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21.1 The Principle of Superposition

(R Superposition

1. Two pulses on a string, both traveling at 10 m/s, are approaching each other. Draw snapshot graphs of

the string at the three times indicated.
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2. Two pulses on a string, both traveling at 10 m/s, are approaching each other. Draw a snapshot graph of

the string att = 1 s.
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21.2 Standing Waves

21.3 Transverse Standing Waves

3. Two waves are traveling in opposite directions along a string. Each has a speed of 1 cm/s and an
amplitude of 1 cm. The first set of graphs below shows each wave at £ =0s.

a. On the axes at the right, draw the superposition of these two waves at£=0s.

b. On the axes at the left, draw each of the two displacements every 2 s until # = 8 s. The waves extend
beyond the graph edges, so new pieces of the wave will move in.

c. On the axes at the right, draw the superposition of the two waves at the same instant.
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(Continues next page)
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4. The figure shows a standing wave on a string.
a. Draw the standing wave if the tension is quadrupled while the frequency is held constant.

Original wave, tension T’ Tension 47

b. Suppose the tension is merely doubled while the frequency remains constant. Will there be
a standing wave? If so, how many antinodes will it have? If not, why not?

Ti\heve Will e O Srandivig Wone
oecouse VI3V and so >3 Ay
ud Bais Will ok howe nodes ok

Hhe boundaxies.
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5. This standing wave has a period of 8 ms. Draw snapshot graphs of the string every 1 ms from ¢ = 1 ms
to t = 8 ms. Think carefully about the proper amplitude at each instant.

t=0ms t=4ms

6. The figure shows a standing wave on a string. It has frequency f.
a. Draw the standing wave if the frequency is changed to 2fandto}f.

000000 1OOOG! 1000000

Original wave, frequency f Frequency % f Frequency % f

b. Is there a standing wave if the frequency is changed to 1 £7If so, how many antinodes does it have?
If not, why not?

Thele s o 5&'&1\:‘&'\\!\; wone ot ?[4. "

P Sy A= 25 TheceFore ok Sy, A=H(35): 2L,
but His wowele covmet heettne
\oownd oy cNARONS for astanding Wale.
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21.4 Standing Sound Waves and Musical Acoustics

7. The picture shows a displacement standing sound wave 32 mm
in a 32-mm-long tube of air that is open at both ends.
a. Which mode (value of m) standing wave is this? a\ >O<
b. Are the air molecules vibrating vertically or horizontally?
Explain.

Hovri 7—0‘(\'\‘0\\\\1 . Souwnd WeNes
e \on%i’(udinm\-

¢. At what distances from the left end of the tube do the molecules oscillate with maximum amplitude?

O, lLmm ond 33 mm -

8. The purpose of this exercise is to visualize the motion of the air molecules for the standing wave of
Exercise 7. On the next page are nine graphs, every one-eighth of a period from ¢z = 0 to ¢t = T. Each
graph represents the displacements at that instant of time of the molecules in a 32-mm-long tube.
Positive values are displacements to the right, negative values are displacements to the left.

a. Consider nine air molecules that, in equilibrium, are 4 mm apart and lie along the axis of the tube.
The top picture on the right shows these molecules in their equilibrium positions. The dotted lines
down the page—spaced 4 mm apart—are reference lines showing the equilibrium positions. Read
each graph carefully, then draw nine dots to show the positions of the nine air molecules at each
instant of time. The first one, for ¢ = 0, has already been done to illustrate the procedure.

Note: It’s a good approximation to assume that the left dot moves in the pattern 4, 3, 0, —3, —4, 3,0,
3, 4 mm; the second dot in the pattern 3,2, 0, —2, —3, —2, 0, 2, 3 mm; and so on.

b. At what times does the air reach maximum compression, and where does it occur?

Max compression at position % o

OHrem

c. What is the relationship between the positions of maximum compression and the nodes of the
standing wave?

