque about the rotation axis so the angular momentum
L=1Iw is conserved.

EXECUTE: (a) L, =L, gives [ @ = 1,a,, so @ =(1,/1)a

Iy =1 =2 MR* =1(120 kg)(2.00 m)* = 240 kg - m’

I, =1 + I, =240 kg - m” + mR* =240 kg - m” + (70 kg)(2.00 m)* = 520 kg - m’
@, = (I,/I,)@, = (240 kg - m?/520 kg - m?)(3.00 rad/s) =1.38 rad/s

(b) K, =158 =1(240 kg m*)(3.00 rad/s)* =1080 J

Ky =1 1m5 =1(520 kg- m*)(1.38 rad/s)* =495 1

EVALUATE: The kinetic energy decreases because of the negative work done on the turntable and the
parachutist by the friction force between these two objects.
The angular speed decreases because / increases when the parachutist is added to the system.
10.46. IDENTIFY: Apply conservation of angular momentum to the collision.
SET UP: Let the width of the door be /. The initial angular momentum of the mud is mv(I/2), since it

strikes the door at its center. For the axis at the hinge, /4., = %MZ2 and [, 4 =m(l/ 2)%.

L mv(l/2)

EXECUTE: @w=—= 3 7

I (1/3)MI° +m(l/2)

o= (0.500 kg)(12.0 m/s)(0.500 m)
(1/3)(40.0 kg)(1.00 m)? + (0.500 kg)(0.500 m)*

Ignoring the mass of the mud in the denominator of the above expression gives w=0.225 rad/s,

so the mass of the mud in the moment of inertia does affect the third significant figure.
EVALUATE: Angular momentum is conserved but there is a large decrease in the kinetic energy of the
system.

10.47.  (a) IDENTIFY and SET UP:  Apply conservation of angular momentum L, with the axis at the nail. Let

object 4 be the bug and object B be the bar. Initially, all objects are at rest and L; =0. Just after the bug

=0.223 rad/s.

jumps, it has angular momentum in one direction of rotation and the bar is rotating with angular velocity wg
in the opposite direction.
EXECUTE: L, =m v —Ipwp where r=1.00m and Iz = %mBr2

L =L, gives mAvAr=%mBr2a)B

3
wg =24%4 — 0,120 rad/s
mBr
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10.48.

10.49.

10.50.

(b) K;=0; Ky=Lmp]+1105=
1(0.0100 kg)(0.200 m/s)* + %(%[o.osoo kg][1.00 m]? )(0.120 rad/s)? =3.2x1074 J.

(¢) The increase in kinetic energy comes from work done by the bug when it pushes against the bar in order
to jump.

EVALUATE: There is no external torque applied to the system and the total angular momentum of the
system is constant. There are internal forces, forces the bug and bar exert on each other. The forces exert
torques and change the angular momentum of the bug and the bar, but these changes are equal in
magnitude and opposite in direction. These internal forces do positive work on the two objects and the
kinetic energy of each object and of the system increases.

IDENTIFY: Apply conservation of angular momentum to the system of earth plus asteroid.

SET Up: Take the axis to be the earth’s rotation axis. The asteroid may be treated as a point mass and it
has zero angular momentum before the collision, since it is headed toward the center of the earth. For the

earth, L, =/w, and I = %MRZ, where M is the mass of the earth and R is its radius. The length of a day is

7= 27 rad

, where @ is the earth’s angular rotation rate.

EXECUTE: Conservation of angular momentum applied to the collision between the earth and asteroid

o —w
gives %MRZ(OI =(mR* +%MR2)a)2 and m:%M[lw—2] T, =1.2507; gives é:%and
2

@ =1.2500,. % =0.250. m=2(0.250)M =0.100M.

EVALUATE: If the asteroid hit the surface of the earth tangentially it could have some angular momentum
with respect to the earth’s rotation axis, and could either speed up or slow down the earth’s rotation rate.
IDENTIFy: Apply conservation of angular momentum to the collision.

SET UP: The system before and after the collision is sketched in Figure 10.49. Let counterclockwise

rotation be positive. The bar has /= %msz.

EXECUTE: (a) Conservation of angular momentum: nyvyd =—myvd + %msza).

1( 900N
(3.00 kg)(10.0 m/s)(1.50 m) = — (3.00 kg)(6.00 m/s)(1.50 m +—(—
X X )==( ) X )+3 9.80 /2

j(z.oo m)’ @

w=5.88 rads.

(b) There are no unbalanced torques about the pivot, so angular momentum is conserved. But the pivot
exerts an unbalanced horizontal external force on the system, so the linear momentum is not conserved.
EVALUATE: Kinetic energy is not conserved in the collision.

Before: Pivot After:
d ‘
L
Vo m; v
m l
~w

Figure 10.49

IDENTIFY: As the bug moves outward, it increases the moment of inertia of the rod-bug system. The
angular momentum of this system is conserved because no unbalanced external torques act on it.

L . 1 . .
SET UP: The moment of inertia of the rod is / = EMLZ, and conservation of angular momentum gives

Loy =L,
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-3 2
EVALUATE: (a) [ =~ MI2 gives M:3—£:3(3'00X10 kgz ™) _ 0.0360 ke.
3 I (0.500 m)
() L =Ly, so [y =1,w,. @, =K=M=O.320 rad/s, so
» 0.500 m

(3.00x107 kg-m?)(0.400 rad/s) = (3.00x 107> kg-m” + 1y, (0.500 m)*)(0.320 rad/s).

__ (3.00x107> kg~ m?)(0.400 rad/s — 0.320 rad/s)
bug (0.320 rad/s)(0.500 m)?
EVALUATE: This is a 3.00 mg bug, which is not unreasonable.

10.51. IDENTIFY: If we take the raven and the gate as a system, the torque about the pivot is zero, so the angular
momentum of the system about the pivot is conserved.

SET UP: The system before and after the collision is sketched in Figure 10.51. The gate has 7 = %ML2 .

=3.00x107 kg.

Take counterclockwise torques to be positive.

Pivot Pivot
L ] T L
0.75m=+{
Uy l Us
r— | R
m T
0.75m
M <
()
Before After

Figure 10.51

EXECUTE: (a) The gravity forces exert no torque at the moment of collision and angular momentum is
conserved. Ly = L,. mvl=—mvyl+1,,.0 with [ =L/2.

gate
o= m(vy +v,)! _ 3m(v; +v,) _ 3(1.1 kg)(5.0 m/s+2.0 m/s) — 171 radss.
i MI? 2ML 2(4.5 kg)(1.5 m)

(b) Linear momentum is not conserved; there is an external force exerted by the pivot. But the force on the
pivot has zero torque. There is no external torque and angular momentum is conserved.

EVALUATE: K, =1(1.1kg)(5.0 m/s)> =138 J.

Ky =1(1.1kg)(2.0 m/s)* +L(2[4.5 ke][1.5 m/s]*)(1.71 rad/s)* = 7.1 J. This is an inelastic collision and
K, <K;.

10.52.  IDENTIFY: The angular momentum of Sedna is conserved as it moves in its orbit.
SET UP: The angular momentum of Sedna is L = mvi.

EXECUTE: (a) L=mvl so v/j =v,l,. When v, =4.64 km/s, [, =76 AU.

76 AU
942 AU

v, =1, U—IJ = (4.64 km/s)(

j =0.374 km/s.
2

(b) Since v/ is constant the maximum speed is at the minimum distance and the minimum speed is at the
maximum distance.

1 2 2 2 2
©L=2"L [0 |2 =154,
K2 %mvz Vz ll 76 AU
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EVALUATE: Since the units of / cancel in the ratios there is no need to convert from AU to m. The gravity
force of the sun does work on Sedna as it moves toward or away from the sun and this changes the kinetic
energy during the orbit. But this force exerts no torque, so the angular momentum of Sedna is constant.

10.53. IDENTIFY: The precession angular velocity is Q = ;v_r’ where @ is in rad/s. Also apply X F =md to the
w

gyroscope.
SET UP: The total mass of the gyroscope is m, + m; =0.140 kg + 0.0250 kg = 0.165 kg.

27 rad 27 rad
T 2.20s

EXECUTE: (a) F}, =w, = (0.165 kg)(9.80 m/sz) =1.62N

Q= =2.856 rad/s.

=189 rad/s =1.80x10° rev/min

by =7 _ (0:165 k)80 m/s?)(0.0400 m)
IQ  (1.20x107* kg-m?)(2.856 rad/s)

(¢) If the figure in the problem is viewed from above, 7 is in the direction of the precession and L is
along the axis of the rotor, away from the pivot.

EVALUATE: There is no vertical component of acceleration associated with the motion, so the force from
the pivot equals the weight of the gyroscope. The larger @ is, the slower the rate of precession.

