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Wave vefocity

We saw in that video (and you know in real life) that light waves travel more

quickly than sound waves. All waves travel one wavelength in one period — if
we divide those values, it gives us a wave velocity!

T velocity in m/s

Instead of period, we often know frequency. As T = 117, substitution into the

above relationship yields the general expression:

v =Av

This is known as the wave velocity equation, and it holds true for all types of
waves. For a wave in a given medium, the velocity is constant — if the medium
changes, so will velocity.
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Wﬁ&lf ﬁa]ojoens Wﬁen waves interact?

When two waves meet, for an instant their energies combine to form a new wave

— The combination 1s only for the instant during which both occupy the same
point—afterward, each individual wave continues on its way

o Constructive
Constructive mterference —
creates a greater amplitude B
than either wave alone —= —
Destructive inte'lference results Destructive

in a smaller amplitude than
either wave alone

+

4)



‘]‘[OW 0160”1' wﬁen waves ﬁlf a EOUTLC[OH’LV?

Questions to J?Oﬂ&ﬁ%?’ as we play with waves on a rope...

Qf 7 shake a rope that is attached to a fixed point (e.g. a wall), what happens
when the wave pulse hits that fixed point?

What ﬁaypens 1f I keep jiggling the rope randomly and allowing the pulses to
bounce back?

What ﬁaypens 1f I jiggle the rope at just the right frequency? How about at
faster frequencies?
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Smmfing Waves

Under the right conditions, the bouncing waves will superimpose in an orderly
fashion, almost seeming to “stand still” on the rope. This is called a standing wave.

The “m’gﬁt conditions” are, essentially, those of resonance (though having reson-
ance does not guarantee a standing wave--a kid on a swing experiences resonance
when the parent pushes but a standing wave doesn’t come with that situation).

ﬂf the frecluency of the force
causing the system to vibrate Nodes
matches one of the natural
frequencies of the system, the
resulting superposition will produce
a standing wave.

‘A stanc[ing wave’s anatomy 1s
described by “nodes” (areas of no
motion) and “antinodes” (areas of
maximum motion).

Antinodes
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How do smno[ing waves work?

What observations do we have to help determine what kind of a standing
wave will be produced for a system? Let’s recap what we know so far:

1.) A wave is traditionally characterized by its frequency v, its wavelength A and its wave
velocity v.

‘ A (meters/cycle) |

,,,,,,,,, v (meters/second)
—

V (cycles passing
by per second)

2.) The relationship between these three parameters is:

V=A V.
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3.) Tﬁat means that if we know the wave velocity, and 1f we can determine

the “appropriate wavelength” for a given situation, we can determine the
frequency of the wave and, hence, the frequency our force must vibrate at to
generate a standing wave.

4.) So how to get the “appropriate wavelength” for a given system?

Let’s look at our rope situation. What constraint must be satisfied by our
“appropriate wavelength”?

It better have a node (a “fixed” point) at each end, as each end is tied to
a rigid structure and can’t move. What kind of wave will do that? Three
are shown below.

'V \

NOTICE: In all three cases, the end-point constraints are met (that is, they ALL
have nodes at both ends of their respective wavelengths).
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5.) This is all ﬁ’ne and c[cmcfy, but how does it help with our problem? It helps
because we know that the span between the ends 1s a fixed distance “L.” All we
have to do 1t link “L” to the wavelengths viewed, and we have the wavelengths in

terms of a know quantity. Specifically:

a.) For the first situation: We know “L,” so the question is, “How many
wavelengths are in “L?”

Looﬁing at the wave, we can see that there are two quarter-wavelengths (4/,) in L
(sounds obscure—you’ll get used to it). That is, we can write:

L-2fi

= A=2L.
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6.) Assuming we know the wave velocity (this would normally be given), we can
write:

V=AV
=(2L)v
%
= vV=—o
2L

7.) So let’s say the wave velocity 1s 3 m/s and the length of the rope 1s 2
meters. That means:

V=—
2L

(3 m/s)
2(2 m)

= v=.75sec”’ (this unitis the same as a Hertz, Hz)
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8.) ?ljajoarentfy, if we jiggle the rope at .75 Hz, we will get a standing wave on the
rope that, over time, looks like:

9.) We could do a similar bit of analysis for the other two waveforms.

