PERIODIC MOTION

14.1. IDENTIFY: We want to relate the characteristics of various waves, such as the period, frequency and
angular frequency.
SET UP: The frequency f in Hz is the number of cycles per second. The angular frequency @ is

w=27xf and has units of radians per second. The period T is the time for one cycle of the wave and has

. . 1
units of seconds. The period and frequency are related by 7 =—.

EXECUTE: (a) T=l= ! =2.15x107%s.
f 466 Hz
w=2rf =2m(466 Hz) = 2.93 X 10° rad/s.
(b) f=l=;6=2.00><104Hz. a)=275f=1.26><105rad/s.
T 50.0x107"s

2.7x10" rad/s
27 rad

(c) fzzﬁ so f ranges from =43x10" Hz to
V3

4.7x10" rad/
w=7.5x1014 Hz. Tzl_ so T ranges from

27 rad
1 15 1 15
—————=13x10""s to ————=23x10""s.
7.5%10'* Hz 43x10" Hz
1 1 _ .
(d) T=?=m=2.0><10 7s and w=27f =22(5.0x10° Hz)=3.1x10’ rad/s.
.OX Z

EVALUATE: Visible light has much higher frequency than either sounds we can hear or ultrasound.

Ultrasound is sound with frequencies higher than what the ear can hear. Large f corresponds to small T.
14.2. IDENTIFY and SET Up: The amplitude is the maximum displacement from equilibrium. In one period the

object goes from x =44 to x=—4 and returns.

EXECUTE: (a) A=0.120 m

(b) 0.800 s=7/2 so the period is 1.60 s

© f= % =0.625 Hz

EVALUATE: Whenever the object is released from rest, its initial displacement equals the amplitude of
its SHM.

14.3. IDENTIFY: The period is the time for one vibration and w= ZT”

SET Up: The units of angular frequency are rad/s.

EXECUTE: The period is % =1.14x107 s and the angular frequency is w= 27” =5.53%10° rad/s.

EVALUATE: There are 880 vibrations in 1.0 s, so f =880 Hz. This is equal to 1/T.
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14-2 Chapter 14

14.4. IDENTIFY: The period is the time for one cycle and the amplitude is the maximum displacement from
equilibrium. Both these values can be read from the graph.
SET Up: The maximum x is 10.0 cm. The time for one cycle is 16.0 s.

EXECUTE: (a) 7=16.0s so f =%= 0.0625 Hz.

(b) A=10.0 cm.

(¢) T=16.0s

(d) o=2xf =0.393 rad/s

EVALUATE: After one cycle the motion repeats.
14.5. IDENTIFY: This displacement is % of a period.

SETUp: 7 =1//=0.200s.

EXECUTE: ¢=0.0500 s
EVALUATE: The time is the same for x=4 to x=0, for x=0 to x=—4, for x=—4 to x=0 and for
x=0 to x=4A.

14.6. IDENTIFY: Apply Eq. (14.12).
SET UP: The period will be twice the interval between the times at which the glider is at the equilibrium
position.

2 2
EXECUTE: k=aw’m= [27”} m= [% j (0.200 kg) = 0.292 N/m.
. S

EVALUATE: 1N:1kg~m/s2, SO 1N/m=1kg/s2.

14.7.  IDENTIFY and SET UP: Use Eq. (14.1) to calculate 7, Eq. (14.2) to calculate @ and Eq. (14.10) for m.
EXECUTE: (a) T=1/f=1/6.00 Hz=0.167 s

(b) w=2xf=27(6.00 Hz) =37.7 rad/s
(¢) w=+kim implies m=k/@w* = (120 N/m)/(37.7 rad/s)* = 0.0844 kg

EVALUATE: We can verify that &/ @* has units of mass.

14.8. IDENTIFY: The mass and frequency are related by f = ZL \/E
7 \'m

SET Up: f\/azzﬂz constant, so flx/m71=f21/m2.
v4
EXECUTE: (a) m; =0.750 kg, f,=1.33 Hz and m, =0.750 kg + 0.220 kg =0.970 kg.

my 0.750 kg
- /— =(1.33 Hz /— =1.17 Hz.
f=h m, ( ) 0.970 kg

(b) my =0.750 kg —0.220 kg = 0.530 kg. f, = (1.33 Hz) |22 kg _

0.530 kg

EVALUATE: When the mass increases the frequency decreases and when the mass decreases the
frequency increases.

14.9. IDENTIFY: For SHM the motion is sinusoidal.
SETUP:  x(¢) = Acos(ax).

1.58 Hz

EXECUTE: x(t) = Acos(art), where 4=0.320m and w= 2z = 27 =6.981 rad/s.
T 0900s
(a) x=0.320m at t; =0. Let ¢, be the instant when x=0.160 m. Then we have
0.160 m =(0.320 m) cos(at,). cos(at,)=0.500. at, =1.047 rad. ¢, = 1,047 rad. =0.150 s. It takes
6.981 rad/s

t,—1=0.150s.
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Periodic Motion 14-3

(b) Let #; be when x=0. Then we have cos(ar;) =0 and wr; =1.571rad. ;= 1571 rad =0.225s. It
6.981 rad/s

takes t3 —#, =0.2255—-0.150 s =0.0750 s.
EVALUATE: Note that it takes twice as long to go from x=0.320 m to x=0.160 m than to go from
x=0.160 m to x=0, even though the two distances are the same, because the speeds are different over
the two distances.

14.10. IDENTIFY: For SHM the restoring force is directly proportional to the displacement and the system obeys
Newton’s second law.

1 [k
SET Up: Fx =ma, and f=g\/%
kx

EXECUTE: F, =ma, gives a,=——, 50 —=——~=————"—=18.93 572
m

f:l kL 189352 =0.692 Hz
2r\'m 2r&w
EVALUATE: The period is around 1.5 s, so this is a rather slow vibration.
14.11.  IpENTIFY: Use Eq. (14.19) to calculate 4. The initial position and velocity of the block determine ¢.
x(¢) 1is given by Eq. (14.13).

SET UP: cos@ is zero when 8 ==x /2 and sin(z/2) =1.

EXECUTE: (a) From Eq. (14.19), A=|"%—2—|=0.98 m.
) q. ( ) ol Tim

(b) Since x(0)=0, Eq. (14.14) requires ¢ = i%. Since the block is initially moving to the left, v, <0

and Eq. (14.7) requires that sin ¢ >0, so ¢ = +%.

(¢) cos (ax +(7/2)) =—sin ax, so x =(—0.98 m) sin((12.2 rad/s)z).

EVALUATE: The x(¢) result in part (c) does give x=0 at t=0 and x<0 for ¢ slightly greater than zero.
14.12.  IDENTIFY and SET UP: We are given k, m, x,, and v,. Use Eqs. (14.19), (14.18) and (14.13).

EXECUTE: (a) Eq. (14.19): A=1[x +10/@" =+/x3 + mvi /k

A= \/(0.200 m)? +(2.00 kg)(—4.00 m/s)?/(300 N/m) =0.383 m
(b) Eq. (14.18): ¢ =arctan(—v,,/wx;)
w=~klm = \/(300 N/m)/2.00 kg =12.25 rad/s
¢ = arctan| - (—4.00 m/s)
(12.25 rad/s)(0.200 m)
(¢) x=Acos(ax + @) gives x =(0.383 m)cos([12.2rad/s]¢ + 1.02 rad)
EVALUATE: At ¢t =0 the block is displaced 0.200 m from equilibrium but is moving, so 4> 0.200 m.
According to Eq. (14.15), a phase angle ¢ in the range 0<¢<90° gives v,, <O0.
14.13.  IDENTIFY: For SHM, a, =— w*x=— Q27 f)*x. Apply Eqs. (14.13), (14.15) and (14.16), with 4 and ¢
from Eqgs. (14.18) and (14.19).
SETUP: x=1.1cm, vy, =—15cm/s. w=2xf, with f=2.5Hz.
EXECUTE: (a) a, =—(277(2.5 Hz))*(1.1x 1072 m) = —2.71 m/s°.

(b) From Eq. (14.19) the amplitude is 1.46 cm, and from Eq. (14.18) the phase angle is 0.715 rad. The
angular frequency is 27 f =15.7 rad/s, so x=(1.46 cm) cos ((15.7 rad/s)t +0.715 rad),

v, = (=22.9 cnys) sin ((15.7 rad/s)¢ +0.715 rad) and a, = (=359 cm/sz) cos ((15.7 rad/s)t + 0.715 rad).

EVALUATE: We can verify that our equations forx, v, and a, give the specified values at ¢ =0.

j = arctan(+1.633) = 58.5° (or 1.02 rad)
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14.14.  IDENTIFY: The motion is SHM, and in each case the motion described is one-half of a complete cycle.
SET UP: For SHM, x = Acos(ax) and o= 27”
EXECUTE: (a) The time is half a period. The period is independent of the amplitude, so it still takes 2.70 s.

(b) x=0.090m attime #;. 7=540s and a)=2?”=1.164 rad/s. x; = Acos(awr;). cos(ar;)=0.500.

ot; =1.047 rad and # =0.8997 s. x=-0.090 m at time ¢,. cos(at,)=-0.500 m. @rt, =2.094 rad and
t, =1.800 s. The elapsed time is ¢, —# =1.800 s —0.8997 s =0.900 s.

EVALUATE: It takes less time to travel from £0.090 m in (b) than it originally did because the block has
larger speed at +0.090 m with the increased amplitude.

14.15. IDENTIFY: Apply T'= 27[\/% . Use the information about the empty chair to calculate £.

SET UP: When m=425kg, T=1.30s.

2 2
EXECUTE: Empty chair: T = Zﬁ\/E. gives k= 47z2m _4m (425 fg) =993 N/m
k T (1.30s)
2 2
With person in chair: 7 = 27z\/% gives m :z_lg _ @254 5)4(9293 N/m) 162 kg and
/4 /4

Mperson = 162 kg_ 42.5 kg =120 kg,

EVALUATE: For the same spring, when the mass increases, the period increases.
14.16.  IDENTIFY and SET UP: Use Eq. (14.12) for T'and Eq. (14.4) to relate a, and k.

EXECUTE: T = 275\/%, m =0.400 kg

Use a, =-2.70 m/s? to calculate k: —kx = ma, gives

_ 2
k= QA0 270MST) _ | 5 60 Ny 7= 2n\/E =2.09s
x 0.300 m k

EVALUATE: «

. 1s negative when x is positive. ma, /x has units of N/m and +m/k has units of s.

14.17.  IDENTIFY: T=27r\/%. axz—ix S0 a

=£A. F=—kx
m m

max
SET UP: a, is proportional to x so a, goes through one cycle when the displacement goes through one
cycle. From the graph, one cycle of a, extends from #=0.10s to t=0.30 s, so the periodis 7'=0.20 s.
k =2.50 N/em =250 N/m. From the graph the maximum acceleration is 12.0 m/s>.

0.20s
2r

2 2
EXECUTE: (a) T = 272'\/% gives m = k(zij =(250 N/m)( j =0.253 kg
V4

a max

(by 4= Mmax _ (0.253 kg)(12.0 m/s?)
k 250 N/m

(¢) F =kA=(250 N/m)(0.0121 m)=3.03 N

EVALUATE: We can also calculate the maximum force from the maximum acceleration:

Fax =mag,, =(0.253 kg)(12.0 m/sz) =3.04 N, which agrees with our previous results.

=0.012Ilm=1.21cm

14.18.  IDENTIFY: The general expression for v (¢) is v, (t) = —wAsin(at + ¢). We can determine @ and 4 by
comparing the equation in the problem to the general form.
SETUP: w=4.71rad/s. wA=3.60 cm/s=0.0360 m/s.
27 _ 2rrad

EXECUTE: (@) T=—=———=1.335s
o 4.71rad/s

© 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.