10.54. IDENTIFY: The precession angular speed is related to the acceleration due to gravity by Eq. (10.33), with
w=mg.
SETUP: Q. =0.50rad/s, gr =g and gy =0.165g. For the gyroscope, m, r, I, and @ are the same on

the moon as on the earth.
mgr €  mr Q Q
mer L _mr_ constant, so ZE_M

EXECUTE: Q= .
lo g lo g &M

Qu =Qg [g—Mj =0.165Q; =(0.165)(0.50 rad/s) = 0.0825 rad/s.
8E

EVALUATE: In the limit that g — 0 the precession rate — 0.
10.55. IDENTIFY and SET UP: Apply Eq. (10.33).
EXECUTE: (a) halved

(b) doubled (assuming that the added weight is distributed in such a way that » and [ are not changed)
(c) halved (assuming that w and » are not changed)
(d) doubled
(e) unchanged.
EVALUATE: Q is directly proportional to w and 7 and is inversely proportional to / and @.
10.56. IDENTIFY: An external torque will cause precession of the telescope.

SETUP: I=MR?, with R=2.5x10"2m. 1.0x107®degree =1.745x 107" rad.
®=19,200 rppm =2.01x10%rad/s. 7 =5.0 h =1.8 x 10*s.

—8
Execute: Q=20 _1TBX10 rad o o0 10 rads. Q= Ii so 7=Qlw=QMR*@. Putting in
[0

At 1.8 x10%s

the numbers gives 7 = (9.694 x 107> rad/s)(2.0 kg)(2.5x 1072 m)? (2.01 x 10° rad/s)= 2.4 x 107> N - m.

EVALUATE: The external torque must be very small for this degree of stability.
10.57. IDENTIFY: Apply 27, =/, and constant acceleration equations to the motion of the grindstone.

SET Up: Let the direction of rotation of the grindstone be positive. The friction force is f = 4 n and

2 radj(l min
60 s

produces torque fR. w= (120rev/min)( j: 4r rad/s. = %MR2 =1.69 kg - m?.

rev
EXECUTE: (a) The net torque must be

r=la=1%"%: 169 kg-m) S 536 Nm.
‘ 9.00 s
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This torque must be the sum of the applied force FR and the opposing frictional torques 7; at the axle and
JR=mnR due to the knife. F' = %(T +7p + 4y nR).

1

F =
0.500 m
(b) To maintain a constant angular velocity, the net torque 7 is zero, and the force F’ is

((2.36 N-m) + (6.50 N-m) + (0.60)(160 N)(0.260 m)) = 67.6 N.

F’=;(6.50 N-m+24.96 N-m)=62.9 N.
0.500 m

(c) The time 7 needed to come to a stop is found by taking the magnitudes in Eq. (10.29), with 7=17;
L _ ol _ (47 rad/s)(1.69 kg-m?)

constant; ¢ = =327s.
Tf Tf 6.50 N-m
EVALUATE: The time for a given change in @ is proportional to ¢, which is in turn proportional to the
L 236N-
net torque, so the time in part (c) can also be found as ¢ =(9.00 s)—m.
6.50 N-m

10.58. IDENTIFY: Apply > 7, =/c, and use the constant acceleration equations to relate ¢ to the motion.
SET UP: Let the direction the wheel is rotating be positive. 100 rev/min =10.47 rad/s

—ay, 10.47 rad/s -0

t 200s

EXECUTE: (a) o, =@y, +a,t gives a, = @ =5.235 rad/s’.

1:&:LN'mZ:1.34 kg -m?.
a, 5.235rad/s
(b) @y, =10.47 rad/s, w, =0, t=125s. w, =@y, + ot gives
o, = @~ e _ 01047 rad/s =-0.0838 rad/s’. Applying X7, =Io, gives
t 125s
2 2
Y7, =1, =(1.34 kg-m~)(—0.0838 rad/s*) =—0.112 N - m.
© 9:[“’02; “’ZJr =[10‘47 r;d/s A 0)(125 s) =654 rad =104 rev.

EVALUATE: The applied net torque (7.00 N-m) is much larger than the magnitude of the friction torque

(0.112 N - m), so the time of 2.00 s that it takes the wheel to reach an angular speed of 100 rev/min is
much less than the 125 s it takes the wheel to be brought to rest by friction.

10.59. IDENTIFY: Use the kinematic information to solve for the angular acceleration of the grindstone. Assume
that the grindstone is rotating counterclockwise and let that be the positive sense of rotation. Then apply
Eq. (10.7) to calculate the friction force and use f, =, n to calculate y,.

SETUP: @,. =850 rev/min(27 rad/1 rev)(1 min/60 s) =89.0 rad/s
t=750s; @ =0 (comes torest); a, =?
EXECUTE: @, =, +a.t
0—89.0 rad/s
az ===
7.50's
SETUP: Apply 27, =Ic, to the grindstone. The free-body diagram is given in Figure 10.59.

—11.9 rad/s?

Figure 10.59
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The normal force has zero moment arm for rotation about an axis at the center of the grindstone, and
therefore zero torque. The only torque on the grindstone is that due to the friction force f, exerted by the

ax; for this force the moment arm is / =R and the torque is negative.
EXECUTE: X7, =—f,R=—unR

I=1MR? (solid disk, axis through center)
Thus X7z, =, gives — y,nR=(IMR*)er,
MRer, _ (50.0 kg)(0.260 m)(—11.9 rad/s*)

= A =0.483

H 2n 2(160 N)

EVALUATE: The friction torque is clockwise and slows down the counterclockwise rotation of the
grindstone.

10.60.  IDENTIFY: Use a constant acceleration equation to calculate ¢, and then apply 2.7, =Ie..
SETUP: [ =2MR*+2mR’, where M =8.40 kg, m =2.00 kg, so I =0.600 kg-m’.
®,, =75.0 rpm = 7.854 rad/s; w, =50.0 rpm = 5.236 rad/s; t =30.0 s.
EXECUTE: o, =, +o.t gives a, =—0.08726 rad/s’. 7, =1Ia, =—0.0524 N-m

EVALUATE: The torque is negative because its direction is opposite to the direction of rotation, which
must be the case for the speed to decrease.
10.61.  IDENTIFY: Use a constant angular acceleration equation to calculate ¢, and then apply >z, = Ier, to the

motion of the cylinder. f, =y n.
SETUP: [=1mR*>=1(8.25kg)(0.0750 m)* =0.02320 kg-m”. Let the direction the cylinder is rotating
be positive. ®,, =220 rpm = 23.04 rad/s; w, =0; § -0, =5.25 rev =33.0 rad.

EXECUTE: ] =w;, +2a.(0-0,) gives o, =—8.046 rad/s’. X7, =7, =—f,R=—mnR. Then X7, =1Ic,
la,

R
EVALUATE: The friction torque is directed opposite to the direction of rotation and therefore produces an
angular acceleration that slows the rotation.

gives —y nR=1Io, and n=— =7.47N.

10.62.  IDENTIFY: The kinetic energy of the disk is K = %Mvczm + %I @ As it falls its gravitational potential

energy decreases and its kinetic energy increases. The only work done on the disk is the work done by
gravity, so K| +U; =K, +U,.

SETUP: I, =1 M(RS +R’), where R =0.300m and R, =0.500m. v, =R,a. Take y, =0, so

yy =-2.20 m.

EXECUTE: K| +U; =K, +U,. K;=0, Uy =0. Ky ==Uy. 1M}, +11 0" =—Mgy,.

110 =L M1+ [R /R, T e, = 0.340Mv7,. Then 0.840Mvy, =—Mgy, and

o \/—(9.80 m/s?)(=2.20 m)
" Vo.840 0.840

EVALUATE: A point mass in free fall acquires a speed of 6.57 m/s after falling 2.20 m. The disk has a
value of v, that is less than this, because some of the original gravitational potential energy has been

=5.07 m/s.

converted to rotational kinetic energy.
10.63. IDENTIFY: Use 2.7, =/, to find the angular acceleration just after the ball falls off and use

conservation of energy to find the angular velocity of the bar as it swings through the vertical position.
SET Up: The axis of rotation is at the axle. For this axis the bar has /= %mbarL2 , where my,, =3.80 kg
and L=0.800 m. Energy conservation gives K; +U; = K, +U,. The gravitational potential energy of the
bar doesn’t change. Let y; =0, so y, =—L/2.
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EXECUTE: (a) 7, = myyg(L/2) and I = Iy + Iy = 5mpy I +myy(L12)°. Y7, =Ier, gives

o = Myang(L/2) _2¢g Mgl and
T S (127 L g + /3
2
= 2080 mis") 2.50 kg 163 radcl.
0.800m | 2.50 kg +[3.80 kg]/3

(b) As the bar rotates, the moment arm for the weight of the ball decreases and the angular acceleration of
the bar decreases.

