CHAPTER 11: Vibrationsand Waves

Answersto Questions

1.

The blades in an electric shaver vibrate, approximately in SHM.

The speakers in a stereo system vibrate, but usually in avery complicated way since many notes are
being sounded at the same time.

A piano string vibrates when struck, in approximately SHM.

The pistons in a car engine oscillate, in approximately SHM.

The free end of adiving board oscillates after adiver jumps, in approximately SHM.

The acceleration of asimple harmonic oscillator is zero whenever the oscillating object is at the
equilibrium position.

The motion of the piston can be approximated as simple harmonic. First of al, the piston will have a
constant period while the engine is running at a constant speed. The speed of the piston will be zero
at the extremes of its motion — the top and bottom of the stroke —which isthe same asin ssimple
harmonic motion. Thereisalarge force exerted on the piston at one extreme of its motion — the
combustion of the fuel mixture —and simple harmonic motion has the largest force at the extremes of
the motion. Also, as the crankshaft movesin acircle, its component of motion in one dimension is
transferred to the piston. Itissimilar to Fig. 11-6.

Since the real spring has mass, the mass that is moving is greater than the mass at the end of the

1 [k
spring. Since f :Z — , alarger mass means a smaller frequency. Thus the true frequency will
m

be smaller than the “massless spring” approximation. And since the true frequency is smaller, the
true period will be larger than the “massless spring” approximation. About 1/3 the mass of the
spring contributes to the total mass value.

The maximum speed isgivenby v, = A/k/ m. Various combinations of changing A, k, and/or m

can result in adoubling of the maximum speed. For example, if k and m are kept constant, then
doubling the amplitude will double the maximum speed. Or, if A and k are kept constant, then
reducing the mass to one-fourth its original value will double the maximum speed. Note that

k

1
changing either k or mwill also change the frequency of the oscillator, since f =—,|—.
m

The scale reading will oscillate with damped oscillations about an equilibrium reading of 5.0 kg,
with an initial amplitude of 5.0 kg (so the range of readingsisinitially from 0.0 kg and 10.0 kg).
Dueto friction in the spring and scale mechanism, the oscillation amplitude will decrease over time,
eventually coming to rest at the 5.0 kg mark.

The period of a pendulum clock isinversely proportiona to the square root of g, by Equation 11-11a,
T=2x L/ g . When taken to high altitude, the value of g will decrease (by a small amount), which

means the period will increase. If the period istoo long, the clock is running slow and so will lose
time.
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Chapter 11 Vibrations and Waves

8. Thetire swing approximates a simple pendulum. With a stopwatch, you can measure the period T of

-I-z
the tire swing, and then solve Equation 11-11afor the length, L = g

2

9. Tomakethewater “slosh”, you must shake the water (and the pan) at the natural frequency for water
wavesin the pan. The water then isin resonance, or in a standing wave pattern, and the amplitude of
oscillation gets large. That natural frequency is determined by the size of the pan — smaller pans will
slosh at higher frequencies, corresponding to shorter wavelengths for the standing waves. The
period of the shaking must be the same asthe time it takes a water wave to make a“round trip” in
the pan.

10. Some examples of resonance:
Pushing a child on a playground swing — you always push at the frequency of the swing.
Seeing a stop sign oscillating back and forth on awindy day.
When singing in the shower, certain notes will sound much louder than others.
Utility lines along the roadside can have alarge amplitude due to the wind.
Rubbing your finger on awineglass and making it “sing”.
Blowing across the top of abottle.
A rattlein acar (see Question 11).

11. Arattleinacar isvery often aresonance phenomenon. The car itself vibrates in many pieces,
because there are many periodic motions occurring in the car — wheel s rotating, pistons moving up
and down, valves opening and closing, transmission gears spinning, driveshaft spinning, etc. There
are also vibrations caused by irregularities in the road surface as the car is driven, such as hitting a
holeintheroad. If thereisaloose part, and its natural frequency is close to one of the frequencies
already occurring in the car’s normal operation, then that part will have alarger than usual amplitude
of oscillation, and it will rattle. Thisiswhy some rattles only occur at certain speeds when driving.

12. Thefreguency of asimple periodic wave is equal to the frequency of its source. The waveis created
by the source moving the wave medium that isin contact with the source. If you have one end of a
taut string in your hand, and you move your hand with a frequency of 2 Hz, then the end of the string
in your hand will be moving at 2 Hz, because it isin contact with your hand. Then those parts of the
medium that you are moving exert forces on adjacent parts of the medium and cause them to
oscillate. Since those two portions of the medium stay in contact with each other, they also must be
moving with the same frequency. That can be repeated all along the medium, and so the entire wave
throughout the medium has the same frequency as the source.

The speed of the transverse wave is measuring how fast the wave disturbance moves aong the cord.
For auniform cord, that speed is constant, and depends on the tension in the cord and the mass
density of the cord. The speed of atiny piece of the cord is measuring how fast the piece of cord
moves perpendicularly to the cord, as the disturbance passes by. That speed is not constant —if a
sinusoidal wave istraveling on the cord, the speed of each piece of the cord will be given by the
speed relationship of a simple harmonic oscillator (Equation 11-9), which depends on the amplitude
of the wave, the frequency of the wave, and the specific time of observation.

14. From Equation 11-19b, the fundamental frequency of oscillation for a string with both ends fixed is

F
f, = 2—\:_ The speed of waves on the string is given by Equation 11-13, v= — . Combining

m/L
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15.

16.

17.

F
these two relationships gives f, =<, /—L . By wrapping the string with wire, the mass of the string
m

can be greatly increased without changing the length or the tension of the string, and thus the string
has alow fundamental frequency.

If you strike the horizontal rod vertically, you will create primarily transverse waves. If you strike
therod parallel to its length, you will create primarily longitudinal waves.

From Equation 11-14b, the speed of wavesin agasisgiven by v=4/B/p. A decreasein the density

due to atemperature increase therefore leads to a higher speed of sound. We expect the speed of
sound to increase as temperature increases.

(@ Similar to the discussion in section 11-9 for spherical waves, as a circular wave expands, the
circumference of the wave increases. For the energy in the wave to be conserved, asthe
circumference increases, the intensity hasto decrease. The intensity of the wave is proportional
to the square of the amplitude

(b) Thewater waves will decrease in amplitude due to dissipation of energy from viscosity in the
water (dissipative or frictional energy 10ss).