Max compression at time

The Coints ofF mMaximum
CorPEESTION Giwe. NOARS.
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21.5 Interference in One Dimension

21.6 The Mathematics of Interference

9. The figure shows a snapshot graph at t = 0 s of loudspeakers emitting triangular-shaped sound waves.
Speaker 2 can be moved forward or backward along the axis. Both speakers vibrate in phase at the
same frequency. The second speaker is drawn below the first, so that the figure is clear, but you want to
think of the two waves as overlapped as they travel along the x-axis.

a. On the left set of axes, draw the # = 0 s snapshot graph of the second wave if speaker 2 is placed at
each of the positions shown. The first graph, with Xgpearer = 2 m, is already drawn.

x (m)

Net wave to the right of both speakers

.._4.1..,.#.#2 \//\\/X(m) ;._A....#.tz.,.‘[..rx(m)

NS \
AN

BAA

ﬁg/\ ANE/ANEANI ,\x(m)
\VARVARV. a

b. On the right set of axes, draw the superposition Dy = Dy + D, of the waves from the two speakers.
Dy exists only to the right of both speakers. It is the net wave traveling to the right.

c. What separations between the speakers give constructive interference? (Di mv

d. What are the Ax/A ratios at the points of constructive interference? @) , ,

e. What separations between the speakers give destructive interference? - a ™\, + 9~VV'\
f. What are the Ax/A ratios at the points of destructive interference? X! / o-
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10. Consider the two loudspeakers of Exercise 9.

a. Copy the speaker 1 and 2 graphs from Exercise 9 onto the first set of axes below for the situation in
which speaker 2 is 4 m behind speaker 1. Then draw their superposition on the axes at the right. This
simply repeats your last set of graphs from Exercise 9.

b. On the axes on the left, draw snapshot graphs of the two waves at times ¢ = ir2T, and 2T, where T
is the wave’s period.

¢. On the right axes, draw the superposition of the two waves.

—_— #[1Q /\ | /X\I /,\] ) Net wave to thfright of b speaker
\A /5
t=0 | }- x (m)

T T ‘ T T

#2 X (m)

//.\W/\\//.x<m> A /\ /

A YT

T T T /\/\ x (m)
4 };\/ \/

DN

-4 4 8
t=3T/4 » x (m)

A VY

d. Is the net wave a traveling wave or a standing wave? Use your observations to explain.

T+ i o\+rave\iw3wava.
The Wowe doesnat Mainirodn vodes.
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11. Two loudspeakers are shown at = O s. Speaker 2is 4 m #1
behind speaker 1. ) . 3 11 x (m)
a What is the wavelength A2 Ay o
b. Is the interference constructive or destructive? #2 ‘A B D A x (m)

constvuctive

¢. What is the phase constant ¢ for wave 1?7 O -

What is the phase constant ¢y for wave 27 -3\
d. At points A, B, C, and D on the x-axis, what are:

+ The distances x; and x, to the two speakers?

* The path fength difference Ax = x, — x;?

* The phases ¢; and ¢, of the two waves at the point (not the phase constant)?
* The phase difference Ad = ¢y ~ ¢1?

Point A is already filled in to illustrate.

x1 X3 Ax b1 (5} A
Point A 1m 5m 4m 05mrad  2.57rad 277 rad
Point B Q m LO w\ L"M i ’ﬂ'f&d 5’1?'('“ 3“’ (od
PointC Im 4w 1Sfrved 35F70d  dfvod
Point D ‘+ m T Hm,  OWNvod Hivrad 3 rod

e. Now speaker 2 is placed only 2 m behind speaker 1. Is
the interference constructive or destructive? ‘AB l DA A x (m)
Pestvuctive [Q/\ )
T T T X (m)
C
f. Repeat step ¢ for the points A, B, C, and D. \/ ‘V \/

x1 X Ax Lol o A¢
PointA  1m 3m 2m 0.57 rad 1.57 rad 7 rad
PointB o Hn Qm. Trod Mad TCvod.
PoitC _AeA . Spy  Gm  JENved ISTrd Wrad
PoitD _Hrm low m At yoad AN rad Wyad

g. When the interference is constructive, what is Ax/A? l _ What is Ap? _f 8~ v ___________