(© Ky +U; =Ky +Uy. 0=K, +Uy. (g + Iy )0 == mygg (= L12).

e Mgl _ g Amgy ) (980 mis? 4[2.50 kg]
My L2 14+ my, L2112\ L\ mygy + myy /3 0.800 m | 2.50 kg +[3.80 kg]/3
@®=>5.70 rad/s.

EVALUATE: As the bar swings through the vertical, the linear speed of the ball that is still attached to the
bar is v=(0.400 m)(5.70 rad/s) =2.28 m/s. A point mass in free-fall acquires a speed of 2.80 m/s after

falling 0.400 m; the ball on the bar acquires a speed less than this.
10.64. IDENTIFY: Use 27, =Ic, to find ¢, and then use the constant ¢, kinematic equations to solve for ¢.

SET UP: The door is sketched in Figure 10.64.

T @ EXECUTE:
FEzoN ‘ S 7, =Fl=(220 N)(1.25 m)=275 N -m
1=125m From Table 9.2(d), I =1M1>
axis at 1 1=1(750 N/9.80 m/s)(1.25 m)” =
hinge 5
399 kg-m

Figure 10.64

St =la, so =2 = 2N 6o ragss?
I 399kg-m

SETUP: «, =6.89 rad/s®; 6- 6, =90°(r rad/180°) = /2 rad; @y, =0 (door initially at rest); ¢t =?

- 1, .2
0—6y=my.t+5o.t

=0.675s

174 6.89 rad/s’

z
EVALUATE: The forces and the motion are connected through the angular acceleration.
10.65. IDENTIFY: Calculate 7 using the procedure specified in the problem. In part (c) apply the work-energy

EXECUTE: t=\/2(6’— &) _\/Z(E/Z rad)

theorem. In part (d), a,, =R and 27, =Ior,. a,g= R’
SETUP: Let @ be the angle the disk has turned through. The moment arm for F'is Rcosé.
EXECUTE: (a) The torque is 7 = FRcos6.

/2
W= j(’)[ FRcos® dé = FR.

(b) In Eq. (6.14), dl is the horizontal distance the point moves, and so W = F J.dl = FR, the same as part (a).

(¢) From K, =W = (MR*/4)@”, @=~4F/MR.
(d) The torque, and hence the angular acceleration, is greatest when 6 =0,
at which point = (7/I)=2F/MR, and so the maximum tangential acceleration is 2F/M.

(e) Using the value for @ found in part (c), a,q = @’R=4F/M.
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EVALUATE: a,, = @R is maximum initially, when the moment arm for F is a maximum, and it is zero
after the disk has rotated one-quarter of a revolution. a,y is zero initially and is a maximum at the end of
the motion, after the disk has rotated one-quarter of a revolution.

10.66.  IDENTIFY: Apply >7, =/c,, where 7, is due to the gravity force on the object.
SETUP: [ =14+ Iy ioq =+ML?. In part (b), I, =ML, In part (c), ]
EXECUTE: (a) A distance L/4 from the end with the clay.
(b) In this case [ =(4/ 3)ML2 and the gravitational torque is (3L/4)(2Mg)sin@ = (3MgL/2)sinf, so
a=(9g/8L)sinb.
(c) In this case I = (1/3)ML2 and the gravitational torque is (L/4)(2Mg)sin€ = (MgL/2)siné,
so o =(3g/2L)sin6.
This is greater than in part (b).
(d) The greater the angular acceleration of the upper end of the cue, the faster you would have to react to

overcome deviations from the vertical.
EVALUATE: In part (b), [ is 4 times larger than in part (c) and 7 is 3 times larger. & =7/, so the net
effect is that ¢ is smaller in (b) than in (c).

10.67. IDENTIFY: Blocks 4 and B have linear acceleration and therefore obey the linear form of Newton’s
second law X2 F, ), =ma,,. The wheel C has angular acceleration, so it obeys the rotational form of Newton’s

0.

clay clay =

second law > 7, =/c,.

SET UP: A accelerates downward, B accelerates upward and the wheel turns clockwise. Apply 2. F), = ma,
to blocks 4 and B. Let +y be downward for 4 and +y be upward for B. Apply X 7, = I, to the wheel, with the
clockwise sense of rotation positive. Each block has the same magnitude of acceleration, a, and a = Rer.

Call the T, the tension in the cord between C and 4 and T the tension between C and B.
EXECUTE: For4, X F,=ma, gives m,g —T,=mya. For B, XF, =ma, gives Tg—mpg =mpa. For

. 1 .
the wheel, 27, =Io, gives TyR —TzgR=I1ax=1(a/R)w and T, —Tp = (Fja. Adding these three

. . 1 .
equations gives (m, —mpg)g = (mA +mpg +—2Ja. Solving for a, we have
R

. =[ m,y—mp jg =[ 4.00 kg —2.00 ke j(9.80 m/s%) = 0.730 m/s>.

m,+ mpy + I/R* 4.00 kg + 2.00 kg + (0.300 kg-m?)/(0.120 m)?

2
2 _ —0'730 m/s = 6.08 rad/s’.
R 0.120 m

T, =m,(g —a)=(4.00 kg)(9.80 m/s> — 0.730 m/s*) = 36.3 N.
Ty = my(g + a) = (2.00 kg)(9.80 m/s> + 0.730 m/s*) = 21.1 N.

EVALUATE: The tensions must be different in order to produce a torque that accelerates the wheel when
the blocks accelerate.

10.68.  IDENTIFY: Apply ¥ F =ma to the crate and Y.z, = e, to the cylinder. The motions are connected by
a(crate) = Rar(cylinder).
SET Up: The force diagram for the crate is given in Figure 10.68a.

¥ EXECUTE: Applying 2 F, =ma, gives
T f a T —mg =ma. Solving for T gives
x T =m(g +a)=(50 kg)(9.80 m/s> +1.40 m/s*) =560 N.
mg

Figure 10.68a
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SET UP: The force diagram for the cylinder is given in Figure 10.68b.

¥ @ EXECUTE: X 7, =10, gives FI-TR =Ic,, where
[=0.12m and R=0.25m. a=Ra so o, =alR.
Therefore FI=TR+ la/R.

n

Figure 10.68b

=1300 N.

) 2
F:T(gj +I_a:(560 N)[o.zs m) N (2.9 kg-m~)(1.40 m/s*)
) RI 0.12m (0.25 m)(0.12 m)

EVALUATE: The tension in the rope is greater than the weight of the crate since the crate accelerates
upward. If F were applied to the rim of the cylinder (/=0.25 m), it would have the value F =625 N. This
is greater than 7 because it must accelerate the cylinder as well as the crate. And F' is larger than this
because it is applied closer to the axis than R so has a smaller moment arm and must be larger to give the
same torque.

10.69.  IDENTIFY: Apply S F,

SET UP: At the point of contact, the wall exerts a friction force f'directed downward and a normal force n
directed to the right. This is a situation where the net force on the roll is zero, but the net torque is not zero.
EXECUTE: (a) Balancing vertical forces, £, qcos@ = f+w+ F, and balancing horizontal forces

« =mdgy, and 27, =1 o to the roll.

Foq8in@=n. With f =y n, these equations become F, 4cosf=yn+F+w, F 4sin@=n. Eliminating
, . F 16.0 kg)(9.80 m/s*) +(60.0 N
n and solving for F 4 gives F, 4 = W = (16.0 kg)(9.80 m/s )*.'( 0.0N) _ 293 N.
cos@ — 4 sin@ cos 30°—(0.25)sin30°

(b) With respect to the center of the roll, the rod and the normal force exert zero torque. The magnitude of
the net torque is (F — f)R, and f = 4 n may be found by insertion of the value found for F, 4 into either

of the above relations; i.e., f = 1 F,qsin@=36.57 N. Then,

-2
o T (600N -3657N)I8.0x107m) _ o .0

I (0.260 kg - m?)

EVALUATE: If the applied force F'is increased, F, 4 increases and this causes » and fto increase. The

angle @ changes as the amount of paper unrolls and this affects « for a given F.
10.70.  IDENTIFY: Apply Y7, = e, to the flywheel and ¥ F =ma to the block. The target variables are the

tension in the string and the acceleration of the block.
(a) SETUP: Apply 27, =, to the rotation of the flywheel about the axis. The free-body diagram for

the flywheel is given in Figure 10.70a.

n @ EXECUTE: The forces
n and Mg act at the axis so
have zero torque.

K 27, =TR
% TR=1Ia,

Mg

Figure 10.70a
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SETUP: Apply > F =ma to the translational motion of the block. The free-body diagram for the block is
given in Figure 10.70b.