Assuming the two waves are in the same medium, then they will both have the same speed. Since

19.

20.

21.

22

v= f A, the wave with the smaller wavelength will have twice the frequency of the other wave.

From Equation 11-18, the intensity of wave is proportional to the square of the frequency of the
wave. Thus the wave with the shorter wavelength will transmit 4 times as much energy as the other
wave.

The frequency must stay the same because the mediais continuous — the end of one section of cord is
physically tied to the other section of cord. If the end of the first section of cord is vibrating up and
down with agiven frequency, then since it is attached to the other section of cord, the other section
must vibrate at the same frequency. If the two pieces of cord did not move at the same frequency,
they would not stay connected, and then the waves would not pass from one section to another.

The string could be touched at the location of a node
without disturbing the motion, because the nodes do not

move. A string vibrating in three segments has 2 nodesin
addition to the ones at the ends. See the diagram.

e nOde nndp ~

The energy of awaveis not localized at one point, because the wave is not localized at one point,
and so to talk about the energy “at anode” being zero is not really a meaningful statement. Due to
the interference of the waves the total energy of the medium particles at the nodes points is zero, but
the energy of the medium is not zero at points of the medium that are not nodes. In fact, the anti-
node points have more energy than they would have if only one of the two waves were present.

A magjor distinction between energy transfer by particles and energy transfer by waves is that
particles must travel in a straight line from one place to another in order to transfer energy, but waves
can diffract around obstacles. For instance, sound can be heard around a corner, while you cannot
throw aball around a corner. So if abarrier is placed between the source of the energy and the
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Chapter 11

location where the energy is being received, and energy is still received in spite of the barrier, itisa
good indication that the energy is being carried by waves. If the placement of the barrier stops the
energy transfer, it could be that the energy transfer is being carried out by particles. It could also be
that the energy transfer is being carried out with waves whose wavelength is much smaller than the

dimensions of the barrier.

Solutionsto Problems

1

[97]
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The particle would travel four times the amplitude: from x=Ato Xx=0to Xx=—-A to x=0 to

x=A. Sothetotal distance = 4A=4(0.18 m) =[0.72 m].

The spring constant is the ratio of applied force to displacement.
k:E: 180N-75N :105N _[53x10° N/m
x 085m-065m 020m

The spring constant is found from the ratio of applied force to displacement.

_F_m (68 kg)(9.8m/s’)
XX 5x10°m
The frequency of oscillation is found from the total mass and the spring constant.

1 [k 1 }1.333><105 N/m
f=r [—=— [———— 1 1467 HZz-l.S Hz
2r\'m 2« 1568 kg

(&) The spring constant is found from the ratio of applied force to displacement.
F mg (27kg)(9.80m/s*)
XX 3.6x10°m

(b) The amplitude is the distance pulled down from equilibrium, so A=[2.5x10?m
The frequency of oscillation is found from the total mass and the spring constant.

1 [k 1 |735N/m
f=— /— =— /— = 2.626Hz ~[2.6 Hz]
2z\m 27\ 27kg

The spring constant is the same regardless of what mass is hung from the spring.

=l Kfze= tmeconsat oty = Lm o

f, = f.\/m/m, = (3.0 Hz),/0.60 kg/0.38 kg = [3.8 Hz]

=1.333x10° N/m

k =735N/m~|7.4x10° N/m

Vibrations and Waves

Thetable of datais time position

shown, along with the 0 -A

smoothed graph. T/4 0

Every quarter of a T/2 A

period, the mass 3T/4 0

moves from an T -A time /T
extreme point to the ST/a 0

equilibrium. The graph resembles a cosine wave (actually, the opposite of a cosine wave).
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7.

10.

11.

12.

1 |k
The relationship between frequency, mass, and spring constant is f =— \/: :

@) f=—\/7 — k=47"f’m=4z"(40 Hz)’(25x10*kg) = 0.1579N/m ~|0.16 N/m

0.1579N/m
b) f= / / =[2.8H7]
®) 2 2 5.0x10*kg

The spring constant is the same regardless of what mass is attached to the spring.

fot X L K i constant mf?=mf’ —
27 \m 4r*
2 2 (0.68 kg)(0.60 Hz)’
(mkg)(0.88 Hz)® = (mkg+0.68 kg)(0.60 Hz)’ — m= _[059 kg

(0.88 Hz)* —(0.60 Hz)*

(&) Atequilibrium, the velocity is its maximum.

Vo = \/EA= wA= 27 fA=27(3Hz)(0.13m) = 2.450m/s~|2.5m/s
m

(b) From Equation (11-5), we find the velocity at any positi on.

O 10 m
» /1—— =+1.565m/s~[+1.6m/s
o 13m

(© E,, =<m/, =1(0.60kg)(2.45m/s)” =1.801J~

(d) Sincethe Obj ect has amaximum displacement at t = 0, the position will be described by the
cosine function.

x=(0.13m)cos(27(3.0Hz)t) — [x=(0.13m)cos(6.07t)

The relationship between the velocity and the position of a SHO is given by Equation (11-5). Set
that expression equal to half the maximum speed, and solve for the displacement.

vty 1-X[A =iy o 1 A =1 5 1A=L 5 [N =2
x=£~/3A/2 ~ 0.866A

Since F =—kx=ma for an object attached to a spring, the acceleration is proportional to the
displacement (although in the opposite direction), as a=—x k/ m. Thus the acceleration will have

half its maximum value where the displacement has half its maximum value, at |+<

The spring constant can be found from the stretch distance corresponding to the weight suspended on
the spring.

F mg (262kg)(9.80n/s’)
X X 0.315m

After being stretched further and released, the mass will oscillate. It takes one-quarter of a period for
the mass to move from the maximum displacement to the equilibrium position.

k =

=8L5N/m
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13.

14.

15.

16.

z [262kg
1T =27k :E’/W ~[02824

(&) Thetotal energy of an object in SHM is constant. When the position is at the amplitude, the
speed is zero. Use that relationship to find the amplitude.

_ 1 2,1 2 _ 1 2
En=2MV +2kx" =2kA" —

A= \/%vz X = \/Lkg(o.%m/s)z +(0.020 m)* = 6.034x10”m ~[6.0x10m|

280N/m

(b) Again use conservation of energy. The energy isall kinetic energy when the object hasiits
maximum velocity.

