CHAPTER 15: Wave Motion

Responses to Questions

5.

10.

18.

The speed of sound in air obeys the equation v = A/B/p. If the bulk modulus is approximately

constant and the density of air decreases with temperature, then the speed of sound in air should
increase with increasing temperature.

First, estimate the number of wave crests that pass a given point per second. This is the frequency
of the wave. Then, estimate the distance between two successive crests, which is the wavelength.
The product of the frequency and the wavelength is the speed of the wave.

The speed of sound is defined as v = ﬂfB/,o , Where B is the bulk modulus and p is the density of

the material. The bulk modulus of most solids is at least 10° times as great as the bulk modulus of
air. This difference overcomes the larger density of most solids, and accounts for the greater speed
of sound in most solids than in air.

Yes. Any function of (x - vt) will represent wave motion because it will satisfy the wave equation,
Eq. 15-16.

AM radio waves have a much longer wavelength than FM radio waves. How much waves bend, or
diffract, around obstacles depends on the wavelength of the wave in comparison to the size of the
obstacle. A hill is much larger than the wavelength of FM waves, and so there will be a “shadow”
region behind the hill. However, the hill is not large compared to the wavelength of AM signals, so
the AM radio waves will bend around the hill.

Solutions to Problems

The elastic and bulk moduli are taken from Table 12-1. The densities are taken from Table 13-1.

2.0x10°N/m?
(a) For water: V:ajB/p :Jm :

: —— | 45%x10°N/m’
(b) For granite: V= E/IO = W =

(c) For steel: v=E/p = w—
' NP T e 10 kg/m



6. To find the time for a pulse to travel from one end of the cord to the other, the velocity of the pulse

on the cord must be known. For a cord under tension, we have Eq. 15-2, v = afFT/y.

AX F AX 8.0m
v=—= |- > At= = =10.19s
At u 5 140N -
u  \[(0.65kg)/(8.0m)

8. The speed of the water wave is given by v = 48/,0 , Where B is the bulk modulus of water, from
Table 12-1, and p is the density of sea water, from Table 13-1. The wave travels twice the depth of

the ocean during the elapsed time.

9 2
vz% Loponlt E=2'85J 20x10°N/m* s

2 2\p 2 \1.025x10°kg/m’

11. (a) The shape will not change. The wave will move 1.10 meters to the right in 1.00 seconds. See

the graph. The parts of the string that are moving up or down are indicated.

2
/\ ' .
1 7 S
oo 1
) /\ . \ , \\
[ i .
£ 0 ANG— :
§ \ \i/ \ ‘
% A N 3
/ > .
o -1 \/ - 5
-2
0 1 2 3 |——Earlier| 4
meters - - - - plater
down—»{<— up —»|<— down —»<—up—s<—down




12.

15.

16.

(b) At the instant shown, the string at point A will be moving down. As the wave moves to the
right, the string at point A will move down by 1 cm in the time it takes the “valley” between 1
m and 2 m to move to the right by about 0.25 m.
Ay -1lcm

=—=——""—~|-4cm/s
At 0.25m/1.10m/s /

This answer will vary depending on the values read from the graph.

We assume that the wave will be transverse. The speed is given by Eq. 15-2. The tension in the
wire is equal to the weight of the hanging mass. The linear mass density is the volume mass density
times the cross-sectional area of the wire. The volume mass density is found in Table 13-1.

SR s m%g _ (5.0kg)(9.80m/s*) o
e

TN (7800kg/m* )z (0.50 %10 °m)’
| |

From Eq. 15-7, 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.

|2/|1=E2/E1=A22/A12=3 - Az/Alz\/gz

The more energetic wave has the larger amplitude.

(a) Assume that the earthquake waves spread out spherically from the source. Under those

conditions, Eq. (15-8ab) applies, stating that intensity is inversely proportional to the square of
the distance from the source of the wave.



I45km/|15km = (15km)2/(45 km)2 =10.11

(b) The intensity is proportional to the square of the amplitude, and so the amplitude is inversely

proportional to the distance from the source of the wave.