EXECUTE: ZFy =ma,
n—mg cos 36.9°=0
n=mg cos 36.9°

Sy = tyn = [ mg cos 36.9°

mg cos @

Figure 10.70b

Y F.=ma,
mg sin36.9° T — 1 mg c0s36.9° = ma
mg(sin36.9° — 1,c0s36.9°) — T = ma
But we also know that ayj, = ROypeers SO @ =a/R. Using this in the 2.7, = Ir, equation gives
TR=1Ia/R and T = (I/R2)a. Use this to replace 7'in the > F, =ma, equation:
mg(sin36.9° — 44, c0s36.9°) — (I/Rz)a =ma
g mg(sin36.9° — 1,c0s36.9°)
m+ IR
g (5.00 kg)(9.80 m/s*)(sin36.9° — (0.25)c0s36.9°)
5.00 kg +0.500 kg - m?/(0.200 m)?
~0.500 kg - m?
~(0.200 m)2

EVALUATE: If the string is cut the block will slide down the incline with

=1.12 m/s>

b) T (1.12 m/s?)=14.0 N

a =g sin36.9°— 1 g c0s36.9°=3.92 m/s>. The actual acceleration is less than this because mg sin36.9°
must also accelerate the flywheel. mg sin36.9°— f; =19.6 N. T'is less than this; there must be more force

on the block directed down the incline than up the incline since the block accelerates down the incline.
10.71.  IDENTIFY: Apply 3 F =ma to the block and Y7, = Iz, to the combined disks.

SET UP: Foradisk, /4y = %MRZ, so 1 for the disk combination is /7 =2.25x107 kg-m?.
EXECUTE: For a tension 7 in the string, mg —T =ma and TR = [or = 1%.

m _ g
m+ IR 1+ ImR*’
block and R is the radius of the disk to which the string is attached.
(a) With m=1.50 kg and R=2.50x10"m, a = 2.88 m/s°.

(b) With m =1.50 kg and R =5.00x10"m, a =6.13 m/s’.

The acceleration is larger in case (b); with the string attached to the larger disk, the tension in the string is
capable of applying a larger torque.

EVALUATE: @=V/R, where v is the speed of the block and @ is the angular speed of the disks. When R
is larger, in part (b), a smaller fraction of the kinetic energy resides with the disks. The block gains more
speed as it falls a certain distance and therefore has a larger acceleration.

Eliminating T and solving for a gives a=g

where m is the mass of the hanging
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10.72.  IDENTIFY: Apply both ¥ F =ma and Y7, = I, to the motion of the roller. Rolling without slipping
means a,, = Ra. Target variables are a,, andf.
SET UP: The free-body diagram for the roller is given in Figure 10.72.
> EXECUTE: Apply X F =mad
@ to the translational motion of the
@ center of mass:
n Y F.=ma,
‘j P -‘- F_f =Macm
| Mg
Figure 10.72
Apply 27, =Ie, to the rotation about the center of mass:
7. = /R
thin-walled hollow cylinder: I = MR?
Then Y7, = Ier, implies fR=MR*c.
But «,, =Ra, so f=Ma,,.
Using this in the > F, =ma, equation gives F —Ma,,, = Ma,,.
agy, =F/2M, and then f =Ma,, =M (F/2M)=F/2.
EVALUATE: If the surface were frictionless the object would slide without rolling and the acceleration
would be a,, = F/M. The acceleration is less when the object rolls.
10.73.  IDENTIFY: Apply 3 F =ma to each object and apply X7, = /e, to the pulley.
SET Up: Call the 75.0 N weight 4 and the 125 N weight B. Let T, and Ty be the tensions in the cord to
the left and to the right of the pulley. For the pulley, / = %MRZ, where Mg =80.0 N and R=0.300 m.
The 125 N weight accelerates downward with acceleration a, the 75.0 N weight accelerates upward with
acceleration « and the pulley rotates clockwise with angular acceleration ¢, where a = Ro.
EXECUTE: Y. F =md applied to the 75.0 N weight gives Ty —w, =m a. > F =md applied to the 125.0 N
weight gives wg —Tp =mga. 2.7, =Io, applied to the pulley gives (T —T,)R = (%MRZ)(ZZ and
Ty-T,= %Ma. Combining these three equations gives wg —w, =(m+mpg+M/2)a and
- 125N-750N
a= W~ Wa g =( j 2 =0.2083g.
Wy W+ Woyiiey/2 750N+125N+40.0 N
T, =w,(1+alg)=12083w,=90.62 N. Tp=wp(l—alg)=0.792wp =98.96 N. ¥ F =md applied to the
pulley gives that the force F applied by the hook to the pulley is F' =T + T + Wy =270 N. The force
the ceiling applies to the hook is 270 N.
EVALUATE: The force the hook exerts on the pulley is less than the total weight of the system, since the
net effect of the motion of the system is a downward acceleration of mass.
10.74.  IDENTIFY: This problem can be done either with conservation of energy or with ¥ F,,, = ma. We will do

it both ways.
(a) SET Up: (1) Conservation of energy: K| +U| + Wy, =K, +U,.
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Take position 1 to be the location of the
disk at the base of the ramp and 2 to be
where the disk momentarily stops before
rolling back down, as shown in

Figure 10.74a.

Figure 10.74a

Take the origin of coordinates at the center of the disk at position 1 and take +y to be upward. Then
y =0 and y, =dsin30°, where d is the distance that the disk rolls up the ramp. “Rolls without slipping”
and neglect rolling friction says W, =0; only gravity does work on the disk, so W =0.
EXECUTE: U, =Mgy, =0. K, =1 +11,&f (Eq.10.8). But @ =v/R and I, =1 MR®, so
1@ =LA MRY)(w/R)? =LMny. Thus Ky =1anf +1anf =307 U, = Mgy, = Mgd sin30°.
K, =0 (disk is at rest at point 2). Thus %MVIZ = Mgd sin30°, which gives
2 2
_ 3.vl __ 3360 rzn/s) — 198 m.
4gsin30°  4(9.80 m/s”)sin30°
SET UP: (2) Force and acceleration: The free-body diagram is given in Figure 10.74b.

EXECUTE: Apply 2 F, =ma, to the
translational motion of the center of mass:
Mgsin@— f=Ma,,

Apply 27, =Ic, to the rotation about the
center of mass:

fR=(EMR)er,

f=3MRe,

Figure 10.74b

But a.,, = Ror in this equation gives f = %Macm. Use this in the > F, = ma, equation to eliminate f.
Mgsin6 — %Macm = Ma,,,. M divides out and %acm = gsiné.
(o =2 gsin0=2(9.80 m/s”)sin30° =3.267 m/s’.
SET UP: Apply the constant acceleration equations to the motion of the center of mass. Note that in our
coordinates the positive x-direction is down the incline. v, =—3.60 m/s (directed up the incline);
a, =+3.267 m/s?; v, =0 (momentarily comes to rest); and x—x, =?. We use the kinematics equation
v)zc = vgx +2a,(x—xp) to solve for x—x.
2 2
—-3.60 m/
EXECUTE: x_xoz_vo_xz_—( 5)2 =-1.98 m.
2a, 2(3.267 m/s”)

(b) EVALUATE: The results from the two methods agree; the disk rolls 1.98 m up the ramp before it stops.
The mass M enters both in the linear inertia and in the gravity force so divides out. The mass M and radius
R enter in both the rotational inertia and the gravitational torque so divide out.

10.75.  IDENTIFY: Apply 3 F,
rotation about the center of mass.

SETUp: /= 2(%mR2) = mR?. The moment arm for 7T is b.

« =My, to the motion of the center of mass and apply >.7, =1 ¢, to the
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EXECUTE: The tension is related to the acceleration of the yo-yo by (2m)g — T = (2m)a, and to the

angular acceleration by Th=Ia=1 %. Dividing the second equation by b and adding to the first to

o . 2 2 2
eliminate T yields a=g n =

g , =8 ———.
m+1/b*) ° 2+ (R/b)? 2b+ R%/b
substitution into either of the two equations:

2
T=2m)(g—a)=(2mg) [1 - 2+(Tb)2j =2mg

EVALUATE: a —0 when 5 —>0. As b—> R, a—2g/3.

The tension is found by

(R/b)? _ omg
2+(RIBY?  (2B/R)? +1)

10.76. IDENTIFY: Apply conservation of energy to the motion of the shell, to find its linear speed v at points 4
and B. Apply 3 F =ma to the circular motion of the shell in the circular part of the track to find the
normal force exerted by the track at each point. Since » << R the shell can be treated as a point mass
moving in a circle of radius R when applying 3 F = md. But as the shell rolls along the track, it has both
translational and rotational kinetic energy.