1 2 12 LA 4 2
Ey =5MV +2k<" =2kA" =2mv, . —

Vi = A\/E =(6.034x10°m) /w =0.5829m/s~|0.58m/s
m 3.0kg

The spring constant is found from the ratio of applied force to displacement.

F ON
k=t 800 =4.00x10° N/m
X 0.200m

Assuming that there are no dissipative forces acting on the ball, the elastic potential energy in the
loaded position will become kinetic energy of the ball.

4.00x10° N/m
=E, - iké =imv? \/7 0.200 m =19.43m/s
Ei f zkxmax 2 max Xmax 0180 kg /

(a) Thework done to compress a spring is stored as potential energy.
2W 2(3.07J)

X (0 12 m)’
(b) The distance that the spring was compressed becomes the amplitude of its motion. The

=416.7N/m~|4.2x10° N/m

: o Kk ,
maximum accelerationisgivenby a_ =— A. Solvethisfor the mass.
m

Ao =£A - m=
m Ao

k A_(4.167><102 N/m

T j(0.12 m) =3.333kg ~[3.3kg
m/s

The general form of the motionis x = Acoswt = 0.45c0s6.40t .
(a) Theamplitudeis A=X :.

: 6.40s™
(b) Thefrequency isfoundby w =27f =6.40s* — f = >

2

=1.019Hz ~|1.02Hz

(c) Thetotal energy isgiven by

Eu =2M7, =2m(0A)’ =2(0.60kg)[ (6.405")(0.45m) | =2488)=[257
(d) The potential energy is given by

E e = 240¢ =2Mw®¢ = 2(0.60 kg) (640 %) (0.30m)” =1.1113~ [1.1 ]

potential
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17.

18.

19.

20.

The kinetic energy is given by
E. .. =E E =2488J-1.111J=1377J~[14J

kinetic total  —potential

If the energy of the SHO is half potential and half kinetic, then the potential energy is half the total
energy. Thetotal energy isthe potential energy when the displacement has the value of the
amplitude.

1
Epot:%Etot - %WZZ%(%MZ) - X:iEAzinO?A

If the frequencies and masses are the same, then the spring constants for the two vibrations are the
same. Thetotal energy is given by the maximum potential energy.

E:%_k“f:[ijzzzo A_J70-I28
E, 1k A B 24

(@ The genera equation for SHM is Equation (11-8¢c), y = Acos(27zt/T) . For the pumpkin,

2t
=(0.18 m)cos .
y ( ) (0.6 j

5s

(b) Thetime to return back to the equilibrium position is one-quarter of a period.

t=4T =4(0655)=[0.16

(c) The maximum speed is given by the angular frequency times the amplitude.

2 2
V., =oA=—A=—2—(018m)=[L7m/s
T 0.65s
(d) The maximum acceleration is given by

= w’A= (ﬁjz A—4—”2(o 18 m) =|17m/s’
e T (065s)" " '

The maximum acceleration isfirst attained at the release point of the pumpkin.

Consider thefirst free-body diagram for the block whileit is
at equilibrium, so that the net force is zero. Newton's 2™ F. I 1 =4 E/
law for vertical forces, choosing up as positive, givesthis.  ----- 5 --------o-f-p--- AN

ZFyzFA+FB—nlg:0 - F,+F =mg SRR e R
Now consider the second free-body diagram, in which the l mg
block is displaced a distance x from the equilibrium point. l mg
Each upward force will have increased by an amount —kx,
since x < 0. Again write Newton's 2™ law for vertical forces.

D F, =F,=F +F -mg=F, —kx+F, —kx—mg = -2kx+(F, + F, —mg) = —2kx
Thisisthe general form of arestoring force that produces SHM, with an effective spring constant of
2k . Thusthe frequency of vibration is as follows.

1 1 |2k
f= N keffedive/m = _—

2 Zm
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21. Theequation of motionis x=0.38sin6.50t = Asinwt .

(@
(b)

(©
(d)

()

(f)

22. (a)
(b)

(©
(d)

(b)

(©

Theamplitudeis A=x_ = .
: . 6.50s™
Thefrequency isfoundby w =27f =650s~ — f = =|1.03Hz
2

The period is the reciprocal of the frequency. T =1/f =13/1.03Hz = .
Thetotal energy isgiven by

Eu =2MV, =2m(wA)’ =2(0.300kg)[ (6.50*)(0.38m) | =0.91513= .
The potential energy is given by

E s = 2K¢ = 2mo®x’ =2(0.300 kg) (6.50 s )" (0.090m)° = 0.0513J ~[5.1x102]].
The kinetic energy is given by

E . =E E =0.9151J-0.0513J=0.8638J ~|0.86 J| .

kinetic ot potential

0.4

02 Oi\i 1 :\5 / 2

-0.4

X (m)
1
Ay
|

time (sec)

For A, theamplitudeis A, =. For B, the amplitude is A, =.

For A, the frequency is 1 cycle every 4.0 seconds, so f, =]0.25 Hz|. For B, the frequency is1

cycle every 2.0 seconds, so f, =[0.50 Hz|.

For C, the period is T, =|4.0 s|. For B, theperiodis T, =|2.0s
Object A has a displacement of 0 when t =0, so it isasine function.

x, = Asin(2zf,t) — xA:(2.5m)sin(%t]

Object B has a maximum displacement when t =0, so it is a cosine function.
X, = Ajcos(2z ft) — [x, =(35m)cos(xt)

Find the period and frequency from the mass and the spring constant.

T =2zJnyk = 27,/0.755 kg/(124N/m) =[0.490d]  f =T =1/(04905) =[2.04Hz

Theinitial speed isthe maximum speed, and that can be used to find the amplitude.

Voo =AJKM > A=y \/mfk =(2.96mys),/0.755 kg/(124N/m) =[0.231 m]

The maximum accel eration can be found from the mass, spring constant, and amplitude
a,,, = Ak/m=(0.231m)(124N/m)/(0.755 kg) =|37.9m/s’
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(d) Because the mass started at the equilibrium position of x = 0, the position function will be
proportional to the sine function.

x=(0.231m)sin[27(2.04 Hz)t] — |x=(0.231m)sin(4.08rt)

(e) The maximum energy isthe kinetic energy that the object has when at the equilibrium position.

E=4m?7, =4(0755kg)(296nys)" =[331]

24. We assume that downward is the positive direction of motion. For this motion, we have
k =305N/m, A=0.280m, m=0260kg and @ = /k/m = \/305N/m/0.260 kg = 34.250rad/s.