Agn | Asien = 15km/45km =

22. (a) The only difference is the direction of motion.
D(x,t) =0.015sin(25x +1200t)

(b) The speed is found from the wave number and the angular frequency, Eq. 15-12.

o 1200rad/s
V=—=———=|48m/s
k  25rad/m

24. The traveling wave is given by D =0.22sin(5.6x + 34t).

(a) The wavelength is found from the coefficient of x.

2r 2r
56mt="— 5 A= =1.122m=~|1.1m
) 5l6mfl

(b) The frequency is found from the coefficient of t.

-1
34st=27f > f =3‘215 =5.411Hz ~|5.4 Hz|
T

(c) The velocity is the ratio of the coefficients of t and x.

27 34s™
v=Af = =6.071m/s = |6.1m/s
Som 2r /

Because both coefficients are positive, the velocity is in the jnegative x direction).




(d) The amplitude is the coefficient of the sine function, and so is .

(e) The particles on the cord move in simple harmonic motion with the same frequency as the

wave. From Chapter 14, v = Dw=271D.

34s™
v =27fD=2 0.22m)=|7.5m/s
e

T

The minimum speed is when a particle is at a turning point of its motion, at which time the
speed is 0.

Vmin = IEI

26. The displacement of a point on the cord is given by the wave, D(X,t) = O.lZsin(3.0X —15.0t). The

oD
velocity of a point on the cord is given by E

D(0.60m,0.20s) = (0.12m)sin[ (3.0m™*)(0.60m)—(15.0s*)(0.20s) | =

oD
— =(0.12m)(-15.0s")cos(3.0x —15.0t
- (012m)(-15.0s*)oos(3.0x-1501)

%(0.60 m,0.20s) = (0.12m)(~15.0s ) cos[ (3.0m*)(0.60m) - (15.0s*)(0.205) | =

28. (a) The wavelength is the speed divided by the frequency.

v 345m/s
A=—= =10.658m
" arn

A At

(b) In general, the phase change in degrees due to a time difference is given by 60° T

A—¢=§=fm - At—i A 1 (90 ):4.77x104‘s

360° T ©£360° 524Hz\ 360°



Ap  AX
360° A4

(c) In general, the phase change in degrees due to a position difference is given by

Ap  AX AX 0.044m
=— — Ap=—1(360°)= 360°) = [24.1°
360° A ’ A (360%) 0.658m( )

29. The amplitude is 0.020 cm, the wavelength is 0.658 m, and the frequency is 524 Hz. The
displacement is at its most negative value at x=0, t = 0, and so the wave can be represented by a
cosine that is phase shifted by half of a cycle.

D(x,t) = Acos(kx — at + ¢)

A= 0020cm : k = 2% _ 2nf _ 2z (524Hz)
2 345m/s

=954m™; w=2xf =27(524Hz) = 3290rad/s

D(x,t) =(0.020cm)cos| (9.54m™)x - (3290rad/s)t+x | , x inm, tins

Other equivalent expressions include the following.

D(x,t) =—-(0.020cm)cos| (9.54m™*) x - (3290 rad/s)t |
D(x,t) = (0.020cm)sin| (9.54m ™) x — (3290rad/s)t + 7 |

. . . . D 1é°D
32. To be a solution of the wave equation, the function must satisfy Eq. 15-16, == e

&)

>
)

<

(a) D= Aln(Xx+Vt)

o A D A D A D Av?

X X+vt | ox (x+vt)2 ot ox+vt oot (x+vt)2

o D 1D — -
This gives == and so |yes, the function is a squtlon.|
OX Ve ot

(b) D=(x-vt)*

@
OX

2
. 0D —12v2(x—vt)2

:4(x—vt)3 ; o



. oD 16D — ,
This gives =5 and so |yes, the function is a solution.
OX Ve ot

34. Find the various derivatives for the linear combination.

D(x,t)=C,D,+C,D, =C,f (x,t)+C,f,(x,t)

D f ‘D i ‘f
a_zcli"'czﬁ ; ‘ z:c:la 21-"02a 22
OX OX ox  OX OX OX
D f ‘D i ‘f
a_zcli"'czﬁ : az :C1621+C26 22
ot ot ot ot ot ot
oD 10D
To satisfy the wave equation, we must have v == e Use the fact that both f, and f,
X Y

satisfy the wave equation.