I
h. When the interference is destructive, what is Ax/A? _[L_ What is A¢? L
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12. Two speakers are placed side-by-side at x = O m. The #1
waves are shown at ¢ = Os. v . & D4 / x (m)
a. Is the interference constructive or destructive? _
t=0s
b. What is the phase constant ¢ for wave 17 O #2 /\ /\
T T I AB (': D| T T /x(m)
What is the phase constant ¢ for wave 27 ’\T ___________ -4 W é\/

¢. At points A, B, C, and D on the x-axis, what are:

+ The distances x; and x, to the two speakers?

+ The path length difference Ax = x, — x;?

* The phases ¢ and ¢, of the two waves at the point (not the phase constant)?
* The phase difference A¢p = ¢ — ¢;?

x1 X Ax 1 )
A lw  lm O OSW. 6N
Point B Q—m 9~ wm O ’h— 8~’\\\‘
Point C BW\ 3 Y. O — lS’n\‘ 85 ﬁ
Point D L\‘ ™M 4 | 47,8 O 3'\\\' 3? ...............

d. Speaker 2 is moved back 2 m. Does this change its #1 A A
phase constant ¢g? I‘ 2.5 x (m)
e S -4 A 4 s

NO t=0s

#
e. Is the interference constructive or destructive? Iq B D A x (m)
4N\ ANA T \A

Conctructive

f. Repeat step ¢ for the points A, B, C, and D.

X1

X5 Ax o) P2 Ad
pointA Ly Am. S 05w . 9S8 ST
PointB & W Hom S e R S 5
PointC D ™ 5 ™M 2 M lg (L 3‘5% 8‘1\' ..................
am._ ST 4 oA\

Point D

13. Review your answers to the Exercises 11 and 12. Is it the separation path length difference Ax or the
phase difference A¢ between the waves that determines whether the interference is constructive or
destructive? Explain.

The Prase difference defermineS whenes™ e intecfe cevice,

IS consvuetive of destvructive . T e Proge diSceovence. is
o eNen prult ple 6F T e vrexrevence will loe conshruckive
1S 0N 63 el \ple oF T Hheny desreuctive Podnn levy I
differances con leod To Posedifferences , noweve
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21.7 Interference in Two and Three Dimensions

14.

15.

16.

This is a snapshot graph of two plane waves passing through a region of
space. Each has a 2 mm amplitude. At each lettered point, what are the A
displacements of each wave and the net displacement?

a. Point A: Dy = am‘(\f\ D, = a“\m Dypet = Ll‘“\m /A/ *C %

Wave 1

b.PointB: D = Sty D> =3mm D= O
o Dy = ‘ahm Dyer = —L'\’MM

¢. Point C: Dy

Speakers 1 and 2 are 12 m apart. Both emit identical
triangular sound waves with A = 4 m and ¢y = /2
rad. Point A is r; = 16 m from speaker 1

a. What is distance r, from speaker 2 to A?

12 m -

j(\gm% Ubw)* = 30 m e

#9, -
b. Draw the wave from speaker 2 along the dashed line [G/
to just past point A.

c. At A, is wave 1 a crest, trough, or zero? WC,(‘Q_SJ( R
At A, is wave 2 a crest, trough, or zero? _C_{" Q_S‘%
d. What is the path length difference Ar = ry — r1? L‘l‘ ™ What is the ratio Ar/A? l ,

e. Is the interference at point A constructive, destructive, or in between? CQV\S\‘(‘LLC:\'\\)-Q, )

Speakers 1 and 2 are 18 m apart. Both emit identical #1 4m 8m 12m 16m 20m B
triangular sound waves with A = 4 m and ¢y = 7/2 rad. N 7 - AN AN S
Point B is ; = 24 m from speaker 1 -

a. What is distance r, from speaker 2 to B? et *

. P’

N 18 m s

I >

(\%m} +@-Ufm3 = 30W\ -

#2 e <

b. Draw the wave from speaker 2 along the dashed line
to just past point A.