() Sincethe mass has a zero displacement and a positive velocity at t = 0, the equationisasine
function.

y(t) =(0.280 m)sin[(34.3rad/s)t]

(b) The period of oscillationisgivenby T =2—” :L
o 34.25rad/s

its maximum extension at times given by the following.

=0.18345s. The spring will have

max

T
t =Z+ nT =|4.59x10°s+n(0.183s),n=0,12,---

The spring will have its minimum extension at times given by the following.

31
t :7+nT =|1.38x10"s+n(0.183s),n=0,12,- -

min

25. If the block is displaced a distance x to the right in the diagram, then spring # 1 will exert aforce
F, =-k X, inthe opposite direction to x. Likewise, spring # 2 will exert aforce F, = -k,x, inthe

same direction as F. Thusthe net forceontheblock is F =F, + F, = —kx—k,x=—(k +k,)x. The

m

ko+k, |

effective spring constant isthus k =k +k,, and the period isgivenby T = 27[\/% =|2r

26. The energy of the oscillator will be conserved after the collision. Thus

E=1kA’ =1(m+ M)V, — V. =AJk/(m+M)

This speed is the speed that the block and bullet have immediately after the collision. Linear
momentum in one dimension will have been conserved during the collision, and so the initial speed
of the bullet can be found.

pba‘ore = paﬁer - rnvo = (m+ M )Vmax
_1 3
v - m+M [ K _ 6.25><102 kg(2.15xlo,1m) 7.70x10 r1\|/m o7y
m m+M  25x10 kg 6.25x10 kg
38.0s

27. The period of the jumper’'smotionis T =

=4.75s. The spring constant can then be found
8 cycles

from the period and the jumper’ s mass.

2 2
T= 2;;\/E Lok A (650 I:g) ~113.73N/m~[114N/m
k T (4.755)
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28.

29.

30.

31

32.

The stretch of the bungee cord needs to provide aforce equal to the weight of the jumper when heis
at the equilibrium point.

mg (65.0kg)(9.80m/s’)
'k 11373N/m

Thus the unstretched bungee cord must be 25.0 m—5.60 m=

kAX=mg — Ax= =560m

(@) Theperiodisgivenby T =£ = 1.7s/cyc|e :
36 cycles

(b) Thefrequency isgivenby f _% 0.60 Hz|.
s

The period of apendulumisgivenby T =27,/ L/g . Solve for the length using a period of 2.0
seconds.

2q  (20s)’(9.8m/s
T=21L/g —>L=T§=( S)(zm/)
4 4z

=099 m

The period of apendulum isgiven by T =2z,/L/g . Thelength is assumed to be the same for the
pendulum both on Mars and on Earth.

2L
T=27Z' L/g N /gMars gEmh N

TEa'th 272—\/ L/gEar[h gMars
0]

gEarth 1
T, =T, |2 —(080s),|— =[L34
Mars h gMarS ( ) 037

The period of apendulumisgivenby T = h«/L/g .

0.80m
T=2rz\L/g=27r |——— =18

(b) If the pendulumisin freefal, there is no tension in the string supporting the pendulum bob, and
S0 no restoring force to cause oscillations. Thus there will be no period — the pendulum will not
oscillate and so no period can be defined.

(@ Thefrequency can be found from the length of the
pendulum, and the accel eration due to gravity. L G

27;\[ L 980m/32 = 0.57151 Hz ~[0.572 H{]|

(b) Tofindthe speed at the Iowest p0| nt, use the conservation of !
energy relating the lowest point to the release point of the
pendulum. Take the lowest point to be the zero level of I S e, SR
gravitational potential energy.

Etop:Ebottom g KE‘ +PE( =KE 0m+PEb0ttom
0+mg(L-Lcos,)=<mv2, . +0
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33.

Vo = /201 (10086, ) = ,/2(9.80m/'s* ) (0.760m) (1 cos12.0" ) =[057L ny’3

(c) Thetotal energy can be found from the kinetic energy at the bottom of the motion.

E s =M, =3(0365kg) (0571nys)" =[5.95x107]

There are (24 h)(60min/h)(60s/min) =86,400 s in aday. The clock should make one cyclein

exactly two seconds (a“tick” and a“tock™), and so the clock should make 43,200 cycles per day.

After one day, the clock in question is 30 seconds slow, which means that it has made 15 less cycles

than required for precise timekeeping. Thusthe clock is only making 43,185 cyclesin aday.
43,185

Accordingly, the period of the clock must be decreased by a factor

43,185 43,185
T =—=T - 27JL = = 274 /L N
43200 a0/ 9 (43,200] ol 9

2 2
1 1
= ( 43, 85) L, = ( 43, 85) (0.9930 m)=0.9923m

new

43,200 43,200
Thus the pendulum should be|shortened by 0.7 mm.

34. Use energy conservation to relate the potential energy at the 7
maximum height of the pendulum to the kinetic energy at the L G|
lowest point of the swing. Take the lowest point to be the zero L cosd
location for gravitational potential energy. Seethe diagram. i

Etop = Ebottom - KEtop + PEtop = KEbonom + PEbotlom - T
h=L-Lcosé@
O+mgh=1m?, — v =./2gh=|,/20L(1-cosd,) H N

35.

36.

The equation of motion for an object in SHM that has the maximum displacement at t = 0 isgiven
by x=Acos(2zft). Forapendulum, x=L6 andso X = A=L6,_ , where & must be measured

in radians. Thus the equation for the pendulum’ s angular displacement is
Lo=L6, cos(27rf t) - 0=6, cos(2zft)

If both sides of the equation are multiplied by 180°/7r rad , then the angles can be measured in

degrees. Thusthe angular displacement of the pendulum can be written as below. Please note that
the argument of the cosine function is still in radians.

0° =0, cos(2r ft) =15° cos(5.0t)
(@ 6°(t=0.25s)=15 cos(5.07(0.25)) =
(b) 6°(t=16s)=15"cos(5.07(16))= (here the time is exactly 4 periods)
(© 6°(t=500s) =15 cos(5.07(500)) = (herethetimeis exactly 1250 periods)

Thewave speedisgivenby v=Af . Theperiod is 3.0 seconds, and the wavelength is 6.5 m.
v=Af = /T =(65m)/(30s)=[22m/s
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37.