Periodic Motion 14-5

0.0360 m/s _ 0.0360 m/s
4.71 rad/s
(©) a,, = *A=(4.71 rad/s)*(7.64x10™> m) =0.169 m/s*

(b) A= =7.64x107° m=7.64 mm

d) o= \/E s0 k =ma’ =(0.500 kg)(4.71 rad/s)> =11.1 N/m.
m

EVALUATE: The overall positive sign in the expression for v (¢) and the factor of —7z/2 both are related
to the phase factor ¢ in the general expression.
14.19. IpENTIFY: Compare the specific x(¢) given in the problem to the general form of Eq. (14.13).
SETUP: A=740cm, w=4.16rad/s, and ¢=-2.42 rad.
2r 2z

EXECUTE: (a) T=—=———=1.515.
@ 4.16 rad/s

(b) w= \/z s0 k =ma’ =(1.50 kg)(4.16 rad/s)* = 26.0 N/'m
m

(©) Vipax = @A =(4.16 rad/s)(7.40 cm) =30.8 cm/s

(d) F,=—kx so F,, =k4=(26.0 N/m)(0.0740 m)=1.92 N.

(e) x(t) evaluated at 1=1.00 s gives x=-0.0125 m. v, =—wAsin(at + ¢) =30.4 cm/s.
a, = —kx/m=—-@’x = +0.216 m/s>.

) F,=—kx=-(26.0 N/m)(-0.0125 m) =+0.325 N

EVALUATE: The maximum speed occurs when x =0 and the maximum force is when x ==*4.

14.20. IpENTIFY: The frequency of vibration of a spring depends on the mass attached to the spring. Differences
in frequency are due to differences in mass, so by measuring the frequencies we can determine the mass of
the virus, which is the target variable.

. . 1
SET Up: The frequency of vibration is f =— ﬁ
27 \'m

. L 1 . L
Solve: (a) The frequency without the virus is f; = e i, and the frequency with the virus is
7\ m

1 k Sorv 1 k m m 1
fé+v = —_— L — = — 27‘[ _— = = .
2e\mg+m,  f; 2\ mg+m, k mg+ m, \/1 + my/mg

2
Jsv | _
(b)( I J _l+mv/ms

2 150, P
My = s { v } —1[=(210x107g) {M} ~1[=9.9%10"3g, or

. Solving for m, gives

Sory 2.87x10" Hz

m, = 9.99 femtograms.

EVALUATE: When the mass increases, the frequency of oscillation increases.
14.21.  IpENTIFY and SET UP: Use Egs. (14.13), (14.15) and (14.16).
EXECUTE: f=440Hz, A4=3.0mm, ¢=0

(a) x= Acos(ax + @)

@=27f =2m(440 Hz) = 2.76 10’ rad/s

x=(3.0x107° m)cos((2.76x10° rad/s)r)

(b) v, =—wAsin(wt + @)

Viax = @A =(2.76 X 10° rad/s)(3.0x 107 m)=8.3 m/s (maximum magnitude of velocity)

a, = —w’A cos(wt + @)
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_ w2 _ 3 2 -3 _ 4 2 . . .
Apax =W A=(2.76x10" rad/s)”(3.0x10™° m)=2.3x10" m/s” (maximum magnitude of acceleration)
(© a,= —w* Acos ot
da,/dt =+’ Asin ot =[271(440 Hz)]* (3.0x10™> m)sin([2.76x10° rad/s]) =
(6.3x107 m/s*)sin([2.76 x10°rad/s]r)
Maximum magnitude of the jerk is @ A=63%x10" m/s>
EVALUATE: The period of the motion is small, so the maximum acceleration and jerk are large.
14.22.  IDENTIFY: The mechanical energy of the system is conserved. The maximum acceleration occurs at the
maximum displacement and the motion is SHM.
. . 1 1 A
SET UpP: Energy conservation gives —mvfnaX =—kA®, T= ZH\/E, and a,,,, =k—.
2 2 k m
1 1 .
EXECUTE: (a) From the graph, we read off 7=16.0 s and 4 = 10.0 cm = 0.100 m. Emvrznax = EkA2 gives
k m k_2r 2z 2r
v..=A4,—. T=2x,/—, so ,|—=—. Therefore v.... = A — |=(0.100 m)| —— |=0.0393 m/s.
max \/; \/; \/; T max (Tj ( )(16.0 s]
2 2
kA (2rx 2 2
b) apy =—=| — | A=| —— | (0.100 m)=0.0154 m/s
® =2 (2 a=( ;22| @100 m)
EVALUATE: The acceleration is much less than g.
14.23.  IDENTIFY: The mechanical energy of the system is conserved. The maximum acceleration occurs at the
maximum displacement and the motion is SHM.
. 1 1
SET UP: Energy conservation gives Emvﬁlax =EkA2 and a,, =—
2 2
1 1 . —
EXECUTE: A=0.120 m. —mvﬁlaX =—kA* gives K (Vi | (390 W =1056 572
2 2 m A 0.120 m
kA 2 2
Apax =— =(1056 s7°)(0.120 m) =127 m/s
m
EVALUATE: The acceleration is much greater than g.
14.24.  IDENTIFY: The mechanical energy of the system is conserved, Newton’s second law applies and the
motion is SHM.
SET Up: Energy conservation gives %mvﬁ + %kx2 = %kAz, F.=ma,, F,=—kx, and the period is
T= 27r\/E .
k
.1 1 1 . k
EXECUTE: Solving Emvf +§lcx2 =§kA2 for v, gives v, =\/:\IA2 X T =27r\/%, so
m
k 2 2 —1 -1 2 2
—=—=—"—=1963s5"". v, =(1.963 s 0.250 m)* —(0.160 m)” =0.377 m/s.
\/; T 320s x = )‘/( = )
a, = e —(1.963 s71? (0.160 m) =—0.617 m/s>.
m
EVALUATE: The block is on the positive side of the equilibrium position (x =0) and is moving in the
positive direction but is accelerating in the negative direction, so it must be slowing down.
1425, IDENTIFY: vy, = 0A=27f4. Ko =Lmy]

SET Up: The fly has the same speed as the tip of the tuning fork.
EXECUTE: (a) v, =27 f4=27(392 Hz)(0.600 x 1073 m)=1.48 m/s

(0) Ky =Ly, =1(0.0270x107 kg)(1.48 m/s)” =2.96x107 J

max

EVALUATE: v, is directly proportional to the frequency and to the amplitude of the motion.

max
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Periodic Motion 14-7

14.26.  IDENTIFY and SET UP: Use Eq. (14.21) to relate K and U. U depends on x and K depends on v,.
EXECUTE: (a) U+ K =E, so U=K saysthat 2U=FE
2(%1@2) = %kA2 and x =+ A/2; magnitude is A2
But U =K also implies that 2K = F

2(%mv§) =1ka® and v, = +Vkim AN2 = 0 4/\2; magnitude is wAN?2.

(b) In one cycle x goes fromAto0to —4 to 0 to +4. Thus x= +42 twice and x=—A4/\2 twice in
each cycle. Therefore, U = K four times each cycle. The time between U = K occurrences is the time

At, for x| =+4/2 to Xy =442, time Aty for x| =—A2 to Xy =+A4/2, time At,. for
X = +A4/\2 to Xy = +4+/2, or the time At, for x; = —AN2 to Xy = —A4/2, as shown in Figure 14.26.

At, At, = At
Atc = Atd

Ar, [4 -ANZ x +ANT +A | A4
1/ C
o I —
A!h

Figure 14.26

Calculation of Atf,:

Specify x in x=Acosaxt (choose ¢=0 sox=4 at t=0) and solve for ¢.
X =+ A2 implies AN2 = Acos(awr))

cosat; = 172 so ot = arccos(1/+/2) = 7/4 rad

Hh=rld4w

X, =— A/\2 implies — 4/A/2 = Acos(art,)

COs (Wt =—12 so ot; =37/4 rad

t, =3r/4w

At, =t, -ty =37/4w— /4w = n/2w (Note that this is 7/4, one fourth period.)
Calculation of At;:

X =- A2 implies #; =37/4w

Xy =— A2, t, is the next time after ¢ that gives cosar, =— N2
Thus at, =awt; + 7/2=57/4 and t, =57/4w

Aty =t, —ty =57/4w-3r/4w=7/2®, so is the same as At,.

Therfore the occurrences of K =U are equally spaced in time, with a time interval between them
of 7/2w.
EVALUATE: This is one-fourth 7, as it must be if there are 4 equally spaced occurrences each period.
(c) EXECUTE: x=A4/2 and U+ K =E
K=E-U=1ka® - Lio® =1bkcd? - Li(4/2)* = Lh® — Lhd® = 3k47 /8
2 lkAz
Then K _3k 2822 an U_z 3 _1
E lka® 4 E Llkg> 4

EVALUATE: At x=0 all the energy is kinetic and at x =% A all the energy is potiential. But K =U does
not occur at x =+ A/2, since U is not linear in x.
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14.27. IDENTIFY: Velocity and position are related by £ =4 kA2 mv +-= kx2 Acceleration and position are

related by —kx =ma,.
SET UP: The maximum speed is at x =0 and the maximum magnitude of acceleration is at x =% A.

EXECUTE: (a) For x=0, 1mv, =1kd® and vy, = A\/z =(0.040 m) /% =1.20 m/s
m . g

(®) v, —+\/71/A2 450 N/m\/(0.040 m)? = (0.015 m)? =+1.11 m/s.

0.500 kg

The speed is v=1.11m/s.

k 450 N/m 2
¢)For x=% A4, =—A=| — |(0.040 m) =36 m/s
© For 52,y = 4= S 0040 m
@ a, :_E:_ (450 N/m)(—0.015 m) 3.5 /s
m 0.500 kg

(e) E=1 kA2 1(450 N/m)(0.040 m)?=0.360J
EVALUATE. The speed and acceleration at x =—0.015 m are less than their maximum values.
14.28.  IDENTIFY and SET UP: a, is related to x by Eq. (14.4) and v, is related to x by Eq. (14.21). a, isa
maximum when x=* 4 and v, is a maximum when x =0. ¢ is related to x by Eq. (14.13).
EXECUTE: (a) —kx=ma, so a, =—(k/m)x (Eq.14.4). But the maximum |x| is 4, so
Apax = (kIm)A = ’A.
f=0.850 Hz implies w=~k/m =2z f =27(0.850 Hz) =5.34 rad/s.
Appax =@ ? 4 =(5.34 rad/s)*(0.180 m) =5.13 m/s>.
Lyl +Lio? =Lia?
Vi = Vmax When x=0 so %mvrznaX = %kA2
Vinax = VkimA = @A =(5.34 rad/s)(0.180 m) =0.961 m/s
(b) a, =—(kim)x =—@*x =—(5.34 rad/s)*(0.090 m) = —2.57 m/s*

1,020 12 1742 S 42 2 2_ 2
MV +5kx” =ZkA” says that v, =% k/m\/A -X —ia)\/A -X

v, =%(5.34 rad/s)\/(0.180 m)” = (0.090 m)® =+ 0.832 m/s

The speed is 0.832 m/s.

(c) x=Acos(ax + @)

Let ¢=—m/2 sothat x=0 at =0.

Then x = Acos(awt — 7/2) = Asin(awxr) [Using the trig identity cos(a — 7z/2) =sina |

Find the time ¢ that gives x=0.120 m.

0.120 m =(0.180 m)sin(axr)

sinax =0.6667

t = arcsin(0.6667)/@ = 0.7297 rad/(5.34 rad/s)=0.137 s

EVALUATE: It takes one-fourth of a period for the object to go from x=0 to x=A4=0.180 m. So the
time we have calculated should be less than 7/4. T =1/f =1/0.850 Hz=1.18 s, T7/4=0.295 s, and the
time we calculated is less than this. Note that the a, and v, we calculated in part (b) are smaller in

magnitude than the maximum values we calculated in part (b).