At B, is wave 2 a crest, trough, or zero? ‘\“f Q\ch)\(\ ____________
d. What is the path length difference Ar = r, — r? _ Lgm« What is the ratio Ar/A? \ ’ S
e. Is the interference at point B constructive, destructive, or in between? C_\QS‘\“ \ ‘(AC\' \\IQ
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17. Two speakers 12 m apart emit identical triangular sound waves with A = 4 m and ¢y = O rad. The
distances ry to points A, B, C, D, and E are shown in the table below.

12m t=0

#2

a. For each point, fill in the table and determine whether the interference is constructive (C) or
destructive (D).

Point " r Ar Arin CorD
A 22m 113.3m | JOm 3.5 D
B som | )3 M o~ C
< 20m | [Km (o™ -5 D
D 6m | 0w A [ C
E 3m | T am Q.5 D

b. Are there any points to the right of E, on the line straight out from speaker 1, for which the
interference is either exactly constructive or exactly destructive? If so, where? If not, why not?

No, For ol points o He it of £ the patin
Ai5Sexranice Will be eSS ¥ 3m, out conn nevey-
be Om. ThexeFove neither exoact cansiructive nor
destructive, wterFecence. is posside.

c. Suppose you start at speaker 1 and walk straight away from the speaker for 50 m. Describe what you
will hear as you walk.

The Sound will aex loudex ona Soite S
YO WOL K AN OUSIN Poinds of wnoxi mum

consituctive ond destructive intecSerence .
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18. The figure shows the wave-front pattern emitted by two loudspeakers.
a. Draw a dot e at points where there is constructive interference. These will be points where two
crests overlap or two troughs overlap.
b. Draw an open circle o at points where there is destructive interference. These will be points where a
crest overlaps a trough.

Sound intensity

b ]

Position along dotted line

c. Use a black line to draw each “ray” of constructive interference. Use a red line to draw each “ray”
of destructive interference. Rlock = - = Red

d. Draw a graph on the axes above of the sound intensity you would hear if you walked along the
horizontal dashed line. Use the same horizontal scale as the figure so that your graph lines up with
the figure above it.

e. Suppose the phase constant of speaker 2 is increased by 7 rad. Describe what will happen to the
interference pattern.

The " roys" of conshruaiive
o destruckive Miterference.
will exd\om§ ploces W Wwn
eoch other,
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21.8 Beats
19. The two waves arrive simultaneously at a point in space from two different sources.
D, (mm)
1 -
0 T T T T T T ¥ ¥ T T i T T T 3 T t (ms)
14 10 20
D, (mm)
1 -
0 T T T T T T T T T T T T t (ms)
14 10 20
Pottecn 3
D net (mm) %PQQ*S
1 [ [] ] ||
0 | — Ty T f ¥ T T T { T T 5 J:I 1 T t (ms)
1A u l._l 10 u L?IO ——'

a. Period of wave 1? 3 mS Frequency of wave 1?7 _ %3-5\)(% - &
Periodof wave2? HwnS. Frequency of wave 22 Q) Rz

. Draw the graph of the net wave at this point on the third set of axes. Be accurate, use a ruler!

d. Period of the net wave? _ | @S Frequency of the net wave? 833“2_ ___________________
e. Is the frequency of the superposition what you would expect as a beat frequency? Explain.

o

[g]

Yes ,The supecposttion oS a¥ Cequencyecyal
fo Hhe Qi §Fexence, in ﬂ:fecé.wnc\} o -e A0 WOVES.
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