38.

39.

40.

=

42.

The distance between wave crests is the wavelength of the wave.

A=v[f =343m/s/262 Hz =[1.31m|

To find the wavelength, use 2 =V/ f .

3.00x10°m 3.00x10°
am: Y 3000 o, v _300x10TMYs o [AME 10 mio 550
f 550x10°Hz f, 1600x10°Hz
.00x10° .00x10°
PM: oL 3000 o, v 3000 o [ 27emiosdLn]
f 880x10°Hz f,  108x10°Hz

The elastic and bulk moduli are taken from Table 9-1 in chapter 9. The densities are taken from
Table 10-1 in chapter 10.

] 2
(@) Forwater: v=,B/p :\/M =[1.4x10° my/s|

1.00x10° kg/m’

. 45x10° N/m? 5
b) For granite: :\/ = |————=|4.1x10" m/5|
() gran! v=VE/p 2.7x10° kg/m® A0y

200x10° N/m? 5
c) For steel: = JE/p = | ——=—— =|5.1x10
© v=VEfp 7.8x10° kg/m’ A0 /s

The speed of alongitudinal waveinasolidisgivenby v= JE/p . Cdl the density of the less dense

material p,, and the density of the more dense material p,. The less dense material will have the
higher speed since the speed isinversely proportional to the square root of the density.

v JE/p, NEo _|ps 2 -[ia]
v, //72 P
To find the time for a pulse to travel from one end of the cord to the other, the velocity of the pulse

. E
on the cord must be known. For acord under tension, we have v = L

-~
e I VR S 28m ~[0353

Tat \myL F, 150 N
\/"VL \/(0-65 kg)/(28m)

(@) The speed of the pulseisgiven by

_Mx_2(620m)
—2=775m/s=|78m/s
At 16s m/ m/

o / F .
(b) Thetension isrelated to the speed of the pulseby v= rr}/TL . The mass per unit length of the

cable can be found from its volume and density.
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2 > 2
_m %:np(%j — 7 (7.8x10° kg/mﬂ[@j ~1.378kg/m

ke

1
<|3

Il

l

L FT:vzr—f:(77.5m/s)2(1.378kg/m):

43. The speed of the water waveisgivenby v=/ B/p , where B isthe bulk modulus of water, from
Table 9-1, and p isthe density of seawater, from Table 10-1. The wave travels twice the depth of
the ocean during the elapsed time.

44. (a)

(b)

2L v t B 30 2.0x10° N/m?
v==2 5L \P: S\/ AN
Yo,

t "2 2 2 \|1.025x10° kg/m?’

Both waves travel the same distance, so Ax=Vv,t, =V, t,. Welet the smaller speed be v, , and
the larger speed be v,. The slower wave will take longer to arrive, and so t, ismorethan t, .
t,=t,+20min=t,+120s — v,(t,+120s)=Vvt, —

- v, (1209) - 5.5km/s
v, -V, 8.5km/s—5.5km/s

2 1

Ax=V,t, =(85km/s)(220 s) =[1.9x10°km
Thisis not enough information to determine the epicenter. All that is known is the distance of
the epicenter from the seismic station. The direction is not known, so the epicenter lieson a

circle of radius 1.9x10°km from the seismic station. Readings from at least two other seismic
stations are heeded to determine the epicenter’ s position.

(1205)=220's

45. We assume that the earthquake wave is moving the ground vertically, sinceit is atransverse wave.
An object sitting on the ground will then be moving with SHM, due to the two forces on it — the
normal force upwards from the ground and the weight downwards due to gravity. If the object loses
contact with the ground, then the normal force will be zero, and the only force on the object will be
itsweight. If the only force isthe weight, then the object will have an acceleration of g downwards.
Thus the limiting condition for beginning to lose contact with the ground is when the maximum
acceleration caused by the wave is greater than g. Any larger downward accel eration and the ground
would “fall” guicker than the object. The maximum acceleration is related to the amplitude and the
frequency asfollows.

46. (a)

(b)

9.8m/s’
—w'Asg > As2-—9 _ —[099m
P J o 4r'f’ 47°(050Hz)’

Assume that the earthquake waves spread out spherically from the source. Under those
conditions, Eq. (11-16b) applies, stating that intensity isinversely proportional to the square of
the distance from the source of the wave.

Lipen 1 1o1en = (10 k)’ /(20 km)* =[0.25

The intensity is proportional to the square of the amplitude, and so the amplitudeisinversely
proportional to the distance from the source of the wave.

A&O km/Aiokm :10 km/20 km:
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(@) Assuming spherically symmetric waves, the intensity will be inversely proportional to the

48.

49,

50.

51.

52.

53.

square of the distance from the source. Thus Ir® will be constant.
| 12 =1 r> —

near  near far "far

(48 km)2

2
| =1 “Ta:(z.oxlosw/mz) (1 km)’ = 4,608x10° W/ m? ~|4.6x10° W/m?

nex ~ far

=

near

(b) The power passing through an areais the intensity times the area.

P =1A=(4.608x10° W/m’)(5.0m") -[23x10°W]

From Equation (11-18), if the speed, medium density, and frequency of the two waves are the same,
then the intensity is proportional to the square of the amplitude.

L/ =E[E=R[K=2 > A/A=\2=-[La]

The more energetic wave has the larger amplitude.

From Equation (11-18), if the speed, medium density, and frequency of the two waves are the same,
then the intensity is proportional to the sguare of the amplitude.

L/ =R/R=K[A=3 > AJA=V3=[L7]

The more energetic wave has the larger amplitude.

The bug movesin SHM as the wave passes. The maximum KE of aparticlein SHM isthe total
energy, whichisgivenby E_, =+kA’. Compare the two KE maxima.

otal

@&(&Hw_mj =

KE, kA" | A 3.0cm
(@ (b)

1 1

0.5 1 0.5

0 ‘ ‘ 0

-0.5 -0.5

-1 1

-4 -2 0 2 4 -4 -2 0 2 4

(c) Theenergy isal kinetic energy at the moment when the string has no displacement. Thereis
no elastic potential energy at that moment. Each piece of the string has speed but no
displacement.

The frequencies of the harmonics of astring that is fixed at both ends are given by f =nf , and so

the first four harmonicsare | f, =440 Hz , f, =880 Hz , f, = 1320 Hz , f, =1760 Hz|.