10.) ONE OTHER THING: If there had been any internal constraints—if, for
instance, we had pinched the rope at L/2 making that point a node, then our
waveform wouldn’t have worked (look at it—there 1s an anti-node—an extreme—
at L/2) and we would have had to have done a bit more thinking (you’ll see
examples of this in class).
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Smncfing wave behavior

In gener OL[, what procedure should we follow when tackling these types of
problems?
a.) ic[enmfy the end-point restraints. This means figuring out whether there are
nodes or antinodes at the ends.
b.) On a sine wave, identify what the waveform looks like.
c.) Once you know what the waveform should look like, be sure that any
internal constraints imposed on the system are met by the waveform.

d.) When satisﬁecf, ask the question, “How many quarter-wavelength are there
in L?” Put a little differently, fill in the ? in the expression:

)t

e.) Solve for 1 in terms of L, then use v = Av to get the required frequency.
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?ijoe closed at one end

Another exampfe of a standing wave is the waveform that
is generated when air 1s piped through a tube.

1.) Consider a pipe of length L closed at one end.
What frequency of sound will stand in the pipe?

2> Ina Joroﬁfem [ike this, the first thing you have to
do 1s identity what standing waves will fit in the pipe.
To do that, you have to begin by identifying the end-
point constraints.

= For a pipe closed at one end, the end-point
constraints dictate an anti-node at the open end
and a node at the closed end.
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> The wawforms that fit the bill are shown
below, then reproduced in the vertical:

node anti-node

?ﬁae closed at one end

anti-node

2™ waveform
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?}’pe closed at one end

4.) Each section of wave has a numerical length equal
to the length of the tube, or “L.”

5.) flf we ask the question, “How many
wavelengths are there in “L?” (That 1s, we need
to complete the phrase 7?1 = L”

By examination, there 18 ONE quarter-
wavelength in “L,” so we can write:

~a, =L
4

= A, =4L

Minor Note: In real life, the effective length of the tube has to be altered due to perturbation
effects at the ends. In the case of a singly open tube, the effective length of the tube isn’t “L”
but rather “L+.4d,” where “d” is the tube’s diameter. If open at each end, it's “L+.8d.”

15.)



6.) We know the speed of sound in air is
approximately 330 m/s and we know the
relationship between a wave’s velocity and its

wavelength and frequency is v = Av. Assuming
the tube’s length 1s 2 meters (and 1gnoring the

radius correction mentioned at the bottom of the
previous page), we can write: /
v=2AV,
\%
= V,=—
A,
\%
vV, =—
41
v (330 m/s)
Y402 m)

= Vv, =4125Hz

7.) Put a 41.25 Hz tuning forﬁ at the mouth of our tube and it will howl quite loudly.
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8.) Doing the same calculation for the second

situation where there is three-quarter of a wave
in “L.,” we can write:

V=2A,V,
\Y
= szx—
2
= V,= M
L=
4
(44)L
L, - (3330 mis)
? 4(2 m)
= Vv, =12375Hz

9.) Put a 123.75 Hz tuning forﬁ at the mouth of our tube and i1t will howl quite loudly.
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10.) Doing the same calculation for the third

situation where there 1s five-quarters of a wave
mn “L.,” we can write:

V=2A,V,
\%
= V3:k_ /
3
= V., = M
=
4
(5
_ . - (5)(330 mis)
Y 42 m)
= Vv, =206.25Hz

11.) Put a 206.25 ‘Hz tuning forﬁ at the mouth of our tube and it will howl quite
loudly.
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CPiJoe open at both ends

Consider a JOlJOe of length “L” open at both ends. What
frequency of sound will stand in the pipe?

=2 Ina proﬁfem [ike this, the first thing
you have to do is identity what standing
waves will fit in the pipe. To do that, you
have to begin by identifying the end-point
constraints.

= For a pipe open at both ends, the end-point
constraints dictate anti-nodes at the both ends.

-y,
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On the sine wave presented below, you can

see the waveforms that satisty the end-point
constraints. Once determined, they can be

put on the sketch to the right.
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Now we fo[[ow the same logic as before.
Determine the relationship between A and L
and use v = Y/, to determine the frequency
for the given standing wave. Given the same
information as for the closed pipe:

_330m/s _ 825 1
vy = 5] = 82.5Hz
330 m/s
vV, = = 165 Hz
330 m/s
V2 = = 247.5 Hz
§L

NS

w

1 3
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?}’pes and strings

You may have noticed that as more fractions of a wave were added inside
the pipe, the frequency associated with that wave increased in a regular fashion
— The same thing happens on a string, too! It follows a similar pattern to an open
pipe.
The lowest frecluency that will produce a standing wave 1n a pipe or on a string
1s called the fundamental frequency or first harmonic. This is the base “note”
it will play
— ‘P[ucﬁing or Bowing an open string will make its first harmonic sound loudly
(e.g. plucking the A string on a cello creates a 220 Hz sound)
— CB[owing across the top (j" a pipe will play a characteristic sound too
The related frecluencies above the fundamental are harmonics, which are
related to the base frequency by the factors we found before
To cﬁange a note, you change the length of the string (by putting a finger

down) or the length of the pipe (by opening/closing valves or holes), which
changes the fundamental frequency
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What’s rea[[y going on...