(d) The conservation of energy equation relates v and x and F =ma relates a and x. So the speed and
acceleration can be found by energy methods but the time cannot.

Specifying x uniquely determines a, but determines only the magnitude of v,; at a given x the object

could be moving either in the +x or —x direction.
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14.29. IDENTIFY: Use the results of Example 14.5 and also that £ = %kAZ.

1
SET UP: In the example, 4, = 4, [ﬁ and now we want A4, = —Al Therefore, — 5= = MA-/{ oo of

m=3M. For the energy, E, = %kAQZ, but since 4, = %Al, E,= %El, and %El is lost to heat.
EXECUTE: The putty and the moving block undergo a totally inelastic collision and the mechanical
energy of the system decreases.

14.30.  IDENTIFY and SET UP: Use Eq. (14.21). x=*4w when v, =0 and v, =%v_, when x=0.

EXECUTE: (a) E=1m” +1k

=1(0.150 kg)(0.300 m/s)* +1 (300 N/m)(0.012 m)* = 0.0284 J

(b) E=1k4* so 4=~2E/k =.[2(0.0284 1)/300 N/m =0.014 m

(©) E=Lmvy, so =2E/m =/2(0.0284 1)/0.150 kg = 0.615 m/s

max max

EVALUATE: The total energy F is constant but is transferred between kinetic and potential energy during
the motion.

14.31. IDENTIFY: Conservation of energy says —mv + 1kx2 1kA2 and Newton’s second law says —kx = ma,

SET UP: Let + x be to the right. Let the mass of the object be m.

(- 2)
EXECUTE: k =—22% = MJ =(14.0 s)m.

X 0.600 m

_[.2 w2 = (. 2
x“(mlk)v \/(0 600 m) +(—[14.0 s_z]m

travel 0.840 m — 0.600 m = 0.240 m to the right before stopping at its maximum amplitude.

J(Z.ZO m/s)? =0.840 m. The object will therefore

EVALUATE: The acceleration is not constant and we cannot use the constant acceleration kinematic
equations.

14.32.  IDENTIFY: When the box has its maximum speed all of the energy of the system is in the form of kinetic
energy. When the stone is removed the oscillating mass is decreased and the speed of the remaining mass

is unchanged. The period is given by 7T = 275\/%.

SET Up: The maximum speed is v,,, = WA= \/ZA. With the stone in the box m =8.64 kg and
m

A=0.0750 m.

EXECUTE: (a) T = 2;r\/E -or /% =0.740 s
k 375 N/m

(b) Just before the stone is removed, the speed is v, = /%(0.0750 m) =0.494 m/s. The speed of
. g

the box isn’t altered by removing the stone but the mass on the spring decreases to 5.20 kg. The new

amplitude is 4= \/%vmax =, /%(0.494 m/s) =0.0582 m. The new amplitude can also be calculated
m

as 222K 0.0750 m)=0.0582 m.
8.64 kg

) T= 271"/ T The force constant remains the same. m decreases, so T decreases.
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EVALUATE: After the stone is removed, the energy left in the system is
%mboxvfnax = %(5.20 kg)(0.494 m/s)> = 0.6345 J. This then is the energy stored in the spring at its

maximum extension or compression and %kA2 =0.6345 J. This gives the new amplitude to be 0.0582 m,
in agreement with our previous calculation.

14.33.  IDENTIFY: The mechanical energy (the sum of the kinetic energy and potential energy) is conserved.
SETUP: K +U=E, with E=1k4” and U =1k’

EXECUTE: U =K says 2U = E. This gives 2(1k®) =1kd?, so x= 42,
EVALUATE: When x = 4/2 the kinetic energy is three times the elastic potential energy.

14.34.  IDENTIFY: The velocity is a sinusoidal function. From the graph we can read off the period and use it to
calculate the other quantities.
SET UP: The period is the time for 1 cycle; after time 7 the motion repeats. The graph shows that 7= 1.60

sand v, =20.0 cm/s. Mechanical energy is conserved, so %mvx2 + %kx2 = %kA2 , and Newton’s second

law applies to the mass.
EXECUTE: (a) 7 =1.60s (from the graph).

b) = % =0.625 Hz.
(¢) w=2xf =3.93 rad/s.

{ 1 |k
(d) v, =V When x=0 so Lja? =lmv[2nax. A=V n f==—4|— s0o A=v,. . /2xf). From the
2 2 k 2 \'m

graph in the problem, v,,, =0.20 m/s, so 4= _020ms 0.05Im=5.1cm. The massisat x =% 4
27(0.625 Hz)

when v, =0, and this occursat t=0.4 s, 1.2 s,and 1.8 s.
(e) Newton’s second law gives —kx =ma,, so

kA
max —
m
maximum when x =% 4 and this occurs at the times given in (d).

2 2
® T:ZE\/% so m = k(zij =75 N/m)[l'go s) =49 ke,
T T

EVALUATE: The speed is maximum at x =0, when a, = 0. The magnitude of the acceleration is

a Q7 f)? 4 = (47%)(0.625 Hz)?(0.051 m) = 0.79 m/s> = 79 ecm/s>. The acceleration is

maximum at x ==+ 4, where v, =0.

14.35. IDENTIFY: Work in an inertial frame moving with the vehicle after the engines have shut off. The
acceleration before engine shut-off determines the amount the spring is initially stretched. The initial speed
of the ball relative to the vehicle is zero.

SET Up: Before the engine shut-off the ball has acceleration a =5.00 m/s>.

2
EXECUTE: (a) F, =—kx=ma, gives A= ma _ (3:50 ke)(5.00 m/s”)
’ k 225 N/m

=0.0778 m. This is the amplitude

of the subsequent motion.

(b)sz K _ 1 [225N/m _, oo,
2z \m 2x\ 3.50 kg

Lo / 225N
(¢) Energy conservation gives 1k4” = lmvﬁlax and v, = £A = 5—/m(0.0778 m)=0.624 m/s.
2 2 m 3.50 kg

EVALUATE: During the simple harmonic motion of the ball its maximum acceleration, when x =+t4,

continues to have magnitude 5.00 m/s>.
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14.36. IDENTIFY: Use the amount the spring is stretched by the weight of the fish to calculate the force constant
kof the spring. T =27nvm/k. vy, =wA=27wfA.

SET UP: When the fish hangs at rest the upward spring force |Fr| = kx equals the weight mg of the fish.
f =1/T. The amplitude of the SHM is 0.0500 m.

mg _ (65.0 kg)(9-80 m/s”)
0.120 m
(b) T = Zzz\/E Yy Lfg =0.695 s.
k 5.31x10° N/m
274 2(0.0500 m)

T 0.695 s
EVALUATE: Note that 7 depends only on m and k& and is independent of the distance the fish is pulled
down. But v_,, does depend on this distance.

EXECUTE: (a) mg =kx so k= =5.31x10° N/m.

=0.452 m/s

(©) Viax =27 fA=

14.37. IDENTIFY: Initially part of the energy is kinetic energy and part is potential energy in the stretched spring.
When x == A4 all the energy is potential energy and when the glider has its maximum speed all the energy

is kinetic energy. The total energy of the system remains constant during the motion.
SET UP: Initially v, =+0.815 m/s and x==0.0300 m.

EXECUTE: (a) Initially the energy of the system is
E=1mv? + Lk =1(0.175 kg)(0.815 m/s)” +1.(155 N/m)(0.0300 m)* =0.128 J. 1k4* =E and

A= 2—E = M =0.0406 m =4.06 cm.
V% V155 N/m
() 1mvi, =FE and v, = /E = POI28D) o s,
2 m 0.175 kg
©) o= /ﬁ = [I3SNIm 6 ¢ radis
m 0.175 kg

EVALUATE: The amplitude and the maximum speed depend on the total energy of the system but the
angular frequency is independent of the amount of energy in the system and just depends on the force
constant of the spring and the mass of the object.

14.38.  IDENTIFY: K:%mvz, U,

grav

=mgy and U, —%kxz.

el —

SET Up: At the lowest point of the motion, the spring is stretched an amount 24.

EXECUTE: (a) At the top of the motion, the spring is unstretched and so has no potential energy, the cat is
not moving and so has no kinetic energy, and the gravitational potential energy relative to the bottom is

2mgA = 2(4.00 kg)(9.80 m/s2)(0.050 m)=3.92 J. This is the total energy, and is the same total for each part.
() U,y =0,K =0, so U, =392 J.

grav spring
(¢) At equilibrium the spring is stretched half as much as it was for part (a), and so
U %(3.92 1)=098 ], U, %(3.92 J)=1.961J, andso K =0.98 J.

spring grav
EVALUATE: During the motion, work done by the forces transfers energy among the forms kinetic energy,
gravitational potential energy and elastic potential energy.

14.39.  IDENTIFY: The location of the equilibrium position, the position where the downward gravity force is
balanced by the upward spring force, changes when the mass of the suspended object changes.
SET UP: At the equilibrium position, the spring is stretched a distance d. The amplitude is the maximum
distance of the object from the equilibrium position.
EXECUTE: (a) The force of the glue on the lower ball is the upward force that accelerates that ball
upward. The upward acceleration of the two balls is greatest when they have the greatest downward
displacement, so this is when the force of the glue must be greatest.
(b) With both balls, the distance d; that the spring is stretched at equilibrium is given by

kd; =(1.50 kg +2.00 kg)g and d; =20.8 cm. At the lowest point the spring is stretched
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14.40.

14.41.

14.42.

14.43.

14.44.

20.8 cm +15.0 cm =35.8 cm. After the 1.50 kg ball falls off the distance d, that the spring is stretched at
equilibrium is given by kd, =(2.00 kg)g and d, =11.9 cm. The new amplitude is

35.8cm—11.9 cm =23.9 cm. The new frequency is f :— — 165 N/m =1.45 Hz.
2 271' 2.00 kg

EVALUATE: The potential energy stored in the spring doesn’t change when the lower ball comes loose.
. . 1
IDENTIFY: The torsion constant x is defined by 7, =—x6. f :2— ; and T =1/f.
V4

0(t) = Ocos(awx + @).
SET UP: For the disk, 7= %MRz. 7,=—FR. At t=0, =0=3.34°=0.0583 rad, so ¢=0.
—FR (4.23 N)(0.120 m)

EXECUTE: (a) k= —i =— =+ =8.71 N-m/rad
0.0583 rad 0.0583 rad

(b) f=—\f \/ oL [ 26TINRD) 45y, roip =046l
27\ MR (6.50 kg)(0.120 m)

() w=2xf=13.6rad/s. 6(t)= (3.34°)cos([13.6 rad/sJ¢).

EVALUATE: The frequency and period are independent of the initial angular displacement, so long as this
displacement is small.

IDENTIFY and SET UP: The number of ticks per second tells us the period and therefore the frequency.
We can use a formula from Table 9.2 to calculate /. Then Eq. (14.24) allows us to calculate the torsion
constant x.

EXECUTE: Ticks four times each second implies 0.25 s per tick. Each tick is half a period, so 7=0.50 s
and f=1/T=1/0.50 s=2.00 Hz.

(a) Thin rim implies 7 = MR? (from Table 9.2). 7 =(0.900x10~> kg)(0.55x107> m)? =2.7x107® kg-m?>

() T=271JI/c so k=I12x/T)* =(2.7x107 kg-m?)(272/0.50 s)* =4.3%x107° N m/rad
EVALUATE: Both 7 and x are small numbers.

IDENTIFY: Eq. (14.24)and T =1/f says T:27r\/z.
K

SETUP: [ =%mR2.
EXECUTE: Solving Eq. (14.24) for x in terms of the period,
2 2
;c:(%”] I= (1 (Z)g ] ((1/2)(2.00x 107> kg)(2.20x1072 m)?) =1.91x10™> N - m/rad.
EVALUATE: The longer the period, the smaller the torsion constant.