D ’f ’f 10°f 10°f 1 f f 1 6°D
LB e ME - L LA Y
\' \'

B S 2 R ot | v et
D 10D -, .
Thus we see that v =— et and so D satisfies the wave equation.
X Vv

(a) For the wave in the lighter cord, D(x,t) =(0.050m)sin| (7.5m™)x—(12.0s ™)t |.

2 27
G orah

(b) The tension is found from the velocity, using Eq. 15-2.

= & (120s)
V= ZT - K ZIUVZ =yF=(O.10kg/m)m=

(c) The tension and the frequency do not change from one section to the other.

2 2

o, 0] uo 2r |u 27
_E o o8, % /_1=_’—1=—«/0.5=0.59m
T1 T2 H klz H, kz 2 /11 1, k1 1L (7'5m—1)

2



42. (a) The resultant wave is the algebraic sum of the two component waves.

D =D, +D, = Asin(kx — at) + Asin (kx — ot + ¢) = A[sin (kx — at) + Asin (kx — &t + ¢) |
= A{2sin1[(kx— wt) + (kx — ot + ¢) |} {cos £ [ (kx — at) — (kx — et + 4) ]}

= 2A{sin(2kx - 2at + ¢)}{cos(¢)} = (ZAcosgjsin (kx —at+ gj

¢

(b) The amplitude is the absolute value of the coefficient of the sine function, ‘ZACOS Sl The

wave is |purely sinusoidal| because the dependence on x and tis sin ka —ot+ gj

(c) If $=0,27,47,L ,2nxz, then the amplitude is

2n
‘ZAcosg =‘2ACOSTE‘ =|2Acosnz|=[2A(£1)
=2A , which is constructive interference. If ¢ =7,37,57,L ,(2n +1)7r, then the
2n+1)~
amplitude is 2ACOS§ = 2ACOS(T) = ‘2Acos[(n+%)n]‘ =0, which is destructive
interference.
(d) If ¢= %, then the resultant wave is as follows.

D= LZACOS%Jsinka—a)HgJ =L2ACOS%JSinLkX—a)t+%J = \/EAsin(kx—a)tJr%J

This wave has an amplitude of «/EA, is traveling in the positive x direction, and is shifted to
the left by an eighth of a cycle. This is “halfway” between the two original waves. The

displacement is %A at the origin at t = 0.

45. The oscillation corresponds to the fundamental. The frequency of that oscillation is

1 1 2
=—Hz. The bridge, with both ends fixed, is similar to a vibrating string, and so

T T 15s



2n
f,=nf = ? Hz,n=12,3K | The periods are the reciprocals of the frequency, and so

T =18 123k
n

48. Adjacent nodes are separated by a half-wavelength, as examination of Figure 15-26 will show.

51.

54.

v v 96m/s
A=— My =2A=—=—""—=10.11m
R EAY 2(445Hz)

The speed of the wave is given by Eq. 15-2, v = ,/FT/,u. The wavelength of the fundamental is

v 1 |F
A= 2| . Thus the frequency of the fundamental is fi=—= E —L. Each harmonic is present in
y7;
I . n |k
a vibrating string, and so f =nf = Z —Ln=123K.
U

The standing wave is given by D = (2.4cm)sin(O.GOX)COS(42t).

(a) The distance between nodes is half of a wavelength.

27 T
d=i1=t{—=————=5236cm~|5.2cm
>k 060cm™

(b) The component waves travel in opposite directions. Each has the same frequency and speed,
and each has half the amplitude of the standing wave.

o 4257
A=%(2.4cm)=12cm| ; f =—= =6.685Hz ~|6.7Hz| ;
(2aom) © 425G gasi
v=af=2d . f=2(5236cm)(6.685Hz)=70.01cm/s ~|70cm/s| (2 sig. fig.)