The fundamental frequency of the full stringisgiven by f 2—\:_ =294 Hz. If thelengthis

unfingered =

reduced to 2/3 of its current value, and the velocity of waves on the string is not changed, then the
new frequency will be
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v 3V 3 3
ffingered = W =T a (_) funfingered = (Ej 294 HZ =

21) 220 \2

54. Four loopsis the standing wave pattern for the 4" harmonic, with a frequency given by
f,=4f, =280Hz. Thus|f =70Hz,f,=140Hz, f,=210Hzand f, =350 Hz| are al other

resonant frequencies.

55. Adjacent nodes are separated by a half-wavelength, as examination of Figure 11-40 will show.

v v 92m/s -
a= —1p=t o WS 97,107
P e T T )

56. Since f, =nf , two successive overtones differ by the fundamental frequency, as shown below.
Af=f —f =(n+l)f —nf = f, =350 Hz- 280 Hz =

I:T

L

of astring with both ends fixed are given by equation (11-19b), f = v
ib

of the portion that is actually vibrating. Combining these rel ationships allows the frequencies to be

calculated.
LU (L S 20N = 290.77Hz
2L, \m/L 2(0.62 m)\(36x10°kg) /(0.90 m)

f,=2f =58L54Hz f,=3f =872.31Hz
So the three frequencies are |290 Hz, 580 Hz , 870 Hz| , 1o 2 significant figures.

The speed of waves on the string is given by equation (11-13), v=

. The resonant frequencies

, Where L, isthelength

58. From Equation (11-19b), f = % , we see that the frequency is proportional to the wave speed on

F
the stretched string. From equation (11-13), v= m/TL , we see that the wave speed is proportional

to the square root of the tension. Thus the frequency is proportional to the square root of the tension.

2 2
F f f 200 Hz
T2 :—2 —> FTZZ(TZJ FT12(205 sz FT1:O'952FT1

1
Thus the tension should be |decreased by 4.8%) .

59. The string must vibrate in a standing wave pattern to have a certain number of loops. The frequency
of the standing waves will all be 60 Hz, the same as the vibrator. That frequency is also expressed

by Equation (11-19b), f = % . The speed of waves on the string is given by Equation (11-13),
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F
V= f m/TL . Thetension in the string will be the same as the weight of the masses hung from the end

of thestring, F, =mg. Combining these relationships gives an expression for the masses hung
from the end of the string.
@ f-M_D \/ Fn \/(rrg o 4% f7 (m/L)

ETRETR TS g

) n'g

_4(150 m)’ (60 Hz)* (3.9x10 kg/m)

-1.280 kg ~[L.3 kg

1’ (9.80m/s°)
m  1.289kg
b) m=—= ~l0.32k
(b) m, 2 2 g
m  1.289Kkg -
0 m=—=""""2-|52x107k
© m = = g

60. Thetensioninthestring isthe weight of the hanging mass, F, =mg. The speed of waves on the

string can be found by v = i= &,and the frequency isgivenas f =60Hz. The
VmL (w0

wavelength of waves created on the string will thus be given by
v 1 [ ng 1 [(0.080kg)(9.80mys’)
f f\(mL) 60Hz\ (3.9x10"kg/m)

The length of the string must be an integer multiple of half of the wavelength for there to be nodes at
both ends and thus form astanding wave. Thus L=1/2, 4, 34/2, ---, and so on. Thisgives

L=0.37m,0.75m, 1.12m, 1.49 m asthe possible lengths, and so there are |4| standing wave
patterns that may be achieved.

=0.7473m.

A=

61. From the description of the water’ s behavior, thereis an anti-node at each end of the tub, and a node
in the middle. Thus one wavelength is twice the tube length.

v=Aaf=(2L,)f =2(0.65m)(0.85Hz) =|L.1mys

62. The speed in the second medium can be found from the law of refraction, Equation (11-20).

ané % v, =vlsl_m92 =(8.0krr;/s)(sn35 jz 6.3kmy/s

sng, v, sng, sn4r°

63. The angle of refraction can be found from the law of refraction, Equation (11-20).

sing, V. . N, 21m/s .
—2=2 sn@zzsn@l—zzsn34°—/=0.4l9 - 0,=9n"'0419=|25
sng, v, v, 2.8m/s

64. Theangle of refraction can be found from the law of refraction, Equation (11-20). Thereative
velocities can be found from the relationship given in the problem.
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i . 331+0.60(-10
?”9_22£:_331+060T2 N sinezzsin25°—( )=sin25°%=0.4076
sng, v, 331+0.60T, 331+0.60(10) 337

g, =sin™0.4076 =

65. Theangle of refraction can be found from the law of refraction, Equation (11-20). Therelative
velacities can be found from Equation (11-144).

sno, v, JElp, [ \/ Lo _ \/ﬁ

Singl V1 E/ Py P prals $2
G 3.6

dng, =dng, = L =5n38° }28 070 —» 6,=dn"'0.70=
" G, :

66. Theerror of 2°is allowed due to diffraction of the waves. If the waves areincident at the “edge” of
the dish, they can till diffract into the dish if the relationship 6 ~ /1/L is satisfied.

m% — l=L0=(O.5m)(2° ’i;;dj 1.745x10°m~

If the wavelength islonger than that, there will not be much diffraction, but “shadowing” instead.

67. Theunusual decrease of water corresponds to atrough in Figure 11-24. The crest or peak of the
wave is then one-half wavelength distant. The peak is 125 km away, traveling at 750 km/hr.
AX  125km (60 min
AX=Wt - t=—=
v 750km/hr\ 1hr

J: 10 min

68. Apply the conservation of mechanical energy to the car, calling condition # 1 to be before the
collision and condition # 2 to be after the collision. Assumethat all of the kinetic energy of the car is

converted to potential energy stored in the bumper. We know that X, =0 and v, =0.
E=E, - 3mf+3k¢ =3miedl > tm{ =1k¢ -

B _(2.2nys)=[021m]

550x10° N/m

69. Consider the conservation of energy for the person. Call the unstretched position of the fire net the
zero location for both elastic potential energy and gravitational potential energy. The amount of
stretch of the fire net is given by x, measured positively in the downward direction. The vertical
displacement for gravitational potential energy is given by the variable y, measured positively for the
upward direction. Calculate the spring constant by conserving energy between the window height
and the lowest location of the person. The person has no kinetic energy at either location.