IDENTIFY: f‘:L\/E
’ AN

SETUP: f =125/(265 s), the number of oscillations per second.

Execute: [=—t o OAONMRL o515 402,
Qrf)” (2n(125)/(265 s))
EVALUATE: For a larger /, f'is smaller.
IDENTIFY: 6(¢) is given by 6(z) = Ocos(ax + ¢). Evaluate the derivatives specified in the problem.

SET UP: d(cosar)/dt =—wsinax. d(sinat)/dt = wcosar. sin? @+ cos>H=1
In this problem, ¢ =0.

2
) %: —wOsin(wt) and a=d—29= -’ Ocos(w1).

dt

EXECUTE: (a
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(b) When the angular displacement is ©, © =0Ocos(a@¢). This occurs at t=0, so w=0. o= -00.

When the angular displacement is ©/2, % = Ocos(ax), or % =cos(ar). ? = # since
t
2
sin(ax) = ? a= (02 9, since cos(ar)=1/2.

EVALUATE: cos(at) =% when ax = 7/3 rad = 60°. At this z, cos(ax) is decreasing and € is decreasing,
as required. There are other, larger values of @ for which 6 =0/2, but @ is increasing.

14.45. IDENTIFY: T =27./L/g is the time for one complete swing.

SET Up: The motion from the maximum displacement on either side of the vertical to the vertical position
is one-fourth of a complete swing.
EXECUTE: (a) To the given precision, the small-angle approximation is valid. The highest speed is at the
bottom of the arc, which occurs after a quarter period, % = % \/% =0.25s.
(b) The same as calculated in (a), 0.25 s. The period is independent of amplitude.
EVALUATE: For small amplitudes of swing, the period depends on L and g.

14.46. IDENTIFY: Since the rope is long compared to the height of a person, the system can be modeled as a

simple pendulum. Since the amplitude is small, the period of the motion is 7 =27z, [—.
g

SET Up: From his initial position to his lowest point is one-fourth of a cycle. He returns to this lowest
point in time 7/2 from when he was previously there.

EXECUTE: (a) T =27 /&mz =5.12s. t=T/4=128s.
9.80 m/s

(b) t=3T/4=3.84s.
EVALUATE: The period is independent of his mass.
14.47. IDENTIFY: Since the cord is much longer than the height of the object, the system can be modeled as a

. . . L L
simple pendulum. We will assume the amplitude of swing is small, so that 7 =27z \/:
g

. . 1 1
SET UpP: The number of swings per second is the frequency f=—=—, fg.
T 2z\L
1 /9. 2 :
EXECUTE: f=— 9-80 m/s” =0.407 swings per second.
27\ 1.50 m

EVALUATE: The period and frequency are both independent of the mass of the object.
14.48. IDENTIFY: Use Eq. (14.34) to relate the period to g.

SET UP: Let the period on earth be Ty =27,/L/gg, where gg =9.80 m/s?, the value on earth.
Let the period on Mars be Ty = 27/L/gy\;, where gy =3.71 m/s?, the value on Mars.

We can eliminate L, which we don’t know, by taking a ratio:

EXECUTE: M =27 fLL |8E _ /&
2
Ty =T [BE = (160 5), | 220 MV m/sz =2.60s.
gm 3.71 m/s

EVALUATE: Gravity is weaker on Mars so the period of the pendulum is longer there.
14.49. IDENTIFY: Apply 7 =27+/L/g
SET UP: The period of the pendulum is 7 = (136 5)/100=1.36 s.
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47°L  47*(0.500 m)
72 (136 5)*
EVALUATE: The same pendulum on earth, where g is smaller, would have a larger period.

EXECUTE: g = =10.7 m/s?.

14.50.  IDENTIFY: a,, =Lo, a,4= Lo’ and a= ,latzan + arzad. Apply conservation of energy to calculate the
speed in part(c).
SET Up: Just after the sphere is released, @=0 and a4 =0. When the rod is vertical, a,, =0.
EXECUTE: (a) The forces and acceleration are shown in Figure 14.50a. a,4 =0 and a =a,, = gsin6.

(b) The forces and acceleration are shown in Figure 14.50b.

—1

(c) The forces and acceleration are shown in Figure 14.50c. U; = K; gives mgL(1—cos©)= Emv2 and

v=42gL(1-cos®).

EVALUATE: As the rod moves toward the vertical, v increases, a,,4 increases and a,,, decreases.

6 P 0 :
I |
i a/ l ta‘T i ]T
| W |
| ®
(a) (b) (©)

Figure 14.50

14.51. IDENTIFY: Ifa small amplitude is assumed, 7 =27 \/Z
g

. 12.32.52 (0O
SET UP: The fourth term in Eq. (14.35) would be 22—51n —.

4?.6? 2
EXECUTE: (a) T =27 /&mz =2.84s
9.80 m/s
25

1. 9 .
(b) T =(2.84 s)£1+—sm2 15.0°+ —sin* 15.0° + ——sin® 15.0°] =2.89s
4 64 2304

(¢) Eq. (14.35) is more accurate. Eq. (14.34) is in error by % =-2%,
.89s

EVALUATE: As Figure 14.22 in Section 14.5 shows, the approximation F, =-mg@ is larger in magnitude

than the true value as € increases. Eq. (14.34) therefore overestimates the restoring force and this results
in a value of 7 that is smaller than the actual value.

14.52. IDENTIFY: T = 2@/@
SET UP: From the parallel axis theorem, the moment of inertia of the hoop about the nail is
I=MR*+MR*=2MR*. d=R.
EXECUTE: Solving for R, R =gT?/8z° =0.496 m.
EVALUATE: A simple pendulum of length L =R has period T = 275\/@ . The hoop has a period that is

larger by a factor of V2.
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14.53. IDENTIFY: T =27./I/mgd.
SETUpP: d =0.200m. 7 =(120 s)/100.

=0.129 kg.m?.

2 2
EXECUTE: = mgd(zlj — (1.80 kg)(9.80 m/s?)(0.200 m)(—lzo;/ 100]
z T

EVALUATE: If the rod were uniform, its center of gravity would be at its geometrical center and it would

have length /=0.400 m. For a uniform rod with an axis at one end, / = %ml2 =0.096 kg - m?. The value

of I for the actual rod is about 34% larger than this value.
14.54. IDENTIFY: Apply Eq. (14.39) to calculate / and conservation of energy to calculate the maximum angular

speed, Q.-
SETUP: d =0.250 m. In part (b), y; =d(l —cos®), with © =0.400 rad and y; =0.
EXECUTE: (a) Solving Eq. (14.39) for /,

2 2
I= (%j mgd = (0'9240 Sj (1.80 kg)(9.80 m/s>)(0.250 m) = 0.0987 kg - m*.
T T

(b) The small-angleapproximation will not give three-figure accuracy for © = 0.400 rad. From energy
considerations, mgd(1—cos ©)= %I Qélax. Expressing €. in terms of the period of small-angle

oscillations, this becomes
2 2r 2
= 1—cos ©® 1-c0s(0.400 rad)) =2.66 rad/s.
Qnax (Tj ( ) = (0'94()8) ( ( )

EVALUATE: The time for the motion in part (b) is t =7/4, so €, = AG/At =(0.400 rad)/(0.235 s) =

1.70 rad/s. Q increases during the motion and the final Q is larger than the average Q.
14.55. IDENTIFY: Pendulum A4 can be treated as a simple pendulum. Pendulum B is a physical pendulum.

SET Up: For pendulum B the distance d from the axis to the center of gravity is 3L/4. [ = é(m/ 2)L2 for

a bar of mass m/2 and the axis at one end. For a small ball of mass m/2 at a distance L from the axis,
Ty = (m/2) L.

L
EXECUTE: Pendulum4: 7, =2r \/:
g

2 2 2

Pendulum B 1= Ibar + Iball = (m/Z)L + (m/Z)L mL

oo -
Tp =21 =0.943T,. The period is longer for
B mg(3LIA) \f \f 4- I°P &

pendulum 4.
EVALUATE: Example 14.9 shows that for the bar alone, 7 = \/gT "4 =0.8167,. Adding the ball of equal

mass to the end of the rod increases the period compared to that for the rod alone.
14.56. IDENTIFY: The ornament is a physical pendulum: 7 =27/I/mgd (Eq.14.39). T is the target variable.

SETUP: [ =5MR?/3, the moment of inertia about an axis at the edge of the sphere. d is the distance from
the axis to the center of gravity, which is at the center of the sphere, so d = R.

EXECUTE: T =27/5/3R/g = 27r\/%\/0.050 m/(9.80m/s%) = 0.58 s.
EVALUATE: A simple pendulum of length R =0.050 m has period 0.45 s; the period of the physical
pendulum is longer.

14.57. IDENTIFY: Pendulum 4 can be treated as a simple pendulum. Pendulum B is a physical pendulum. Use
the parallel-axis theorem to find the moment of inertia of the ball in B for an axis at the top of the string.
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14.58.

14.59.

14.60.

SET UP: For pendulum B the center of gravity is at the center of the ball, so d = L. For a solid sphere

with an axis through its center, 1, = %MR2 . R=L/2 and I, = %MLZ.

EXECUTE: Pendulum4: T, =27 \/Z
g

Pendulum B: The parallel-axis theorem says /=1, + MI? = %MLZ.

I M 11 L) 1
T=2rx =27 =,|—| 27z, |— |=,|—T,=1.05T,. It takes pendulum B longer to complete
mgd 10MgL 10 g 10

a swing.
EVALUATE: The center of the ball is the same distance from the top of the string for both pendulums, but
the mass is distributed differently and 7 is larger for pendulum B, even though the masses are the same.

IDENTIFY: The amplitude of swing decreases, indicating that potential energy has been lost.
SET UP: As shown in Figure 14.58, the height 4 above the lowest point of the swing is
h=L-Lcos@=L(l—cos@). The energy lost is the difference in the maximum potential energy.

Lcos#

h=L- Lcn.sHI
Figure 14.58

EXECUTE: (a) At the maximum angle of swing, K =0 and E = mgh.

E; =mgL(1-cos6)) = (2.50 kg)(9.80 m/s?)(1.45 m)(1 — cos11°) = 0.653 J.

E, =mgL(1-cos#,) = (2.50 kg)(9.80 m/sz)(l 45 m)(1- cos4.5°) = 0.110 J. The mechanical energy lost
is B, —E, =0.543J.

(b) The mechanical energy has been converted to other forms by air resistance and by dissipative forces
within the rope.

EVALUATE: After a while the rock will come to rest and then all its initial mechanical energy will have

been “lost” because it will have been converted to other forms of energy by nonconservative forces.
IDENTIFY and SET UP: Use Eq. (14.43) to calculate @', and then f’=a&//27.

2
() EXECUTE: & =+|(k/m) — (b*/4m?) = \/ 250 N/m _ (0.900 ke/$)” _ 5 47 rass

0.300 kg 4(0.300 kg)*

=27 = (2.47 rad/s)/27 = 0.393 Hz

(b) IDENTIFY and SET UP: The condition for critical damping is b=2+km (Eq.14.44).
EXECUTE: b= 2\/(2.50 N/m)(0.300 kg) =1.73 kg/s

EVALUATE: The value of b in part (a) is less than the critical damping value found in part (b). With no
damping, the frequency is f =0.459 Hz; the damping reduces the oscillation frequency.