N =

oD
(c) The speed of a particle is given by E



% = %[(2.4cm)sin (0.60x)cos(42t)] = (—42rad/s)(2.4cm)sin (0.60x)sin (42t)

%(S.ZOCm, 2.55) = (-42rad/s)(2.4cm)sin[ (0.60cm™)(3.20cm) |sin[(42rad/s) (2.55)]

=[92cm/s

(a) The given wave is D, = 4.25in(0.84x 47t + 2.1). To produce a standing wave, we simply need

to add a wave of the same characteristics but traveling in the opposite direction. This is the
appropriate wave.

D, = 4.2sin(0.84x + 47t +2.1)

(b) The standing wave is the sum of the two component waves. We use the trigonometric identity
that sing, +sin 6, = 2sin1(6,+6,)cos1(6,-6,).
D =D, +D, =4.2sin(0.84x — 47t +2.1) + 4.2sin (0.84x + 47t + 2.1)

=4.2(2){sin1[(0.84x - 47t +2.1) + (0.84x + 47t + 2.1)]}
{cos1[(0.84x —47t+2.1) - (0.84x +47t + 2.1)]}

=8.4sin(0.84x + 2.1)cos (—47t) = |8.4sin (0.84x + 2.1)cos (47t)

We note that the origin is NOT a node.

60. (a) The maximum swing is twice the amplitude of the standing wave. Three loops is 1.5
wavelengths, and the frequency is given.

A=1(8.00cm)=4.00cm ; w=27 f =27(120Hz) = 750rad/s ;

2

_2_7r 2

k — ; 21=164m — A1=1.09m ; k= =5.75m"

09m

D = Asin (kx)cos(wt) = (4.000m)sin[(5.75m’1) x}cos[(750 rad/s)t]

(b) Each component wave has the same wavelength, the same frequency, and half the amplitude of

the standing wave.



D, = (2.00cm)sin| (5.75m™ ) x— (750rad/s)t |
D, =(2.00cm)sin[ (5.75m™)x + (750rad/s)t |

63. The standing wave is the sum of the two individual standing waves. We use the trigonometric
identities for the cosine of a difference and a sum.

cos(6,—6,) =cos b, cos, +sing,sin g, ; cos(6, +6,)=cos 6, cosd, —sin g, sin 6,
D =D, +D, = Acos(kx—at)+ Acos(kx+at) = A[cos (kx— et ) +cos (kx + at )]

= A[cos kx cos et +sin kxsin et + cos kx cos et —sin kxsin et |

= 2Acos kx cos wt

Thus the standing wave is D = 2Acoskx cosat. The nodes occur where the position term forces

D = 2Acoskxcos et =0 for all time. Thus coskx =0 — kx:i(2n+1)%,n:0,1,2,L . Thus,

since k =2.0m™, we have x=i(n+§)%m,n=0,1,2,L )

65. The speed in the second medium can be found from the law of refraction, Eq. 15-19.

sind, _ v, _, vzzvl%:(s.om/s)(sm?'; J=

sing, v, sin 6, sin52°

The angle of refraction can be found from the law of refraction, Eq. 15-19. The relative velocities
can be found from the relationship given in the problem.

sing, v, _331+0.60T,
sind, v, 331+0.60T,

1

6, =sin " 0.5069 =|30°| (2 sig. fig.)

o 3314060(-15) . 322
sin, = sin3ge Srt 000018 000322 g
331+0.60(25) 346

68. (a) Eg. 15-19 gives the relationship between the angles and the speed of sound in the two media.

For total internal reflection (for no sound to enter the water), & __ =90° or sing,__ =1. The

water water

air is the “incident” media. Thus the incident angle is given by the following.



sing., V. ol V. A 4|V
—a - g =6 =sin"|sing,, —| —> |6, =sin"| —|=sin"| =
siné@ v v v \Y;

water water water water

(b) From the angle of incidence, the distance is found. See the
diagram.
a4V . 4 343m/s
0, =sin"—— =sin™ 3BMS 130
Voater 1440m/s

tang,, ,, = % — x=(1.8m)tan13.8° =
8m



