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FIGURE 12-11 Graphs of the
three simplest modes of vibration
(standing waves) for a uniform tube
open at both ends (“open tube™).
These simplest modes of vibration
are shown in (a), on the left. in
terms of the motion of the air
(displacement), and in (b). on the
right, in terms of air pressure. Each
graph shows the wave format at two
times. A and B, a half period apart.
The actual motion of molecules for
one case, the fundamental, is shown
just below the tube at top left.
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For a string fixed at both ends, Fig. 12-7, the standing waves have nodes (no
movement) at the two ends, and one or more antinodes (large amplitude of
vibration) in between. A node separates successive antinodes. The lowest-frequency
standing wave, the fundamental, corresponds to a single antinode. The higher-
frequency standing waves arc called overtones or harmonics, as we saw in
Section 11-13. Specifically, the first harmonic is the fundamental, the second
harmonic (= first overtone) has twice the frequency of the fundamental, and so on.

The situation is similar for a column of air in a tube of uniform diameter,
but we must remember that it is now air itself that is vibrating. We can describe
the waves either in terms of the tlow of the air—that is, in terms of the
displacement of air—or in terms of the pressure in the air (see Figs. 12-2 and
12-3). In terms of displacement, the air at the closed end of a tube is a
displacement node since the air is not free to move there, whereas near the
open end of a tube there will be an antinode since the air can move freely in
and out. The air within the tube vibrates in the form of longitudinal standing
waves. The possible modes of vibration for a tube open at both ends (called an
open tube) are shown graphically in Fig. 12-11. They are shown for a tube that
is open at one end but closed at the other (called a closed tube) in Fig, 12-12.
[A tube closed at both ends, having no connection to the outside air, would be
useless as an instrument.] The graphs in part (a) of each Figure (left-hand sides)
represent the displacement amplitude of the vibrating air in the tube. Note that
these are graphs, and that the air molecules themselves oscillate horizontally,
parallel to the tube length, as shown by the small arrows in the top diagram of
Fig. 12—11a (on the left). The exact position of the antinode near the open end
of a tube depends on the diameter of the tube, but if the diameter is small
compared to the length, which is the usual case, the antinode occurs very close
to the end as shown. We assume this is the case in what follows. (The position of
the antinode may also depend slightly on the wavelength and other factors.)

Let us look in detail at the open tube, in Fig. 12-11a, which might be an
organ pipe or a flute. An open tube has displacement antinodes at both ends
since the air is free to move at open ends. There must be at least one node
within an open tube if there is to be a standing wave at all. A single node corre-
sponds to the fundamental frequency of the tube. Since the distance between
two successive nodes, or between two successive antinodes, is 1 A, there is one-
half of a wavelength within the length of the tube for the simplest case of the
fundamental (top diagram in Fig. 12-1la): L =3A, or A =2L. So the
fundamental frequency is f, = ¢/A = »/2L, where v is the velocity of sound in
air (the air in the tube). The standing wave with two nodes is the first overtone
or second harmonic and has half the wavelength (L = A) and twice the frequency
of the fundamental. Indeed, in a uniform tube open at both ends, the frequency of
cach overtone is an integral multiple of the fundamental frequency, as shown in
Fig. 12—11a. This is just what is found for a string.