SETUP: K| +U; =K, +U,. Let 1 be at the starting point and take y =0 to be at the bottom of the track,
so yy=hy. K= %mv2 + %Ia)z. 1 =%mr2 and w=v/r, so K =%mv2. During the circular motion,

Apaq = Vv2/R.
— vz
EXECUTE: (a) Y F =ma atpoint 4 gives n+mg = mﬁ The minimum speed for the shell not to fall off

the track is when n— 0 and v* = gR. Let point 2 be 4, s0 y, =2R and v% =gR. Then
K, +U, =K, +U, gives mghy =2mgR +%m(gR). hy =(2 +%)R =%R.
(b) Let point 2 be B, so y, =R. Then K; +U; =K, +U, gives mghy =mgR + %mv%. With 4 :%R this

2
gives v =15—1gR. Then Y F =md at B gives nzm%:—mg.

(¢) Now K = %mv2 instead of %mvz. The shell would be moving faster at A4 than with friction and would

still make the complete loop.
(d) In part (c): mghy =mg(2R) + %mvz. hy = %R gives V= %gR. > F =md atpoint 4 gives

2 2
mg+n= m% and n= m[% - gj = %mg. In part (a), n =0, since at this point gravity alone supplies the

net downward force that is required for the circular motion.
EVALUATE: The normal force at 4 is greater when friction is absent because the speed of the shell at 4 is
greater when friction is absent than when there is rolling without slipping.

10.77. IDENTIFY: Apply > 7, =Ic, to the cylinder or hoop. Find a for the free end of the cable and apply

constant acceleration equations.
SET UP: a,, for apoint on the rim equals a for the free end of the cable, and a,, = Ra.

. — — ; — 1 2, _ 1 2( an
EXECUTE: (a) .7, =Ic, and a, = Ro gives FR _EMR o= EMR (? .
2F 200N .
gy =—— = 200N _ 50 m/s. Distance the cable moves: x — Xo =Yyt + %axt2
M 4.00 kg

. 1
gives 50 m = 5(50 m/s?)t? and t=1.41s. v, =vy, +a,t =0+ (50 m/s?)(1.41 s)=70.5 m/s.
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(b) For a hoop, I = MR?, which is twice as large as before, so o and Ay, would be half as large.

Therefore the time would be longer by a factor of 2. For the speed, vf = vgx +2a,x, in which x is the

same, so v, would be half as large since a, is smaller.

EVALUATE: The acceleration a that is produced depends on the mass of the object but is independent of

its radius. But a depends on how the mass is distributed and is different for a hoop versus a cylinder.
10.78.  IDENTIFY: Apply X F,  =mi,, to the motion of the center of mass and X7, = I, to the rotation

about the center of mass.

SET UP: For a hoop, I = MR?. For a solid disk, I = %MRZ.

EXECUTE: (a) Because there is no vertical motion, the tension is just the weight of the hoop:
T =Mg=(0.180 kg)(9.8 N/kg) =1.76 N.

(b) Use 7=1Ia to find a. The torque is RT, so o= RT/I = RT/MR*> = T/MR = Mg/MR, so
o = g/R=(9.8 m/s?)/(0.08 m)=122.5 rad/s>.

(¢) a=Ra=9.8 m/s’
(d) T would be unchanged because the mass M is the same; & and @ would be twice as great because / is
now %MRz.
EVALUATE: a,, fora point on the rim of the hoop or disk equals a for the free end of the string. Since /
is smaller for the disk, the same value of T produces a greater angular acceleration.

10.79. IDENTIFY: As it rolls down the rough slope, the basketball gains rotational kinetic energy as well as
translational kinetic energy. But as it moves up the smooth slope, its rotational kinetic energy does not
change since there is no friction.

SErUp: [, = %mRz. When it rolls without slipping, v,,, = Rw. When there is no friction the angular

speed of rotation is constant. Take +y upward and let y =0 in the valley.

EXECUTE: (a) Find the speed v, inthe level valley: K, + U; =K, + U,. yy=H,, »,=0. K;=0,

2
Y,
U, =0. Therefore, U; = K,. mgH,= %mv%m + %Icma)z. %Icma)2 = %(%mRz)(%] = %mv%m, so

6gH, . . . . . _
mgH, = %mv%m and vgm = %. Find the height H it goes up the other side. Its rotational kinetic energy

stays constant as it rolls on the frictionless surface. %mv%m + %Icma)2 = %Icma)2 +mgH.

(b) Some of the initial potential energy has been converted into rotational kinetic energy so there is less
potential energy at the second height A than at the first height H,.
EVALUATE: Mechanical energy is conserved throughout this motion. But the initial gravitational potential
energy on the rough slope is not all transformed into potential energy on the smooth slope because some of
that energy remains as rotational kinetic energy at the highest point on the smooth slope.

10.80. IDENTIFY: Use projectile motion to find the speed v the marble needs at the edge of the pit to make it to
the level ground on the other side. Apply conservation of energy to the motion down the hill in order to
relate the initial height to the speed v at the edge of the pit. W .. =0 so conservation of energy gives

SET UP: In the projectile motion the marble must travel 36 m horizontally while falling vertically 20 m.
Let +y be downward. For the motion down the hill, let y, =0 so U, =0 and y, =h. K;=0. Rolling

. o _ _1 2,01, 2 1(2,p2\ 2 1, 2_7 2
without slipping means v=Ra@. K =31,0" +5my —Z(SmR )a) +amy” =1omye.

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



10-32 Chapter 10

EXECUTE: (a) Projectile motion: vy, =0. a, =9.80 m/s®. y— Yo=20m. y—yo=vyt +%ayt2 gives

T . _
t= 20=%) =2.02s. Then x —xy =v,t gives v=v, = X~ X _36m =17.8 m/s.
a, t 2.02s

2 2
Motion down the hill: U; =K,. mgh :%mvz. h - :M =2
10g  10(9.80 m/s)

(b) %I o’ =%mv2, independent of R. [ is proportional to R but & is proportional to 1/R? fora given

2.6 m.

translational speed v.
(c) The object still needs v=17.8 m/s at the bottom of the hill in order to clear the pit. But now
2

K, = %mv2 and h=——=16.2m.

2g
EVALUATE: The answer to part (a) also does not depend on the mass of the marble. But, it does depend
on how the mass is distributed within the object. The answer would be different if the object were a hollow
spherical shell. In part (c) less height is needed to give the object the same translational speed because in
(c) none of the energy goes into rotational motion.

10.81. IDENTIFY: Apply conservation of energy to the motion of the boulder.
SETUP: K= %mv2 + %16{)2 and v = Rw when there is rolling without slipping. 7 = %mRz.

EXECUTE: Break into two parts, the rough and smooth sections.

1 1(2 v Y 10
Rough: mgh =%mv2 +%1a)2. mgh =5mv2 +§(ng2J(Ej v =7gh1.

. L 1 1
Smooth: Rotational kinetic energy does not change. mgh, + Emv2 + Ko = Emvéottom + Ko

ghy + %[g ghl) = %ng. VBottom = \/g gh +2gh, = \/g (9.80 m/s*)(25 m) + 2(9.80 m/s*)(25 m) =29.0 ms.

EVALUATE: Ifall the hill was rough enough to cause rolling without slipping,

VBottom = /%g(SO m) =26.5 m/s. A smaller fraction of the initial gravitational potential energy goes into

translational kinetic energy of the center of mass than if part of the hill is smooth. If the entire hill is
smooth and the boulder slides without slipping, Vg, om = +28(50 m) =31.3 m/s. In this case all the initial
gravitational potential energy goes into the kinetic energy of the translational motion.

10.82. IDENTIFY: Apply conservation of energy to the motion of the ball as it rolls up the hill. After the ball
leaves the edge of the cliff it moves in projectile motion and constant acceleration equations can be used.
(a) SET Up: Use conservation of energy to find the speed v, of the ball just before it leaves the top of the

cliff. Let point 1 be at the bottom of the hill and point 2 be at the top of the hill. Take y =0 at the bottom
of the hill, so y; =0 and y, =28.0 m.
EXECUTE: K, +U,=K,+U,

1

2 17,2 1 2 17,2
Smvp + 1@y =mgy, +5mvy + 51w,

Rolling without slipping means @=v/r and %Ia)2 = %(%mrz)(v/r)2 = %mvz.

7 2 _ 7 2
ToMVi =mgy, +15mv;

vy =\ — gy, =15.26 m/s

SET Up: Consider the projectile motion of the ball, from just after it leaves the top of the cliff until just
before it lands. Take +y to be downward. Use the vertical motion to find the time in the air:

vy, =0, a,=9.80m/s>, y—y,=28.0m, t="?
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EXECUTE: y — yo =Vt +%ayt2 gives £=2.39 s

During this time the ball travels horizontally

X —Xo =gyt =(15.26 m/s)(2.39 5) =36.5 m.