Sticﬁing with a string instrument for now, when you pluck an open string,

the fundamental frequency vibrates the loudest — but it’s not the only frequency
resonating on that string!

— All the harmonics are also producing standing waves at the same time, and
superimposing together to create one complex sound wave!

— This mix of frecluencies gives the instrument its “timbre,” or characteristic
sound (how we tell a cello from a ukulele, for example)

Fundamental /\ /\ /\
LA gk N

3rd harmonic

e MM
Lo VAN VAR V R

Copyright © 2004 Poarscn Educanon, putiehing a8 Addscn Weslay

23.)



‘Practice ]m’oﬁﬁem #1

‘A JOiCCO[O is .32 meters long and open at both ends.

a.) What is the lowest frequency the piccolo can play if the speed of sound in air
1s 340 m/s?

b.) le the ﬁigﬁest note the piccolo can sound is 4000 Hz, what must be the
distance between adjacent antinodes?
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Solution - ]aroﬁfem #1

a.) What is the lowest frequency the piccolo can play if the speed of sound in air
is 340 m/s?
With both ends actin(g like antinodes, the wave form associated

with the lowest frequency will look like the form shown to the
right. In that case, there are two quarter-wavelengths in L. That

1S: ?(%)zL
= 2(%) =L

= A=2L=2(32m)=.64m

ﬂ(nowing the wave ve[ocity, we can write:

V=AV
%
= v=—
A
340 m/s
= v=
64 m

= v =2531 cycles/sec
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b.) Qf the ﬁigﬁest note the piccolo can sound 1s 4000 Hz, what must be the
distance between adjacent antinodes?

The distance between antinodes is equal to half the wavelength of the
wave in question. At 4000 Hz, we can write:

V=AV
- A=
V
, _ 340 mis
4000 Hz

= A= .085 m/cycles

‘J—[ag this yie[&fs an antinode to antinode distance of .0425 meters, or 4.25 cm.
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Problem #2

A tunnel is 20,000 meters long.

a.) At what frequency can the air in the tunnel resonate?

b.) Would it be a good idea to honk a horn in tunnel like this?
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Solution - Joroﬁfem #2

a.) At what frequency can the air in the tunnel resonate?

The [ongest wave[engtﬁ that can stand (highest frequency) looks
like the form shown to the right. The frequency associated with

that 1s:
1(M)=L
= 2(%) =L
= L=2L=2(2x10" m)=4x10* m
So:
Vlowest = 7\’\}
\Y
= V=—
A
340 m/s
= V= y
4x10" m

= v =.0085 cycles/sec
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Solution - Joroﬁfem #2

The harmonics will be multiples of this “lowest frequency,” or:

v, =(.0085 Hz)n,

where “n” 1s any number from 1 to infinity.

b.) Would it be a good idea to honk a horn in tunnel like this?

Our ears are sensitive to frequencies between 20 Hz and 20,000 Hz (assuming

we haven’t messed them up by now). Trillions of trillions of multiples
of .0085 happen within those bounds. In other words, just about any horn blast

has the potential of resonating in a tunnel.
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Problem #3

‘A copper bar of length L = 3 m 1is pinned in two places, % L in from each end.

The metal bar 1s struck and allowed to vibrate, and the primary frequency it
produces is measured as 1230 Hz.

1 K

\/
/\

a.) Sketch the Waveform corresponding to the lowest frequency that can
stand on the bar (as we’ve done before).

b.) What’s the syeecf of sound in the copper bar?
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Solution - Jm/oﬁfem #3

CL.) Sketch the Wm/ef 0rm (as we’ve done before).

Usually you start with 1s a wave train:

In this case, you need antinodes at each end and two interior nodes at L/4 from
each end.

The first two antinodes won’t do as there is only one interior node between them
(see sketch).

Going to the third antinodes does include two nodes interior, and they happen to
be in the right place . . . so there is our waveform.
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Fitt ing the Wavef 01rmM onto the bar (which you don’t have to do, but I'm
doing for educational purposes), you can see how it fits . . .

6) What’s the speea[ qf sound in the copper bar?

v=Av=(L)v=3B8m)(1230 Hz) = 3690 m/s

For another, slightly longer example, see Fletch's video (zPoly30) linked on
the calendar.
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