— _ 1 2
Elop - Ebottom - rrgytop - rTgybottom + 2 kxbottom

M _ 2(65kg)(98m/s) [18m—( L1 m)]
X om (1.1m)

() If the person wereto lie on the fire net, they would stretch the net an amount such that the
upward force of the net would be equal to their weight.

k =2mg =2.011x10" N/m
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70.

71.

72.

mg (65kg)(9.8m/s’) —
F = k= - =[3.2x102m|
T T T oo’ N/m —

(b) Tofind the amount of stretch given a starting height of 35 m, again use conservation of energy.
Notethat Yy, ., = —X, and thereis no kinetic energy at the top or bottom positions.

mg mg
Etop = Ebottom - rrgytop = r.rgybottom +%kxz - X2 - ZTX_ 2? ytop = 0

65 kg)(9.8m/s’ 65 kg)(9.8
x2—2( g)( 4m/s)x ( g( m/S)(l-35m)=0 -
2.011x10° N/m 2.011x10" N/m

x* —0.06335x-2.2173=0 — x=15211m, -1.458m
Thisisaquadratic equation. The solution isthe positive root, since the net must be below the

unstretched position. Theresultis |1.5m]|.

Consider energy conservation for the mass over the range of motion
from “letting go” (the highest point) to the lowest point. The massfalls
the same distance that the spring is stretched, and has no KE at either
endpoint. Call the lowest point the zero of gravitational potential X=0 --
energy. Thevariable“X’ represents the amount that the spring is

stretched from the equilibrium position.

E = Bt
) X=H----- ---y=0
top +ngyt0p+%kx[ __III“bottom +“g>bottom +%kxtimom

0+mgH +0=0+0+1kH* — E=zg—a)2 - o= ,/%

m H
1 2( 98m/s)_
S . o]

(&) From conservation of energy, theinitial kinetic energy of the car will all be changed into elastic
potential energy by compressing the spring.

E-E o dm{edld=imieikd > dmi-tld o

2
S
k=m-L = =(950 kg )(( /) =1.8392x10° N/m ~|1.8x10* N/m
50m
(b) Thecar will be in contact with the spring for half a period, as it moves from the equilibrium
location to maximum displacement and back to equilibrium.

m 950 kg
%ngz;z\/%:n\/ ( ) =l0.71s

1.8392x10* N/m

The frequency at which the water is being shaken is about 1 Hz. The sloshing coffeeisin a standing
wave mode, with anti-nodes at each edge of the cup. The cup diameter is thus a half-wavelength, or
A =16 cm. The wave speed can be calculated from the frequency and the wavelength.

v=Af =(16 cm)(1Hz) =|16cmys
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73.

74.

75.

El

Relative to the fixed needle position, the ripples are moving with alinear velocity given by

i 27(0.108
:(33 il j(lm'nj 7(0108M) ) 373my/s
min 60 s lrev

This speed is the speed of the ripple waves moving past the needle. The frequency of the wavesis

f:l: O.373m/s :

A 1.70x10°m

The equation of motionis x = 0.650c0s7.40t = Acoswt .
(@ Theamplitudeis A=]0.650 m

7.40rad
(b) Thefrequency isgivenby w=2xf =7.40rad/s — f :Z—rad/szl.ﬂ? Hz ~|1.18 Hz
7

(c) Thetotal energy isgiven by
Epw = +KA® = 2mo’ A’ = 1(2.00kg)(7.40rad/s)’ (0.650 m)’ = 23.136J~[23.1]].
(d) The potential energy isfound by
E =1k¢ =L mw’x’ = 1(2.00kg)(7.40rad/s)’ (0.260 m)’ = 3.7023~[3.70 J|.
The kinetic energy is found by
KE = E,, — PE =23.136 J-3.702 J = .

otal

The frequency of asimple pendulumisgivenby f = Zi \/% . The pendulum is accelerating
T

vertically which is equivalent to increasing (or decreasing) the acceleration due to gravity by the
acceleration of the pendulum

€ fnew=— g+a 109 _ 150 \f \/15f_

£ ,/g+a -~ /05 \f Jost =07t
JT

The force of the man’s weight causes the raft to sink, and that causes the water to put alarger upward
force on theraft. This extrabuoyant force isarestoring force, becauseit isin the opposite direction
of the force put on the raft by the man. Thisis analogous to pulling down on a mass-spring system
that isin equilibrium, by applying an extraforce. Then when the man steps off, the restoring force
pushes upward on the raft, and thus the raft — water system acts like a spring, with a spring constant
found as follows.

F (75kg)(9.8m/s")
"X 40x107m
(@ Thefrequency of vibration is determined by the spring constant and the mass of the raft.
o 1k zi\/1.8375><104 N/m
2z \'m 2r 220 kg

(b) Asexplained in the text, for avertical spring the gravitational potential energy can be ignored if
the displacement is measured from the oscillator’ s equilibrium position. The total energy is
thus

=1.8375x10* N/m

=1.455Hz ~|1.5 HZ|

E o = TKA® =2(1.8375x10° N/m)(4.0x107°m) =14.73~[15J].
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77. (a) Theovertonesaregivenby f =nf,n=234...

f,=2(392 Hz)=[784 Hz| f,=3(392 Hz)=[1180 Hy|
A: f,=2(440 Hz)= f, = 3(440 Hz) = [1320 Hz]

(b) If the two strings have the same length, they have the same wavelength. The frequency
differenceisthen due to a difference in wave speed caused by different masses for the strings.

FT
v/ v \m/t m &:[Lj (ﬂoj _[izg
f, v,/ v, F, m, m, . 392
\'m,/L

(c) If thetwo strings have the same mass per unit length and the same tension, then the wave speed
on both stringsisthe same. The frequency difference is then due to a difference in wavelength.
For the fundamental, the wavelength is twice the length of the string.
kz\’/ﬁ:ﬁ:ﬁ N L _f,_ 440 _-
f, v/, A, 2L, L, f, 392
(d) If the two strings have the same length, they have the same wavelength. The frequency
difference is then due to a difference in wave speed caused by different tensions for the strings.

TG
2
fo _Ve/A_ _e _Vny [kj - (g)z _[0.704
v,/ / \/ f, 440

78. (a) Sincethe cord isnot accelerating to the left or right, the tension in the cord must be the same
everywhere. Thusthetension isthe same in the two parts of the cord. The speed difference
will then be due to the different mass densities of the two parts of the cord. Let the symbol 1
represent the mass per unit length of each part of the cord.