Just before it lands, v, =v;,, +a,f =23.4 m/s and v, =vy, =153 m/s

v=,/v§+v§ =28.0 m/s

(b) EVALUATE: At the bottom of the hill, @=v/r =(25.0 m/s)/r. The rotation rate doesn’t change while
the ball is in the air, after it leaves the top of the cliff, so just before it lands @ =(15.3 m/s)/r. The total

kinetic energy is the same at the bottom of the hill and just before it lands, but just before it lands less of
this energy is rotational kinetic energy, so the translational kinetic energy is greater.

10.83. IDENTIFY: Apply conservation of energy to the motion of the wheel. K = %mv2 + %I w*.
SET UP: No slipping means that @=v/R. Uniform density means m, = A27R and m, = AR, where m, is

the mass of the rim and m, is the mass of each spoke. For the wheel, I =1, + I, For each spoke,

pokes*

2
I=1mR".

1
EXECUTE: (a) mgh= %mvz + %1(02. 1=l + Lpoges =R + 6(§mSR2j
Also, m=m, + mg=27RA+ 6RA=2RA(x + 3). Substituting into the conservation of energy equation

gives 2RA(7 +3)gh = (CRAYT + (RoY %{mmz + {%mﬂwz,

2
w= (’g”)gh _ |(Z+3)0.80 mf )O8.0m) 14 radss and v = Roy=26.0 m/s
R(7+2) (0210 m)>(7 + 2)

(b) Doubling the density would have no effect because it does not appear in the answer. @ is inversely
proportional to R so doubling the diameter would double the radius which would reduce @ by half, but

v =Rw would be unchanged.
EVALUATE: Changing the masses of the rim and spokes by different amounts would alter the speed v at
the bottom of the hill.

10.84. IDENTIFY: Apply the work-energy theorem to the motion of the basketball. K = %mv2 + %1 @* and
v=Ro.
SET Up: For a thin-walled, hollow sphere 7 = %mRz.

EXECUTE: For rolling without slipping, the kinetic energy is (1/2)(m + I /Rz)v2 =(5/ 6)mv2;

initially, this is 32.0 J and at the return to the bottom it is 8.0 J. Friction has done —24.0 J of work,
—12.0 J each going up and down. The potential energy at the highest point was 20.0 J, so the height above
the ground was 200 =3.40 m.
(0.600 kg)(9.80 m/sz)

EVALUATE: All of the kinetic energy of the basketball, translational and rotational, has been removed at
the point where the basketball is at its maximum height up the ramp.

10.85. IDENTIFY: Apply conservation of energy to the motion of the ball. Once the ball leaves the track the ball
moves in projectile motion.

SET Up: The ball has 7 = %mR2 ; the silver dollar has 7 = %mRZ. For the projectile motion take +y

downward, so a, =0 and a, =+g.
EXECUTE: (a) The kinetic energy of the ball when it leaves the track (when it is still rolling without
slipping) is (7/10)mv? and this must be the work done by gravity, W =mgh, so v=./10gh/7.

The ball is in the air for a time ¢ =+/2y/g, so x =vt =+/20hy/7.
(b) The answer does not depend on g, so the result should be the same on the moon.
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10.86.

10.87.

(¢) The presence of rolling friction would decrease the distance.
(d) For the dollar coin, modeled as a uniform disc, K = (3/ 4)mv2, and so x = /8Ay/3.
EVALUATE: The sphere travels a little farther horizontally, because its moment of inertia is a smaller

fraction of MR? than for the disk. The result is independent of the mass and radius of the object but it does
depend on how that mass is distributed within the object.
IDENTIFY: Apply 27, =Ic, to the drawbridge and calculate ¢,. For part (c) use conservation of

energy.
SET UP: The free-body diagram for the drawbridge is given in Figure 10.86. For an axis at the lower end,

_1.72
I—Eml .
EXECUTE: (a) X7, =/, gives mg(4.00 m)(cos60.0°)=%mlzaz and
o = 32(4.00 m)(cos60.0°)

: (8.00 m)?
(b) o, depends on the angle the bridge makes with the horizontal. ¢, is not constant during the motion

=0.919 rad/s’.

and @, =y, + o,t cannot be used.
(c) Use conservation of energy. Take y =0 at the lower end of the drawbridge, so y; =(4.00 m)(sin60.0°)

(%mlz)a)2 and

and y2:0 K2+U2:K1+U1+Wother giVCS U1:K2, mgyIZ%Ia)z mgyl:%

J62r,  1/6(9.80 m/s?)(4.00 m)(sin60.0°)
! 8.00 m
EVALUATE: If we incorrectly assume that ¢, is constant and has the value calculated in part (a), then

=1.78 rad/s.

=

(022 = a)gz +20,(6 - 6,) gives @=1.39 rad/s. The angular acceleration increases as the bridge rotates and

the actual angular velocity is larger than this.

4.00m

Xis
Axi mg

Figure 10.86

IDENTIFY: Use conservation of energy to relate the speed of the block to the distance it has descended.
Then use a constant acceleration equation to relate these quantities to the acceleration.

SET UP: For the cylinder, 7 = %M (2R)2 , and for the pulley, 7 = %MRZ.

EXECUTE: Doing this problem using kinematics involves four unknowns (six, counting the two angular
accelerations), while using energy considerations simplifies the calculations greatly. If the block and the
cylinder both have speed v, the pulley has angular velocity v/R and the cylinder has angular velocity
v/2R, the total kinetic energy is

1 M(2R)
2

2 2
K= 3 M+ (v/2R)* + %(V/R)z +M | = %Mvz.
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10.88.

10.89.

10.90.

This kinetic energy must be the work done by gravity; if the hanging mass descends a distance y,

K = Mgy, or vi=(2/3) gy. For constant acceleration, V= 2ay, and comparison of the two expressions
gives a=g/3.

EVALUATE: If the pulley were massless and the cylinder slid without rolling, Mg =2Ma and a=g/2.

The rotation of the objects reduces the acceleration of the block.
IDENTIFY: The rings and the rod exert forces on each other, but there is no net force or torque on the
system, and so the angular momentum will be constant.

SET UP: Fortherod, I = %MLz. For each ring, 7 = mrz, where r is their distance from the axis.
EXECUTE: (a) As the rings slide toward the ends, the moment of inertia changes, and the final angular
L | M +2mrf}_ 5.00x10% kg-m? @

velocity is given by @, = @&y — = =—, 80 @, =7.5 rev/min.
@ I, “ LML + 2mr5 A 00x107 kg-m? 4 “

(b) The forces and torques that the rings and the rod exert on each other will vanish, but the common
angular velocity will be the same, 7.5 rev/min.

EVALUATE: Note that conversion from rev/min to rad/s was not necessary. The angular velocity of the
rod decreases as the rings move away from the rotation axis.

IDENTIFY: Apply conservation of energy to the motion of the first ball before the collision and to the
motion of the second ball after the collision. Apply conservation of angular momentum to the collision
between the first ball and the bar.

SET UP: The speed of the ball just before it hits the bar is v=,/2gy =15.34 m/s. Use conservation of

angular momentum to find the angular velocity @ of the bar just after the collision. Take the axis at the
center of the bar.

EXECUTE: L, = mvr = (5.00 kg)(15.34 m/s)(2.00 m)=153.4 kg - m”

Immediately after the collision the bar and both balls are rotating together.

L, =lyo
Lo =75 MI? + 2mr® = L(8.00 kg)(4.00 m)* +2(5.00 kg)(2.00 m)* =50.67 kg - m*

L, =1, =153.4kg-m?
=1L,/ =3.027 rad/s
Just after the collision the second ball has linear speed v =r@=(2.00 m)(3.027 rad/s) = 6.055 m/s and is

moving upward. %mv2 =mgy gives y=1.87 m for the height the second ball goes.

EVALUATE: Mechanical energy is lost in the inelastic collision and some of the final energy is in the
rotation of the bar with the first ball stuck to it. As a result, the second ball does not reach the height from
which the first ball was dropped.

IDENTIFY: As Jane grabs the helpless Tarzan from the jaws of the hippo, the angular momentum of the
Jane-Vine-Tarzan system is conserved about the point at which the vine swings. Before and after that,
mechanical energy is conserved.