IDENTIFY: From Eq. (14.42) 4, = 4, exp (—Zitj_
m

SETUP: In(e ¥)=—x
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j =0.0220 kg/s.
A, (5.00 s) 0.100 m

EVALUATE: As a check, note that the oscillation frequency is the same as the undamped frequency to
4.8x107%, so Eq. (14.42) is valid.
14.61.  IDENTIFY: x(¢)is given by Eq. (14.42). v, =dx/dt and a, =dv, /dt.
SETUP: d(cosaft)/dt=—a'sinaft. d(sina/t)/dt=a/cosast. d(e”™)/dt =—ae ™.
EXECUTE: (a) With ¢=0, x(0)=A4.

(b) v, = % = Aelt/2mt [—21 cos @'t —af sin aft}, and at t =0,v, =— 4b/2m; the graph of x versus ¢
t m

Execute: b=2" h{ﬁJ _ 2(0.050 kg) 1H(O.SOO m
t

near ¢t =0 slopes down.

4m 2m

2
(©) a, =%=Ae‘(b/2’”){[b—2—a)’2} cos a)’t+@ sin w’t}, and at 1 =0,

2 2

a,=A b—2 —a?|=4 b—2 _k . (Note that this is (—=bvy —kxy)/m.) This will be negative if
’ 4m 2m= m

b <~2km, zero if b=~/2km and positive if b >~/2km. The graph in the three cases will be curved down,

not curved, or curved up, respectively.

EVALUATE: a,(0)=0 corresponds to the situation of critical damping.

14.62.  IDENTIFY: The graph shows that the amplitude of vibration is decreasing, so the system must be losing
mechanical energy.

SET UP: The mechanical energy is E = %mvx2 + %kxz.

EXECUTE: (a) When | x| is a maximum and the tangent to the curve is horizontal the speed of the mass is
zero. This occursat t =0, t=1.0s, t=2.0s, t=3.0s and t=4.0s.

(b) At =0, v, =0 and x=7.0 cm so E, =2hk* =1(225 N/m)(0.070 m)* = 0.55 J.
(©At1=10s, v, =0 and x=—6.0 cm so £ =1k’ =1(225 N/m)(~0.060 m)” = 0.405 J.
Att=40s, v, =0 and x=3.0 cm so E, =1k* =1(225 N/m)(0.030 m)* =0.101 J. The mechanical

energy “lost” is E; — E, = 0.30 J. The mechanical energy lost was converted to other forms of energy by

nonconservative forces, such as friction, air resistance and other dissipative forces.
EVALUATE: After a while the mass will come to rest and then all its initial mechanical energy will have
been “lost” because it will have been converted to other forms of energy by nonconservative forces.

14.63.  IDENTIFY and SET UP: Apply Eq. (14.46): A= Finax

\/(k - ma)§ )2 +b2a)§

EXECUTE: (a) Consider the special case where & — ma)g =0, so A=F, /by and b=F,  /Aw,. Units

2
of Fax . kg-m/s

Aoy (m)s)
(b) Units of vkm: [(N/m)kg]"? = (N kg/m)"? =[(kg- m/s?)(kg)/m]"? = (kg?/s*)""? =kg/s, the same as
the units for b.

(c) For w,; = Jkim (at resonance) A= (Fnax Ib)Nmlk.

=kg/s. For units consistency the units of » must be kg/s.

(i) b=0.2vkm
m o1 F F
A=F._ . |[>= = Imax _ g ()~ max
““”‘\/; 02vkm 0.2k k
(i) b= 0.4km
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A=F \/E—l — Fimax :2.5—Fma><.
"Nk 0.4Vkm 0.4k k

EVALUATE: Both these results agree with what is shown in Figure 14.28 in the textbook. As b increases
the maximum amplitude decreases.
14.64. IDENTIFY: Apply Eq. (14.46).

SETUP: oy = Jkim corresponds to resonance, and in this case Eq. (14.46) reduces to 4 =F,,, /bay.
EXECUTE: (a) 4,/3

(b) 24,

EVALUATE: Note that the resonance frequency is independent of the value of b. (See Figure 14.28 in the

textbook).
14.65. IDENTIF\)( and SET UP: Calculate x using Eq. (14.13). Use T to calculate @ and x, to calculate ¢.
EXECUTE: x=0 at =0 implies that g ==+ 7/2 rad
Thus x = Acos(awt + 7/2).
T=2rx/w so w=2x/T =27/1.20 s =5.236 rad/s
x =(0.600 m)cos([5.236 rad/s][0.480 s]+ 7z/2) =+ 0.353 m.

The distance of the object from the equilibrium position is 0.353 m.
EVALUATE: The problem doesn't specify whether the object is moving in the +x or —x-direction at
t=0.
14.66.  IDENTIFY: Apply x(¢) = Acos(ax + @)
2r
0.300 s

SETUP: x=4 at =0, so ¢=0. 4=6.00 cm. a)=2?7[= =20.9 rad/s, so

x(2) = (6.00 cm)cos)([20.9 rad/s]¢).
EXECUTE: ¢=0 at x=6.00cm. x=-—1.50 cm when —1.50 cm = (6.00 cm)cos((20.9 rad/s)¢).

t= ! arccos 1.50 em =0.0872 s. It takes 0.0872 s.
20.9 rad/s 6.00 cm

EVALUATE: Ittakes t=7/4=0.075s to go from x=6.00 cm to x=0 and 0.150 s to go from
x=+6.00 cm to x=-6.00 cm. Our result is between these values, as it should be.

k . . .
14.67. IDENTIFY: ma, =—kx so a, =—A= @* A4 is the magnitude of the acceleration when x =+ 4.
m

Vinax =\/%A=a)A. P=?=¥.

SETUP: A4=0.0500 m. @=4500 rpm =471.24 rad/s.
EXECUTE: (a) a,,,, =® A=(471.24 rad/s)*(0.0500 m)=1.11x10* m/s*.

(b) Fypp = mag,, =(0.450 kg)(1.11x10* m/s?)=5.00x10° N.
(€) Vo = @A =(471.24 rad/s)(0.0500 m)=23.6 nvs.

Ky =2y, =1(0.450 kg)(23.6 m/s)” =125 1.

T 2
(d) poKmax g f==F_ T
t 4 4o 2w
pe K ax _ K inax _ 20K 0« _ 2(471.24 rad/s)(125 J) —375% 10 W,
t /20 V.4 V.4

increases by a factor of 4500/7000, to 1.21x 10 N. v

() apax 1s proportional to @, so Frax max 1S

proportional to @, so v, increases by a factor of 4500/7000, to 36.7 m/s, and K, increases by a
factor of (7000/4500)*, to 302 I. In part (d), ¢ decreases by a factor of 4500/7000 and K increases by a
factor of (7000/4500)°, so B.x increases by a factor of (7000/4500)’ and becomes 1.41x 10° W.
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EVALUATE: For a given amplitude, the maximum acceleration and maximum velocity increase when the
frequency of the motion increases and the period decreases.

14.68. IDENTIFY: T = 275\/% . The period changes when the mass changes.

SET UP: M is the mass of the empty car and the mass of the loaded car is M =250 kg.

. . [M . .
EXECUTE: The period of the empty caris T =27 e The period of the loaded car is

2
1 =g M+ 250ke (250 kg)(9.8(;m/s ) —6.125%10* N/m
k 4.00x102 m

Y 1.925)? . 3
M=| b | k=250 kg=| =" | (6.125X10" N/m)— 250 ke =5.469x10° ke.
T T

3
Ty =2r M =1.88s.
6.125%10" N/m

EVALUATE: When the mass decreases, the period decreases.
14.69. IDENTIFY and SET UP: Use Egs. (14.12), (14.21) and (14.22) to relate the various quantities to the
amplitude.

EXECUTE: (a) T = 27\ mik; independent of 4 so period doesn’t change

f =1/T; doesn’t change

w=2rf; doesn’t change

() E= %kA2 when x == 4. When 4 is halved E decreases by a factor of 4; E, = E,/4.
(©) Vipax =@WA=27fA

Vinax.l = 27 fA), Vinax 2 = 27 f4, (f doesn’t change)

Since 4, = %Al,vmax‘z = 27rf(% Al) = %ZEfAl = %vmax,l; Vmax 1S one-half as great

(d) v, = +Jkim\ 4 - x*
x=1% 4/4 gives v, =+Jkim\ 4* - 4716
With the original amplitude v, = +/kim+/ 47 — 4216 = £J/15/16(Nkim) 4,

With the reduced amplitude v, = tv/kim| A3 — 42116 = £k~ (4,/2)* — 42/16 = +-/3/16(Nkim) 4,
Vi Vo =/15/3=4/5, so vy = vl/\/g; the speed at this x is 1/+/5 times as great.

e) U :%kxz; same x so same U.

K Z%mvf; K, Z%mvlzx

K, :%mvgx :%m(le/x/g)z :%(%mvlzx) =K,/5; 1/5 times as great.

EVALUATE: Reducing 4 reduces the total energy but doesn’t affect the period and the frequency.
14.70.  (a) IDENTIFY and SET UP: Combine Egs. (14.12) and (14.21) to relate v, and x to T.

EXECUTE: T =2n<m/k
We are given information about v, at a particular x. The expression relating these two quantities comes

from conservation of energy: %mvﬁ + %/cx2 = %kA2

We can solve this equation for v/m/k, and then use that result to calculate 7. mvf = k(A2 - x2) gives

2 2 2 2
\/Ez\/A x> _J(0.100 m)? -~ (0.060 m) 0200+
k Ve

0.400 m/s
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Then T =27/m/k =27(0.200 s)=1.26s.

(b) IDENTIFY and SET UP: We are asked to relate x and v,, so use conservation of energy equation:

1,2, 12.2_ 1742
Smvy + ke =2kA

foc? = ka* — mv?

x= \/Az —(mlky? = \/(0.100 m)? = (0.200 s)%(0.160 m/s)* =0.0947 m.
EVALUATE: Smaller |v,| means larger x.

(c) IDENTIFY: If the slice doesn’t slip, the maximum acceleration of the plate (Eq.14.4) equals the
maximum acceleration of the slice, which is determined by applying Newton’s second law to the slice.
SET Up: For the plate, —kx =ma, and a, =—(k/m)x. The maximum | x| is 4, so a,,,, = (k/m)A. If the

carrot slice doesn’t slip then the static friction force must be able to give it this much acceleration. The
free-body diagram for the carrot slice (mass m”) is given in Figure 14.70.

EXECUTE: ZFy =ma,
n—-mg=0

n=m'g

Figure 14.70

ZFX =ma,
Un=nm'a

um'g=m'a and a=u.g

2
k A 1 0.100 m
But we require that a=a,,,, =(k/m)A= and =——= =0.255.
q max = (K/m)A= g I e (0.2oosj (9.80@&]

EVALUATE: We can write this as g, = a)zA/g. More friction is required if the frequency or the amplitude

is increased.

14.71.  IDENTIFY: The largest downward acceleration the ball can have is g whereas the downward acceleration
of the tray depends on the spring force. When the downward acceleration of the tray is greater than g, then
the ball leaves the tray. y(¢) = Acos(at + @).

SET UP: The downward force exerted by the spring is F' = kd, where d is the distance of the object above

e . . . F  kd .
the equilibrium point. The downward acceleration of the tray has magnitude — =—, where m is the total
m m

mass of the ball and tray. x=A4 at #=0, so the phase angle ¢ is zero and +x is downward.
mg _ (1775 kg)(9.80 m/s”)

k 185 N/m
equilibrium point so is 9.40 cm +15.0 cm =24.4 cm above point 4.