Vi ( FT/’U)H | A

VL_( FT/u) B Hy

L
(b) Thewavelength ratio isfound as follows.

A My W | s

A’L (V/ f )|_ VL luH
The two frequencies must be the same for the cord to remain continuous at the boundary. If the

two parts of the cord oscillate at different frequencies, the cord cannot stay in one piece,
because the two parts would be out of phase with each other at various times.

(c) Since p, > ,weseethat 4, <A , and so the wavelength is greater in the [lighter cord].

79. (@) Themaximum speed is given by
V,,, =27 A=27(264 Hz)(18x10°m) =[30mys.
(b) The maximum acceleration is given by
a,, =471’ A=47"(264 Hz)’ (1.8x10°m) =|5.0x10° my/s’|.
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80. For the pebble to lose contact with the board means that there is no normal force of the board on the

81.

82.

83.

pebble. If thereisno normal force on the pebble, then the only force on the pebble is the force of
gravity, and the acceleration of the pebble will be g downward, the acceleration due to gravity. This
is the maximum downward accel eration that the pebble can have. Thusif the board’ s downward
acceleration exceeds g, then the pebble will lose contact. The maximum accel eration and the

amplitude arerelated by a, =47°f*A.

9.8m/s’
a, =4r’f’A<g - A< 9 . / ~<|11x10"m

47°t*  47” (15 Hz)

For aresonant condition, the free end of the string will be an antinode, and the fixed end of the string
will beanode. The minimum distance from anode to an antinode is /4. Other wave patterns that
fit the boundary conditions of a node at one end and an antinode at the other end include

34/4,54/4 , ... . Seethediagrams. The general relationshipis L=(2n-1)4/4 ,n=123--.
4L
Solving for the wavelength gives |4 = 1 ,n=123---
n_
1
n=1
0 n=3

2

. o . T
The period of a pendulum is given by T=27rJL/g ,and sothelengthis L = g

> "

T, (2000s)°(9.793m/s’)

@ Lyg, = = > =10.9922 m
A A
LT (2.0005)° (9.809nYs°) 0,965
b Paris 2 = 2 =Y m
(b) 4 ViV o

L. —L,. =09939 m-09922 m=00016 m=[L6 mm|

2 2.005s)’(1.62m/s
© Ly, = _ (2009 ( : ) _ 0.164m
47 4

The spring, originally of length |, will be stretched downward to a new equilibrium length L when
the massis hung onit. The amount of downward stretch L -1 is found from setting the spring force
upward on the mass equal to the weight of themass: k(L-1,)=mg — L=I,+mg/k. Thelength
of the pendulumisthen L =1, + mg/k. The period of the vertical oscillationsis given by

T, = 2z\/myk , while the period of the pendulum oscillations is given by T =27 L/g. Now
compare the periods of the two motions.
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%

T, 27y(lo+mg/k)/g z\/lo+mg/k —\/1+ﬁ>1

T, 27k mg/k \ mg

T > T, by afactor of /1+ﬁ
mg

84. Block mstays on top of block M (executing SHM relative to the ground) without slipping dueto
static friction. The maximum static frictional forceonmis F, = xmg. Thisfrictional force causes

max

block mto accelerate, so ma, = umg — a_ =u.g. Thusfor the blocks to stay in contact
without slipping, the maximum acceleration of block M isalso a,, = #.9. But an object in SHM

has a maximum acceleration given by a,, = w’A= A. Equate these two expressions for the
total

maximum acceleration.

0.30)(9.8nYs’
A=ug - A=%(M+m)=( I m/s)(6.25kg):

130N/m

B =

total

85. The speed of the pulsesis found from the tension and mass per unit length of the wire.

R 255 N ~
= \/ mL  \(0.123kg)/(10.0 m) ~143.965ys

Thetotal distance traveled by the two pulses will be the length of the wire. The second pulse has a
shorter time of travel than the first pulse, by 20.0 ms.

L=d,+d, =W +vt, =\, +Vv(t, -2.00x10°)
. _L+200x10%v _ (100m)+ 2.00x107 (143.9851/s)
' 2v 2(143.985m/s)
d, =vt, =(143.985m/s)(4.4726x10°s) = 6.44 m
The two pulses meet from the end where the first pulse originated.

=4.4726x10s

86. For the penny to stay on the block at all times means that there will be a normal force on the penny
from the block, exerted upward. If down istaken to be the positive direction, then the net force on the

penny is F, =mg—-F, =ma. Solving for the magnitude of the normal force gives F, = mg-ma.
This expression is always positive if the acceleration is upwards (a < 0), and so there is no possibility
of the penny losing contact while accelerating upwards. But if adownward acceleration were to be
larger than g, then the normal force would go to zero, since the normal force cannot switch directions

(F, >0). Thusthelimiting conditionis a,,, = g . Thisisthe maximum value for the acceleration.

K
For SHM, we also know that a,, = @’ A= A~—A. Equate these two values for the

M +m
acceleration.

k
——A=g > |[A=—2
A v g ”
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87.

88.

The car on the end of the cable produces tension in the cable, and stretches the cable according to

. 1F . . ,
Equation (9-4), AL = A L, , where E isYoung s modulus. Rearrange this equation to see that

thetension force is proportional to the amount of stretch, F = T AL , and so the effective spring

(o]

constant is k = E . The period of the bouncing can be found from the spring constant and the mass

on the end of the cable.
T-= 27z\/E e UL (1200kg)(22m) 5755
k EA (200x10° N/m*) z(3.2x10°m)

: , . . GA
From Equation (9-6) and Figure (9-22c), the restoring force on the top of the Jell-Ois F = L—AL ,

(o]

and isin the opposite direction to the displacement of the top from the equilibrium condition. Thus

. . . A
the “spring constant” for the restoring forceis k = GL_ If you wereto look at alayer of Jell-O
closer to the base, the displacement would be less, but so would the restoring force in proportion, and
so we estimate al of the Jell-O as having the same spring constant. The frequency of vibration can
be determined from the spring constant and the mass of the Jell-O.

f_ Lk _1 GA/L, 1 [GAL, 1 |G
2z \m 27\ pV 27\ pAL, 27\ pL?
1

2
_ \/ 520N/m :

27 (1300kg/m*)(4.0x10°m)’
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