SET Up: Take +y upward and y =0 at the ground. The center of mass of the vine is 4.00 m from either

end. Treat the motion in three parts: (i) Jane swinging to where the vine is vertical. Apply conservation of
energy. (ii) The inelastic collision between Jane and Tarzan. Apply conservation of angular momentum.
(ii1) The motion of the combined object after the collision. Apply conservation of energy. The vine has

I=im

3 Vinelz and Jane has /= mJanelz, so the system of Jane plus vine has [, = (%mvine + mee)lz.

Angular momentum is L =/®.
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p [ ]
AL T
Loag 1.50m
W e *
Myupe 1.50m
Myine @ h
vine,2
h\-‘il!u 1 =4.00m
5.00m
My
S Y ] _JL’"L%_ —__y=0
Initial Final

Figure 10.90a

EXECUTE: (a) The initial and final positions of Jane and the vine for the first stage of the motion are
sketched in Figure 10.90a. The initial height of the center of the vine is A4, 1 = 6.50 m and its final

height is /. » =4.00 m. Conservation of energy gives U} + K; =U, + K,. K; =0 so

2[myane (5-00 M)+ ;e (2.50 m)]g

1 2
(§mvine +Mjane )l

s

Myneg(5.00 m) +m,;,.g(6.50 m) = m,;,.g(4.00 m)+%[t0ta)2. = \/

2
which gives @= \/ 2[(60.0 kg)(5.00 m) +(30.0 kg)(2.50 mIO80 m/s®) _ | o

[1(30.0 k) +60.0 kg |8.00 m)?

(b) Conservation of angular momentum applied to the collision gives L; = L,, so ,@, = 1,®,.
@, =1.28 rad/s.

I =[£(30.0 kg)+60.0 kg |(8.00 m)* = 4.48 x 10’ kg - m”.

Iy = I} +mipyonl® = 4.48 X 10° kg - m? +(72.0 kg)(8.00 m)? = 9.09 x 10° kg - m?.

3 2
o =| At |y =| 2O RS g ) = 0,631 radss.
I, 9.09x10°kg-m

Center of vine

4.00m

Jane + Tarzan

h

Figure 10.90b

(¢) The final position of Tarzan and Jane, when they have swung to their maximum height, is shown in
Figure 10.90b. If Tarzan and Jane rise to a height A, then the center of the vine rises to a height //2.

Conservation of energy gives %I o’ = (Mane +MTarzan )8+ Mmin.gh/2, where I =9.09x 10°kg-m? and
®=0.631rad/s, from part (b).
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. Io* _(9.09%x10°kg-m?)(0.631 rad/s)* .
2(mJane + MTarzan +0'5mvine)g 2(60.0 kg+72.0 kg+15.0 kg)(9.80 m/sz) .

EVALUATE: Mechanical energy is lost in the inelastic collision.

10.91. IDENTIFY: Apply conservation of angular momentum to the collision. Linear momentum is not conserved
because of the force applied to the rod at the axis. But since this external force acts at the axis, it produces
no torque and angular momentum is conserved.

SET Up: The system before and after the collision is sketched in Figure 10.91.

6 m.

EXECUTE: (a) my, = $myoq

axis EXECUTE:  Lj = myvr = Tmyqv(L/2)
L L
v l 2 [ 2 L] =%mrodVL
—
’:h L L2=(Irod+1b)a)
2
Mrod I rod = %mrodl’2
v=0 L 7 I 2 (L/2)2
b =Myl =My
before after z °
_ 1
Ib - ﬁmmdl‘

Figure 10.91

- ; 1 —(1 2,1 2
Thus L; =L, gives gmrode—(gmmdL + 16 MrodL )a)

1,19

81»——48La)
_6

w——lgv/L

3 2
K. To5 MyogV
Then —2 =122 -3/19,
1 § MrodV

EVALUATE: The collision is inelastic and K, < K.
10.92. IDENTIFY: Apply Eq. (10.29).
SET UP: The door has I = %ml 2. The torque applied by the force is #F,,, where r=1/2.
EXECUTE: X.7,, =rF,, and AL =rF, At=rJ. The angular velocity @ is then
AL rF At (I/2)F, At 3 F, At
TS T P 2w

, where / is the width of the door. Substitution of the given

numeral values gives @=0.514 rad/s.

EVALUATE: The final angular velocity of the door is proportional to both the magnitude of the average
force and also to the time it acts.

10.93.  (a) IDENTIFY: Apply conservation of angular momentum to the collision between the bullet and the
board:
SET Up: The system before and after the collision is sketched in Figure 10.93a.
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Figure 10.93a

EXECUTE: L, =1,
L, = mvr sing = mvl = (1.90x107 kg)(360 m/s)(0.125 m) = 0.0855 kg - m?/s
L, =hLo,

Iy = Iygara + Touties =S ML + mr?

1, =1(0.750 kg)(0.250 m)* + (1.90x10~ kg)(0.125 m)* =0.01565 kg - m”

L _0.0855kg-m®/s

I, 0.1565 kg-m?

(b) IDENTIFY: Apply conservation of energy to the motion of the board after the collision.
SET UP: The position of the board at points 1 and 2 in its motion is shown in Figure 10.93b. Take the
origin of coordinates at the center of the board and +y to be upward, so y, ;=0 and y,, =4, the

Then L; =L, gives that @, = =5.46 rad/s

height being asked for.

Kl + Ul + Wother =K2 + U2
EXECUTE: Only gravity does work, so

Wother =0.
K =11a?
Ul =MmMgVem,1 = 0
M Uy =mgyem , =mgh
#1

Figure 10.93b

Thus /@’ =mgh.
e I (0.01565 kg-m*)(5.46 rad/s)’
2mg  2(0.750 kg +1.90x10° kg)(9.80 m/s?)

(c) IDENTIFY and SET UP: The position of the board at points 1 and 2 in its motion is shown in
Figure 10.93c.

=0.0317m=3.17 cm
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Apply conservation of energy as in
part (b), except now we want

#2 . Yema = h=0.250 m. Solve for the
e N w after the collision that is required
for this to happen.
axis g Vi ™ 0.250 m
cm X
#1
R
w

Figure 10.93¢

EXECUTE: /@’ =mgh

e [2mgh _ [2(0.750 kg +1.90x10 kg)(9.80 m/s*)(0.250 m)
1 0.01565 kg - m’

w=15.34 rad/s

Now go back to the equation that results from applying conservation of angular momentum to the collision
and solve for the initial speed of the bullet. L, = L, implies m, vl =1,®,

ve Lw, (0.01565 kg-m?)(15.34 rad/s)

= = =1010 m/s
My el (1.90x107 kg)(0.125 m)

EVALUATE: We have divided the motion into two separate events: the collision and the motion after the
collision. Angular momentum is conserved in the collision because the collision happens quickly. The
board doesn’t move much until after the collision is over, so there is no gravity torque about the axis. The
collision is inelastic and mechanical energy is lost in the collision. Angular momentum of the system is not
conserved during this motion, due to the external gravity torque. Our answer to parts (b) and (c) say that a
bullet speed of 360 m/s causes the board to swing up only a little and a speed of 1010 m/s causes it to
swing all the way over.

10.94. IDENTIFY: Angular momentum is conserved, so I,@, = I,, .

SET UP: For constant mass the moment of inertia is proportional to the square of the radius.

EXECUTE: R;®, =R w,, or R;®, =(R,+AR)* (@, + Aw)= R} @, + 2R, AR®, + R; A®w, where the terms in
ARA® and (Aw)* have been omitted. Canceling the R;a, term gives

_R Ao

@,

AR = =—1.1cm.

EVALUATE: AR/R,and Aw/@, are each very small so the neglect of terms containing ARAwor (Aw)’
is an accurate simplifying approximation.

10.95. IDENTIFY: Apply conservation of angular momentum to the collision between the bird and the bar and
apply conservation of energy to the motion of the bar after the collision.
SET UP: For conservation of angular momentum take the axis at the hinge. For this axis the initial angular
momentum of the bird is m,;,(0.500 m)v, where m,,, =0.500 kg and v =2.25 m/s . For this axis the
moment of inertia is / =2m,, [’ =1(1.50 kg)(0.750 m)’ =0.281 kg-m” . For conservation of energy, the
gravitational potential energy of the bar is U =m,, gy, , where y_ is the height of the center of the bar.

Take y,,, =0, so y,,=-0375m.
EXECUTE: (a) L, =L, gives m,,,(0.500 m)v = (3m,, L*)o.
3y (0500 m)v _ 3(0.500 kg)(0.500 m)(2.25 mvs)

> > =2.00 rad/s.
my, L (1.50 kg)(0.750 m)
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(b) U, +K, =U, + K, applied to the motion of the bar after the collision gives

2
1wt =m,,g(-0375 m)+1lw;. o, = \/a)f +7mbarg(0.375 m).

2
——~(1.50 kg)(9.80 m/s*)(0.375 m) = 6.58 rad/s
0281 kg m? 0 K& X )

EVALUATE: Mechanical energy is not conserved in the collision. The kinetic energy of the bar just after
the collision is less than the kinetic energy of the bird just before the collision.
10.96. IDENTIFY: Angular momentum is conserved, since the tension in the string is in the radial direction and

therefore produces no torque. Apply > F =md to the block, with a = a,, =vr.