(b) w= \/Z = 185 N/m =10.2 rad/s. The point in (a) is above the equilibrium point so x =—9.40 cm.
m 1.775 kg

22A0em ) osrad. 1=22 01
15.0 cm 10.2 rad/s

EXECUTE: (a) K _ g gives d = =9.40 cm. This point is 9.40 cm above the
m

. x
x = Acos(ax) gives wrf = arccos(zj = arccos(

185 N/m

0.150 mJ? — [- 0.0940 m]*) =1.19 m/s.
1775 kg 10150 I m]?) s

© Lo +1m? =L1ka® gives v=\/£(142 - x%) =\/
m
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EVALUATE: The periodis T = 271'\/% =0.615s. To go from the lowest point to the highest point takes
time 7/2=0.308 s. The time in (b) is less than this, as it should be.

k = _
=——A. Apply X F =ma to the top block.
tot
SET UP: The maximum acceleration of the lower block can’t exceed the maximum acceleration that can
be given to the other block by the friction force.
EXECUTE: For block m, the maximum friction force is f; = yn = yymg. > F L =ma, gives Umg =ma

14.72. IDENTIFY: In SHM, a

max

and a = u,g. Then treat both blocks together and consider their simple harmonic motion.

k k ug(M +m)
Aax = A. Set ag,, =a and solve for 4: = A and 4="2——2,
max (M-{-mj max ﬂsg (M-}—m} k
EVALUATE: If 4 is larger than this the spring gives the block with mass M a larger acceleration than
friction can give the other block, and the first block accelerates out from underneath the other block.
14.73. IDENTIFY: Apply conservation of linear momentum to the collision and conservation of energy to the

. .. 1 / 1
motion after the collision. f =— L3 and T =—.
2x \'m f

SET UP: The object returns to the equilibrium position in time 7'/2.
EXECUTE: (a) Momentum conservation during the collision: mvy =(2m)V.

V=%v0 =%(2.00 m/s)=1.00 m/s.

Energy conservation after the collision: %M y?= %kxz.

. \/MVZ _ \/(20.0 ke)(1.00 m/s)?

=0.426 m (amplitude)
k 110.0 N/m
1 1 [110.0 N/m 1 1
w=2rf=~NkIM. f=—~NkM =— |———=0373Hz. T=—=———=2.68s.
s / 2 2z\ 20.0 kg f 0373Hz

(b) It takes 1/2 period to first return: %(2.68 s)=1.34s.

EVALUATE: The total mechanical energy of the system determines the amplitude. The frequency and
period depend only on the force constant of the spring and the mass that is attached to the spring.

14.74.  IDENTIFY: The upward acceleration of the rocket produces an effective downward acceleration for
objects in its frame of reference that is equal to g’'=a + g.

SET UP: The amplitude is the maximum displacement from equilibrium and is unaffected by the motion

. . L
of the rocket. The period is affected and is given by 7 =27 /—,
g

EXECUTE: The amplitude is 8.50°. 7'=27 \/ [.10m =1.77s.

4.00 m/s> +9.80 m/s’

EVALUATE: For a pendulum of the same length and with its point of support at rest relative to the earth,

T=2rx \/Z =2.11s. The upward acceleration decreases the period of the pendulum. If the rocket were
g

instead accelerating downward, the period would be greater than 2.11 s.

14.75.  IDENTIFY and SET UP: The bounce frequency is given by Eq. (14.11) and the pendulum frequency by
Eq. (14.33). Use the relation between these two frequencies that is specified in the problem to calculate the
equilibrium length L of the spring, when the apple hangs at rest on the end of the spring.

EXECUTE: vertical SHM: fb:L\/z
2 \'m
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pendulum motion (small amplitude): f, = 12

2N L
The problem specifies that f, = % Jo-

s \/E_u \/E
27 \NL 22nm\m
g/L=k/4m so L=4gm/k =4wl/k =4(1.00 N)/1.50 N/m =2.67 m

EVALUATE: This is the stretched length of the spring, its length when the apple is hanging from it. (Note:
Small angle of swing means v is small as the apple passes through the lowest point, so a4 is small and

the component of mg perpendicular to the spring is small. Thus the amount the spring is stretched changes
very little as the apple swings back and forth.)

IDENTIFY: Use Newton’s second law to calculate the distance the spring is stretched from its unstretched
length when the apple hangs from it.

SET Up: The free-body diagram for the apple hanging at rest on the end of the spring is given in

Figurel4.75.
y EXECUTE: X F, =ma,
P kAL kAL—-mg =0
X AL =mglk =wlk =

1.00 N/1.50 N/m = 0.667 m
mg

Figure 14.75

Thus the unstretched length of the spring is 2.67 m —0.67 m=2.00 m.

EVALUATE: The spring shortens to its unstretched length when the apple is removed.
14.76. IDENTIFY: The vertical forces on the floating object must sum to zero. The buoyant force B applied to the
object by the liquid is given by Archimedes’s principle. The motion is SHM if the net force on the object is

of the form F), =—ky and then T =27~m/k.
SET UP: Take +y to be downward.

EXECUTE: (2) Vypmerged = LA, Where L is the vertical distance from the surface of the liquid to the

bottom of the object. Archimedes’ principle states pglA= Mg, so L= Py
p.
(b) The buoyant force is pgA(L + y) = Mg + F, where y is the additional distance the object moves
. . . F
downward. Using the result of part (a) and solving for y gives y =——.

(¢) The net force is F,,, = Mg — pgA(L+y)=-pgAy. k = pgA, and the period of oscillation is

T=27z\/E=27z i
k \ pgd

EVALUATE: The force F determines the amplitude of the motion but the period does not depend on how
much force was applied.
14.77.  IDENTIFY: Apply the results of Problem 14.76.
SET UP: The additional force F applied to the buoy is the weight w = mg of the man.
w o_mg _m _ (70.0 kg)
pgd  pgd  pA  (1.03x10° kg/m>)7(0.450 m)>
(b) Note that in part (c) of Problem 14.76, M is the mass of the buoy, not the mass of the man, and 4 is the
cross-section area of the buoy, not the amplitude. The period is then

EXECUTE: (a)y= =0.107 m.
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Ieox (930 ke) =2425
(1.03%10% kg/m®)(9.80 m/s)7(0.450 m)?

EVALUATE: The period is independent of the mass of the man.

14.78.  IDENTIFY: Tarzan on the swinging vine (with or without the chimp) is a simple pendulum.
SET Up: Tarzan first comes to rest after beginning his swing at the end of one-half of a cycle, so the
period is 7 =8.0 s. Apply conservation of linear momentum to find the speed and kinetic energy of the

system just after Tarzan has grabbed the chimp. The figure in the solution to Problem 14.58 shows that the
height / above the lowest point of the swing is # = L(1—cosé). The period of a simple pendulum is

T=27r\/z.
g

2 2
EXECUTE: (a) T=2x £ S0 L=g(ij =(9.80 m/sz)(&j =159 m.
g 2z 2

) f= L = 1 =0.125 Hz. The amplitude is 12°.
T 80s

(c) Apply conservation of energy to find Tarzan’s speed just before he grabs the chimp: U; = K.
mgL(1 — cosf) = —mv =/2gL(l — cos @) \/2(9 80 m/s’ )(15.9 m)(1 — cos12°) =2.61 m/s. Apply

conservation of momentum to the inelastic collision between Tarzan and the chimp:
(65 kg)(2.61 m/s) = (65 kg + 35 kg)V" gives V' =1.70 m/s. Apply conservation of energy to find the

maximum angle of swing after the collision: lmth2 = mu, gL(1 — cos@) Solving for 6 gives

2

2 2
s d.70 r211/s) =0.00927 so §=7.8° f= 1 \/g The length doesn’t change
2gL  2(9.80 m/s”)(15.9 m) 27 VL

so f remains 0.125 Hz. fdoesn’t depend on the mass or on the amplitude of swing.

1 —cosé =

EVALUATE: Since the amplitude of swing is fairly small, we can use the small-angle approximation for
which the period is independent of the amplitude. If the angle of swing were a bit larger, this
approximation would not be valid.

14.79. IDENTIFY: The object oscillates as a physical pendulum, so f = %, mebJ%Ctgd Use the parallel-axis
theorem, [ =1, +Md 2, to find the moment of inertia of each stick about an axis at the hook.
SET Up: The center of mass of the square object is at its geometrical center, so its distance from the hook
is Lcos45° = L/x[2. The center of mass of each stick is at its geometrical center. For each stick,
Lo =5mL?.
EXECUTE: The parallel-axis theorem gives / for each stick for an axis at the center of the square to be
%mL2 +m(L/ 2)2 = %mL2 and the total 7 for this axis is %mLz. For the entire object and an axis at the
hook, applying the parallel-axis theorem again to the object of mass 4m gives
I=4m + 4m(LIN2)* =LmL?.

f _ objectgd 4m0bjectgL/\/—

el o)

EVALUATE: Just as for a 51mple pendulum, the frequency is independent of the mass. A simple pendulum

Ob_] ect

of length L has frequency f = ZL \/% and this object has a frequency that is slightly less than this.
V4

14.80. IDENTIFY: Conservation of energy says K +U =E.
2 2
SETUP: U =Thx* and E=U ,, =3kd".
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EXECUTE: (a) The graph is given in Figure 14.80. The following answers are found algebraically, to be
used as a check on the graphical method.

(b) 4 =\E = ([ 20:2000) _ 500 m,
&k \(10.0 N/m)

© % =0.050 J.

(@) U:%E. v=-L 0141 m,

V2
JQK,/
(¢) From Eq. (14.18), using vp = | 250 and vy = — 200, — Yo ___VC@Ro'm) __ Ky _ 575
m k wxy  J(kim) (U k) Uy
and ¢ = arctan(~/0.429) =3.72 rad.

EVALUATE: The dependence of U on x is not linear and U = %Umax does not occur at x = %xmax.

um

x(m)

Figure 14.80

14.81. IDENTIFY: T = ZH\/% so the period changes because the mass changes.

SET UP: a;i—r;l =-2.00x107° kg/s. The rate of change of the period is Cfi—T
t

EXECUTE: (a) When the bucket is half full, m =7.00 kg, T =27.|--C0 K& _j 495
125 N/m
dT 2x d 1/2 277,'1 ,1/2dm r dm
b) =2y =L, 2 2
()dt Jk dt ) Jk 2 dt  mk dt
dT T

—= (—2.00x 107 kg/s) =—-2. 12x107 s pers. d—T is negative; the period is
dt  \J(7.00 kg)(125 N/m) dt

getting shorter.

(c) The shortest period is when all the water has leaked out and m =2.00 kg. Then 7 =0.795 s.

EVALUATE: The rate at which the period changes is not constant but instead increases in time, even
though the rate at which the water flows out is constant.

14.82. IDENTIFY: Use F, =—kx to determine k for the wire. Then f = ZL &

T \m
SET UP: F =mg moves the end of the wire a distance Al.
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14.83.

14.84.

EXECUTE: The force constant for this wire is k = ne SO

Al
2
=L\/E=L |g _ L | 980m/s” .\,
22\'m  2z\NAl 27\ 2.00x107m

EVALUATE: The frequency is independent of the additional distance the ball is pulled downward, so long
as that distance is small.

IDENTIFY and SET UP: Measure x from the equilibrium position of the object, where the gravity and
spring forces balance. Let +x be downward.

(a) Use conservation of energy (Eq.14.21) to relate v, and x. Use Eq. (14.21) to relate T to k/m.

ol 2 12 1742
EXECUTE: Smv; +Shkx™ =5kA

For x= 0,%mv§ = %kA2 and v= Avk/m, just as for horizontal SHM. We can use the period to calculate

Jkim : T = 2zJmik implies \k/m =27/T. Thus v=27A/T =27(0.100 m)/4.20 s = 0.150 m/s.

(b) IDENTIFY and SET UpP: Use Eq. (14.4) to relate a, and x.

EXECUTE: ma, =—kx so a, =— (k/m)x

+x-direction is downward, so here x =—0.050 m

a, =—(271/T)*(=0.050 m) = +(277/4.20 5)*(0.050 m)=0.112 m/s* (positive, so direction is downward)

(c) IDENTIFY and SET UP: Use Eq. (14.13) to relate x and ¢. The time asked for is twice the time it takes
to go from x=0 to x=+0.050 m.
EXECUTE: Xx(¢) = Acos(ax + @)

Let ¢=—-n/2, sox=0at¢t=0. Then x= Acos(axt —x/2)= Asinax = Asin(27¢/T). Find the time ¢ that
gives x =40.050 m: 0.050 m =(0.100 m) sin(27¢/T)
27t/T = arcsin(0.50) =7z/6 and t =T7/12=4.20 s/12=0.350 s

The time asked for in the problem is twice this, 0.700 s.

(d) IDENTIFY: The problem is asking for the distance d that the spring stretches when the object hangs at
rest from it. Apply Newton’s second law to the object.

SET UpP: The free-body diagram for the object is given in Figure 14.83.

EXECUTE: ZFx =ma
mg —kd =0
d=(mlk)g

X

Figure 14.83

But Vk/m =27/T (part (a)) and m/k = (T/27r)2
2 2
d= [i] g= [4'20 S] (9.80 m/s*) = 4.38 m.
21 27

EVALUATE: When the displacement is upward (part (b)), the acceleration is downward. The mass of the
partridge is never entered into the calculation. We used just the ratio &/m, that is determined from T.

IDENTIFY: x(f) = Acos(axt + @), v, =—Awsin(ax + @) and a, = —w*x. w=27/T.
SETUP: x=4 when t=0 gives ¢=0.

2 . . .
EXECUTE: x=(0.240 m)cos( o ) Ve =— 27(0.240 m) sm( 2t j:—(1.00530 m/s)sm( 2t j
1.50 s ’ (1.50s) 1.50 s 1.50 s

2
ax=—[2—”j (0.240 m)cos(lzslg ]=—(4.2110m/s2)cos( 2t j
S

1.50 s 1.50 s
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14.85.

_ . . T . -4
(a) Substitution gives x=—0.120 m, or using ¢ = 3 gives x=A4 cos 120°=—.

(b) Substitution gives ma, =+(0.0200 kg)(2.106 m/s*) =4.21x107> N, in the +x-direction.
—34/4

(¢) t= i arccos [ j: 0.577 s.
2

(d) Using the time found in part (c), v=0.665 m/s.

EVALUATE: We could also calculate the speed in part (d) from the conservation of energy expression,

Eq. (14.22).

IDENTIFY: Apply conservation of linear momentum to the collision between the steak and the pan. Then
apply conservation of energy to the motion after the collision to find the amplitude of the subsequent SHM.
Use Eq. (14.12) to calculate the period.

(a) SET Up: First find the speed of the steak just before it strikes the pan. Use a coordinate system with
+y downward.

Voy =0 (released from the rest); y — yp =0.40 m; a,, =+9.80 m/s’; v, =7?

2 2
Vy = Voy + 2ay(y - yO)

EXECUTE: v, =+,[2a,(y— y,) =+ 2(9.80 m/s?)(0.40 m) = +2.80 my/s

SET UP: Apply conservation of momentum to the collision between the steak and the pan. After the
collision the steak and the pan are moving together with common velocity v,. Let 4 be the steak and B be

the pan. The system before and after the collision is shown in Figure 14.85.

x X
v 2.80 m/s
-==~+ Al .
V. =
—, _ 0 = 2
Bl
y y
before after

Figure 14.85

EXECUTE: IDy conserved: mAVAly + vaBIy = (mA + mB)sz
MgV g = (my +mp)v

[ my ) ( 2.2 kg
V2= A Va =

](2.80 m/s) = 2.57 m/s

1
2

are the initial speed and displacement of the object and where the displacement is measured from the
equilibrium position of the object.
EXECUTE: The weight of the steak will stretch the spring an additional distance d given by kd =mg so

g™ _ (22kg)(9:80 m/s)
k 400 N/m

to move, the steak plus pan is 0.0539 m above the equilibrium position of the combined object. Thus
Xo =0.0539 m. From part (a) v, =2.57 m/s, the speed of the combined object just after the collision.

(b) SET UpP: Conservation of energy applied to the SHM gives: mvg + %kxé = %kA2 where v, and x,

=0.0539 m. So just after the steak hits the pan, before the pan has had time

Then %mvg + %kxé :%kA2 gives

=021m

e \/mvg +hd \/2.4 kg(2.57 m/s)® + (400 N/m)(0.0539 m)?
3 400 N/m

24 kg
¢) T=2xmlk =27 f— =0.49s
© 400 N/m
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EVALUATE: The amplitude is less than the initial height of the steak above the pan because mechanical
energy is lost in the inelastic collision.

1 fk . . .
14.86. IDENTIFY: f= Py Use energy considerations to find the new amplitude.
T\m

1
V4

SETUP: [ =0.600 Hz, m =400 kg; f = 2—\/E gives k =5685 N/m. This is the effective force constant
m

of the two springs.
(a) After the gravel sack falls off, the remaining mass attached to the springs is 225 kg. The force constant of the
springs is unaffected, so f =0.800 Hz. To find the new amplitude use energy considerations to find the distance

downward that the beam travels after the gravel falls off. Before the sack falls off, the amount x,, that the spring is
stretched at equilibrium is given by mg — kx,, so x, = mg/k = (400 kg)(9.80 m/sz)/(5685 N/m) =0.6895 m.

The maximum upward displacement of the beam is 4=0.400 m above this point, so at this point the
spring is stretched 0.2895 m. With the new mass, the mass 225 kg of the beam alone, at equilibrium the

spring is stretched mg/k = (225 kg)(9.80 m/s?)/(5685 N/m) = 0.3879 m. The new amplitude is therefore
0.3879 m —0.2895 m =0.098 m. The beam moves 0.098 m above and below the new equilibrium

position. Energy calculations show that v =0 when the beam is 0.098 m above and below the equilibrium
point.

(b) The remaining mass and the spring constant is the same in part (a), so the new frequency is again
0.800 Hz. The sack falls off when the spring is stretched 0.6895 m. And the speed of the beam at this

pointis v=Avk/m = \/(5685 N/m)/(400 kg) =1.508 m/s. Take y =0 at this point. The total energy of
=1(225 kg)(1.508 m/s)” +

the beam at this point, just after the sack falls off, is E=K + U, + U,

grav

%(5685 N/m)(0.6895 m)2 +0=1608 J. Let this be point 1. Let point 2 be where the beam has moved

upward a distance d and where v=0. E, = %k(0.6895 m—d)? + mgd. E, =E, gives d =0.7275 m. At

this end point of motion the spring is compressed 0.7275 m — 0.6895 m = 0.0380 m. At the new equilibrium
position the spring is stretched 0.3879 m, so the new amplitude is 0.3879 m + 0.0380 m = 0.426 m. Energy
calculations show that v is also zero when the beam is 0.426 m below the equilibrium position.
EVALUATE: The new frequency is independent of the point in the motion at which the bag falls off. The
new amplitude is smaller than the original amplitude when the sack falls off at the maximum upward
displacement of the beam. The new amplitude is larger than the original amplitude when the sack falls off
when the beam has maximum speed.

14.87.  IDENTIFY and SET UP: Use Eq. (14.12) to calculate g and use Eq. (14.4) applied to Newtonia to relate g
to the mass of the planet.

EXECUTE: The pendulum swings through % cyclein 1.42s,s0 T=2.84s. L=1.85m. Use T to find g:
T =2xJL/g sog=LQ2x/T)* =9.055 m/s>

Use g to find the mass M|, of Newtonia: g=GM,, /Rg

277R,=5.14x10" m, so R, =8.18x10° m

RZ
m =522 —9.08%10% ke
PG

EVALUATE: g is similar to that at the surface of the earth. The radius of Newtonia is a little less than
earth’s radius and its mass is a little more.

14.88.  IDENTIFY: F, =—kx allows usto calculate k. T = 27Imlk. x(t)= Acos(wt + @). F,o =—kx.
SETUP: Let ¢=7/2 so x(¢) = Asin(ax). At t=0, x=0 and the object is moving downward. When the

object is below the equilibrium position, F;

spring 18 upward.

EXECUTE: (a) Solving Eq. (14.12) for m, and using k = %
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2z) A\ 27 ) 0250 m

(b) t=(0.35)T, and so x = —A4sin[27(0.35)] =—0.0405 m. Since ¢ > 7/4, the mass has already passed the
lowest point of its motion, and is on the way up.
(¢) Taking upward forces to be positive, Fyq,, —mg =—kx, where x is the displacement from equilibrium,
—(160 N/m)(—0.030 m) + (4.05 kg)(9.80 m/s?)=44.5N.

EVALUATE: When the object is below the equilibrium position the net force is upward and the upward

spring force is larger in magnitude than the downward weight of the object.
14.89. IDENTIFY: Use Eq. (14.13)torelatexand¢. T = 3.5s.

SET UP: The motion of the raft is sketched in Figure 14.89.

— x=+A Let the raft be at x=+A4 when ¢=0.
é raft Then ¢ =0 and x(¢) = Acos ax.
I8 ——x=0
+,\' =-A

2 2
mz[lJ 5_[1.0%) 400N _ )65 ke,

so F.,

spring =

Figure 14.89

EXECUTE: Calculate the time it takes the raft to move from x=+4=+0.200 m tox =
A—-0.100 m=0.100 m.

Write the equation for x(¢) in terms of 7 rather than @: w=27/T gives that x(¢) = Acos(2xt/T)
x=4 att=0

x=0.100 m implies 0.100 m =(0.200 m) cos(2x¢/T)

cos (2zt/T)=0.500 so 27t/T = arccos(0.500) =1.047 rad

t=(T/27)(1.047 rad) = (3.5 s/27)(1.047 rad) = 0.583 s

This is the time for the raft to move down from x =0.200 mto x=0.100 m. But people can also get off
while the raft is moving up from x=0.100 mto x =0.200 m, so during each period of the motion the
time the people have to get off is 2 =2(0.583 s)=1.17s.
EVALUATE: The time to go from x=0 to x=4 andreturnis 7/2=1.75s. The time to go from x = 4/2
to 4 and return is less than this.

14.90. IDENTIFY: T =27/®w. F.(r)=—kr to determine k.

GMgm

Rg
EXECUTE: a, = F,/m is in the form of Eq. (14.8), with x replaced by r, so the motion is simple

harmonic. k£ = GMgm .= L3 = My =5 The period is then

R} m R, Rg
6
7= g (Ko _pp [938XI0 M 5096 ¢ o1 84 5 min,
@ g 9.80 m/s

EVALUATE: The period is independent of the mass of the object but does depend on Ry;, which is also

SET UP: Example 13.10 derives F,.(r)=— r.

the amplitude of the motion.
14.91. IDENTIFY: During the collision, linear momentum is conserved. After the collision, mechanical energy is
conserved and the motion is SHM.

SET Up: The linear momentum is p, = mv,, the kinetic energy is %mv2, and the potential energy is

%kxz. The period is T = ZE\/% , which is the target variable.
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EXECUTE: Apply conservation of linear momentum to the collision:
(8.()O><10_3 kg)(280 m/s) = (1.00 kg)v. v=2.24 m/s. This is v,,,, for the SHM. 4=0.180 m (given).

2 2
So %mvfnax - %kAz. = [Vm%j m =(%§“) (1.00 kg) =154.9 N/m.
. m

T= 2zz\/Z 27 /M 0.505 s.
k 154.9 N/m

EVALUATE: This block would weigh about 2 pounds, which is rather heavy, but the spring constant is
large enough to keep the period within an easily observable range.

14.92.  IDENTIFY: U(x)-U(xy) = fx F dx. In part (b) follow the steps outlined in the hint.
X0

SET UP: In part (a), let x, =0 and U(x,) =U(0)=0. The time for the object to go from x=0 to x=4
is 7/4.