, = \/(2.00 rad/s)* +

SET UP: The block’s angular momentum with respect to the hole is L = mvr.
2
EXECUTE: The tension is related to the block’s mass and speed, and the radius of the circle, by 7 = mv—.

,
2.2 2 2 2
T= mvzl =ny r_3 = (mvr}) = L} The radius at which the string breaks is
room r mr mr
2 2 2
I L _ (mvn)” _ ((0.250 kg)(4.00 m/s)(0.800 m)) . from which 7 =0.440 m.
mT, . mT, (0.250 kg)(30.0 N)
. . 0.800 m
EVALUATE: Just before the string breaks the speed of the rock is (4.00 m/s) oaaom )" 7.27 m/s. We
440 m

can verify that v=7.27 m/s and » =0.440 m do give 7 =30.0 N.

10.97.  IDpENTIFY and SET UP: Apply conservation of angular momentum to the system consisting of the disk and
train.

SETUP: L, =L,, counterclockwise positive. The motion is sketched in Figure 10.97.

L, =0 (before you switch on the train’s engine;

both the train and the platform are at rest)

d —
(disk) L2 = Liin + L

g

train

Figure 10.97

EXECUTE: The train is $(0.95 m)=0.475 m from the axis of rotation, so for it

I, =mR? = (1.20 kg)(0.475 m)* = 0.2708 kg - m’

W, =V, /R, =(0.600 m/s)/0.475 m =1.263 rad/s

This is the angular velocity of the train relative to the disk. Relative to the earth @, = @,
Thus L, =10 =1/(o,

L,=L, says L;, =—L

rel
+ @,.
+ ;).

el

train
— —1 2
Ly = 1,0, where I, =>mR;

2
%dedwd =-1(®,+®,)

el

Lo, (0.2708 kg - m>)(1.263 rad/s)

ImRP+1, (7.0 kg)(0.500 m)*> +0.2708 kg -m”
EVALUATE: The minus sign tells us that the disk is rotating clockwise relative to the earth. The disk and
train rotate in opposite directions, since the total angular momentum of the system must remain zero. Note
that we applied L, = L, in an inertial frame attached to the earth.

=-0.30 rad/s.

@y

10.98. IDENTIFY: Apply conservation of momentum to the system of the runner and turntable.

SET UP: Let the positive sense of rotation be the direction the turntable is rotating initially.
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EXECUTE: The initial angular momentum is /@, —mRyv,, with the minus sign indicating that runner’s

motion is opposite the motion of the part of the turntable under his feet. The final angular momentum is

lwy —mRy
w,(I+mR*), so @, =——-1.
(I +mR") > I+ mR?
2 —_
o, = (80 kg-m~)(0.200 rad/s) — (55.0 kg)(3.00 m)(2.8 m/s) — 0776 rad/s.

(80 kg-m®) +(55.0 kg)(3.00 m)*
EVALUATE: The minus sign indicates that the turntable has reversed its direction of motion. This
happened because the man had the larger magnitude of angular momentum initially.
10.99. IDENTIFY: Follow the method outlined in the hint.
SETUP: J=mAv,. AL=J(x-x,).

EXECUTE: The velocity of the center of mass will change by Av, = J/m and the angular velocity will change

UG

by Aw= . The change in velocity of the end of the bat will then be Av, , =Av, —Awx, =

i _ J(x — ‘xcm )xcm
m 1

- Setting Av,

end

=0 allows cancellation of J and gives / = (x — x,,, )x,,/m, which when

R (5.30x107°kg - m?)
X,m o (0.600 m)(0.800 kg)

EVALUATE: The center of percussion is farther from the handle than the center of mass.

10.100. IDENTIFY: Apply conservation of energy to the motion of the ball.

SET UP: In relating %mvczm and %1 @*, instead of Vom = Rw use the relation derived in part (a). [ = %mRz.

solved for x is x = +(0.600 m)=0.710 m.

EXECUTE: (a) Consider the sketch in Figure 10.100.
The distance from the center of the ball to the midpoint of the line joining the points where the ball is in

contact with the rails is \/Rz - (d/2)2, SO Ve = a)\/Rz —d?/4 . When d =0, this reduces to v, = @R,

the same as rolling on a flat surface. When d =2R, the rolling radius approaches zero, and
Ve — 0 for any .

2
2
®) K=2m? + 1107 =L 2.+ symr? Vem =MVem | 5, 22 .
2 2 2 \/Rz_(dz/4) 10 (1-d*/4R*)

Setting this equal to mgh and solving for v, gives the desired result.

(¢) The denominator in the square root in the expression for v, is larger than for the case d =0, so v,
is smaller. For a given speed, @ is larger than in the d =0 case, so a larger fraction of the kinetic energy
is rotational, and the translational kinetic energy, and hence v, is smaller.

(d) Setting the expression in part (b) equal to 0.95 of that of the d =0 case and solving for the ratio d/R

gives d/R=1.05. Setting the ratio equal to 0.995 gives d/R =10.37.
. L N .
EVALUATE: Ifwe set d =0 in the expression in part (b), v, = g, the same as for a sphere rolling

down a ramp. When d — 2R, the expression gives v, =0, as it should.

Figure 10.100

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



10-42 Chapter 10

10.101. IDENTIFY: Apply X F, =mi,, and X7, = I, to the motion of the cylinder. Use constant
acceleration equations to relate a, to the distance the object travels. Use the work-energy theorem to find
the work done by friction.

SET Up: The cylinder has [, = %MRZ.
EXECUTE: (a) The free-body diagram is sketched in Figure 10.101. The friction force is
fR_ MR _ 28
I a/2)MR* R
Ray Ray, _ Ray
a+Ro  ig+2mg 3ug

f=mn= Mg, so a= g The magnitude of the angular acceleration is

(b) Setting v=at = wR = (@, — a¢)R and solving for ¢ gives t =

2 2 2
and d:latzzl(,ukg)[ Ra j R
2 2 3ig ) 18ug

(¢) The final kinetic energy is (3/ 4)Mv2 =@3/4)M (at)z, so the change in kinetic energy is

2
Ak =20 g R | Ly - - Ly,
4 Sig) 4 6

EVALUATE: The fraction of the initial kinetic energy that is removed by friction work is ? =—

This fraction is independent of the initial angular speed ).

A" a
—
I

i

Mg

Figure 10.101

10.102. IpENTIFY: The vertical forces must sum to zero. Apply Eq. (10.33).
SET UpP: Denote the upward forces that the hands exert as F; and Fp. 7= (F; — Fy)r, where

r=0.200 m.
EXECUTE: The conditions that F; and F must satisfy are F; + Fp=w and F; — F = Ql—w, where the
r

second equation is 7=QL, divided by . These two equations can be solved for the forces by first adding

. S 1 1 1 1 .
and then subtracting, yielding F; = E(W + Q—wJ and Fj = E(W - Q—w} Using the values
r r

w=mg = (8.00 kg)(9.80 m/s*)=78.4 N and

Iow (8.00 kg)(0.325 m)2(5.00 rev/sx 2z rad/rev)
o (0.200 m)

F;, =392 N+Q(66.4 N-s), Frp =392 N -0Q(66.4 N -s).

(a) Q=0,F;, =F; =392 N.

(b) Q=0.05rev/s=0.314 rad/s, F; =60.0 N, Fp =18.4 N.

(¢) Q=0.3rev/s=1.89 rad/s, F; =165 N, F, =—86.2 N, with the minus sign indicating a downward

=132.7 kg - m/s gives

force.
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10.103.

. 392N L
(d) Fr =0 gives Q=————=0.590 rad/s, which is 0.0940 rev/s.
66.4 N-s
EVALUATE: The larger the precession rate €, the greater the torque on the wheel and the greater the

difference between the forces exerted by the two hands.
IDENTIFY: The answer to part (a) can be taken from the solution to Problem 10.96. The work-energy
theorem says W =AK.
SET UpP: Problem 10.96 uses conservation of angular momentum to show that 7v; =r,v,.
EXECUTE: (a) T zmvlzrlz/r3.
(b) T and dF are always antiparallel. T - dF =— Tdr.
2

W =- r2Tdr=mv12r12 rlﬁ:mlrlzl:i—i}.

i

s 3 2 2
L

2
(©) v, =v,(1i/ry), so AK = %m(vg )= %[(rl/@)z —1], which is the same as the work found in part (b).

EVALUATE: The work done by 7T'is positive, since T is toward the hole in the surface and the block
moves toward the hole. Positive work means the kinetic energy of the object increases.
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