EXECUTE: (a) U= —J‘(jdex = cjgx3dx = %x“.

(b) From conservation of energy, %mvf = £(A4 - x4). v, = ﬁ, S0 e = /idt. Integrating from
4 dt [4% — x4 2m

. . 4 d f T .
0 to A4 withrespectto x and from 0 to 7/4 with respect to ¢, J.o % = ZLZ To use the hint,
A* —x m

let u= %, so that dx = A du and the upper limit of the u-integral is u =1. Factoring A2 out of the square

1 . . 41
root, iJ. du = 131 = {LT, which may be expressed as 7 = 74 n
A0 32m

1-u? A A c

(¢) The period does depend on amplitude, and the motion is not simple harmonic.
EVALUATE: Simple harmonic motion requires F, =—kx, where k is a constant, and that is not the case

here.
14.93.  IDENTIFY: F, =—dU/dr. The equilibrium separation 7,y is given by F(r,q) =0. The force constant k is

defined by F, =—kx. f= L\/z, where m is the reduced mass.
27 \'m

SETUP:  d(r™™")/dr=—nr""Y, for n>1.

dU {( R 1 }

EXECUTE: (a) [, =——=A L_QJ__Z .
r r

dr
(b) Setting the above expression for F, equal to zero, the term in square brackets vanishes, so that

Ry 1 7_.7
—9:—2, or RO :I’eq, and Veq:RO.
}’eq l"eq

(©) U(Ry) = A 7 s57%107 1,
8R,

(d) The above expression for F, can be expressed as

-9 -2
AN ) e A 9 _ -2
= { ROJ { RO] o [+ (IR = (14 (/R ) |

) ) 74
£ = gl =9 /Ry) ~ 01~ 2(x/Ro)] = g _[R_S}a
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174 _g39%102 Ha
27 Rgm

© f=——lm =
2

EVALUATE: The force constant depends on the parameters 4 and R, in the expression for U(r). The
minus sign in the expression in part (d) shows that for small displacements from equilibrium, F, isa

restoring force.
14.94. IDENTIFY: Newton’s second law, in both its linear and rotational form, applies to this system. The motion is SHM.

2
SETUP: X F = ma_ and >, 7=1Ia, where I = gMR2 for a solid sphere, and R = a,,, with no
slipping.
2
EXECUTE: For each sphere, f,R = (EMRz ja. Ro=a,. f,= %Macm. For the system of two spheres,

4 14 k k
2f, —kx=-2Ma,,. EMacm—kx=—2Macm. kx=?Macm and ag, =%(ﬁjx a, =—i(—jx.

2 5k 2 \/14M =2”\/14(0.800 K2 _ 07436,

a,=-wx so 0=,|——. T'=—=21
14M w Sk 5(160 N/m)

EVALUATE: If the surface were smooth, there would be no rolling, but the presence of friction provides
the torque to cause the spheres to rotate.

14.95. IDENTIFY: Apply conservation of energy to the motion before and after the collision. Apply conservation
of linear momentum to the collision. After the collision the system moves as a simple pendulum. If the

. . . 1|
maximum angular displacement is small, f = pye %
V4

SET UP: In the motion before and after the collision there is energy conversion between gravitational
potential energy mgh, where 4 is the height above the lowest point in the motion, and kinetic energy.

EXECUTE: Energy conservation during downward swing: m,ghy = %mzvz and

v=/2ghy = \/2(9.8 m/s?)(0.100 m) =1.40 m/s.
Momentum conservation during collision: m,v = (m, +m3)V and

myv  (2.00 kg)(1.40 m/s)

V= =0.560 m/s.

Energy conservation during upward swing: Mgh, = %M V% and

2
he=V2/2 =M=o.omo m=1.60 cm.
2(9.80 m/s”)
. . . . 48.4 cm
Figure 14.95 shows how the maximum angular displacement is calculated from /¢ . cos@ = 0.0 om and
.0 cm

2
o=1450. po_b [&_L 980T 05y
22\ 22V 0500 m

EVALUATE: 14.5°=0.253 rad. sin(0.253 rad) =0.250. sin@ =@ and Eq. (14.34) is accurate.

50.0cm — 1.60cm = 48.4cm

hy = 1.60cm

Figure 14.95
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14.96.  IDENTIFY: T =27./1/mgd
SET UP: The model for the leg is sketched in Figure 14.96. T =27x\/I/mgd,m =3M.

my, +m . . . ..
= M. For a rod with the axis at one end, / = %MLZ. For a rod with the axis at its center,

m +m2

_ 2M([1.55 m}/2) + M (1.55 m + (1.5 m)/2)
3M

I = %(ZM)(I.SS m)2 =(1.602 mz)M. Iyem= %M(I.SS m)z. The parallel-axis theorem (Eq. 9.19) gives

EXECUTE: d

=1292m. I+, +1,.

I =1y g + M(1.55 m+[1.55 m)/2)* = (5.606 m*)M. =1, +1,=(7.208 m*)M. Then

2
7 =27TImgd = 27:\/ (7.208 m )M =274,

(3M)(9.80 m/s?)(1.292 m)
EVALUATE: This is a little smaller than 7 =2.9 s found in Example 14.10.

Figure 14.96

14.97. IDENTIFY: The motion is simple harmonic if the equation of motion for the angular oscillations is of the
d*e

form F = —§0, and in this case the period is 7 =271/ k.
t

SET UP: For a slender rod pivoted about its center, / = éMLz.

o L)\L d’e .
EXECUTE: The torque on the rod about the pivotis 7= —[kz 49] 7 t=Ila=1 o gives
t

W

2 2 2
a0 =-— kL—/40 =- %9. a0 is proportional to 6 and the motion is angular SHM.
dr’ I M ar

T:Zﬂ‘/ﬂ.
3k

) L L . . .
EVALUATE: The expression we used for the torque, 7 =- (kzﬁ)z, is valid only when @ is small

~I=

ﬁ7

enough for sind =@ and cosf =1.

14.98. IDENTIFY and SET UP: Eq. (14.39) gives the period for the bell and Eq. (14.34) gives the period for the
clapper.
EXECUTE: The bell swings as a physical pendulum so its period of oscillation is given by

T =2m/limgd = 2m/18.0 kg - m?/(34.0 kg)(9.80 m/s?)(0.60 m) =1.885 s.

The clapper is a simple pendulum so its period is given by 7' =27./L/g.

Thus L = g(T/27)* = (9.80 m/s>)(1.885 s/27)*> =0.88 m.

EVALUATE: If the cm of the bell were at the geometrical center of the bell, the bell would extend 1.20 m
from the pivot, so the clapper is well inside tbe bell.
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. . . . 1 d
14.99. IDENTIFY: The object oscillates as a physical pendulum, with f = e msd

T

, where m is the total mass
of the object.

SET UP: The moment of inertia about the pivot is 2(1/ ?))ML2 =(2/3) MI?, and the center of gravity when
balanced is a distance d = L/(Z\/E ) below the pivot.

. 1 1 6g 1 | 6g
EXECUTE: The frequencyis f=—=— | ——=—,|—.
quencyis f T 2z\a2L  4x\2L

EVALUATE: If f, = 2L\/% is the frequency for a simple pendulum of length L,
V4

1 ]6
f—z\/%fsp—l.%fsp.

14.100. IpENTIFY: The angular frequency is given by Eq. (14.38). Use the parallel-axis theorem to calculate /
in terms of x.

(a) SET Up:

I B O (pivot)
X
]

cg w = \';r!gdﬂlf

Figure 14.100

d = x, the distance from the cg of the object (which is at its geometrical center) to the pivot
EXECUTE: [is the moment of inertia about the axis of rotation through O. By the parallel axis theorem

Iy=md*+1,,. I, =-LmI* (Table 9.2), so I, = mx> +1 mL2 w= e =\/ £—.
0 em* fem =717 0 mx2+im[,2 x> +1%/12

L2 3\

(b) The maximum @ as x varies occurs when d/dx =0. d— =0 gives \/_ L—J
dx\ (x? + [2112)"?

1 —1/2

2 X 1 2x (2)=0
2+ 2122 22+ 2122
_ 2x3/2
V2 -
X2+ 1212

x2 +I2/12=2x% so x=L/\/12. Get maximum o when the pivot is a distance L/\12 above the center of
the rod.
(¢) To answer this question we need an expression for @,

In w= # substitute x=L/\/E.
x“+L°/12

g(L12) ¢z —1/4 172 1/4
o = / = =Jg/L(12)46)"? = Jo/L(3
AN +2n2 (we)'? L)) L)

max _(g/L)\/§ and L= g\/—/ Dnax

(9.80 m/s2)\3
Q2r rad/s)

max

Wppax =27 1ad/s gives L= =0.430 m
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EVALUATE: ®—0 as x >0 and o — /3g/(2L) =1.225,/g/L when x — L/2. @,,, is greater than
the x=L/2 value. A simple pendulum has w=./g/L; @,,, is greater than this.

14.101. IDENTIFY: In each situation, imagine the mass moves a distance Ax, the springs move distances Ax; and
Ax,, with forces F| =—kAx, F; =—kyAx,.
SETUpP: Let Ax; and Ax, be positive if the springs are stretched, negative if compressed.
EXECUTE: (a) Ax=Ax; =Ax,, F=F +F, =—(kj +ky)AX, s0 kg =ky +k,.
(b) Despite the orientation of the springs, and the fact that one will be compressed when the other is
extended, Ax=Ax; —Ax,and both spring forces are in the same direction. The above result is still valid;

keff = kl + kz.
(¢) For massless springs, the force on the block must be equal to the tension in any point of the spring
combination, and F=F =F,. Ax=— E, Axy =- E, Ax=- [i + ij F=- MF and
ky ky ky  ky 1k
__kiky
Tkt k,

(d) The result of part (c) shows that when a spring is cut in half, the effective spring constant doubles, and
so the frequency increases by a factor of V2.
EVALUATE: In cases (a) and (b) the effective force constant is greater than either k; or &, and in case (c)
it is less.

14.102. IDENTIFY: Calculate Fyo and define kyy by Fyo = kepx. T =27 Jm/kyg.
SET Up: If the elongations of the springs are x; and x,, they must satisfy x; +x, =0.200 m.
EXECUTE: (a) The net force on the block at equilibrium is zero, and so k;x; =k,x, and one spring (the
one with k; =2.00 N/m) must be stretched three times as much as the one with k, =6.00 N/m. The sum

of the elongations is 0.200 m, and so one spring stretches 0.150 m and the other stretches 0.050 m, and so
the equilibrium lengths are 0.350 m and 0.250 m.

(b) When the block is displaced a distance x to the right, the net force on the block is

—ky (X + x) + ky (x5 = x) =—{kyx; — kyxy ] — (ky + ky )x. From the result of part (a), the term in square brackets

is zero, and so the net force is —(k; + k5 )x, the effective spring constant is k. =k + k, and the period of

vibration is 7 =27 M =0.702 s.
8.00 N/m

EVALUATE: The motion is the same as if the block were attached to a single spring that has force
constant k.

14.103. IDENTIFY: Follow the procedure specified in the hint.
SET UP: Denote the position of a piece of the spring by /; /=0 is the fixed point and /=L is the

moving end of the spring. Then the velocity of the point corresponding to /, denoted u, is u(l)= v%

(when the spring is moving, / will be a function of time, and so # is an implicit function of time).

21w’
2 3

2 2
L
EXECUTE: (a) dm ="Ldl, and so dK =-dmu 2 dl and K:de:MV [ a="
L 2 213 70 6
dv dx C .
(b) mvE+kxE=0, or ma + kx =0, which is Eq. (14.4)

(c) m is replaced by M,so a)=,/£ and M'=£.
3 M 3

EVALUATE: The effective mass of the spring is only one-third of its actual mass.
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