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How can acoustic resonance reduce the average velocity in a falling body?
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In this article, a simple experiment is described to overcome the misconception that acoustic pressure and levitation effects are difficult to
observe in school laboratories. Analysis of the free fall velocity of a toy parachute inside a vertical tube, driven by sound in a range of
frequencies around the resonant condition, exhibits the resonance frequency, the node pressure zones, and the optimal conditions to obtain
acoustical levitation of a light body.
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En este artı́culo se describe detalladamente un experimento sencillo para superar la impresión erŕonea de que los efectos de presión y
levitación aćustica son dif́ıciles de observar en laboratorios escolares. Estos fenómenos f́ısicos se pueden estudiar mediante el análisis de la
velocidad de un paracaı́das de juguete en caı́da libre, dentro de un tubo transparente y vertical, impulsado por ondas estacionarias sónicas
en el intervalo de frecuencias alrededor del quinto modo de resonancia del tubo. Enlazando conceptos de mecánica y aćustica, con este
experimento se determina la frecuencia de resonancia, las zonas de nodos de presión dentro del tubo, y las condicionesóptimas para obtener
levitación aćustica de un objeto liviano.

Descriptores:Tubo resonante; presión aćustica; levitacíon aćustica; demostraciones fı́sicas escolares.
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1. Introduction

Many high school students might find that concepts of me-
chanics and wave physics are not related; this idea can create
serious misconceptions in the study of further physics topics.
On the other hand, many videos about acoustic levitation that
can be found in Internet sites, such as You-Tube, have cap-
tured the attention of many students [1,2], but many pupils
think that these acoustic experiments are difficult to produce,
and to study, in common school laboratories.

From the practical perspective, acoustic levitation has
the advantage of being applicable to both liquid and solid
materials without inducing chemical reactions. Indeed, ei-
ther corrosive reactions or very high purity materials can be
achieved and studied without the use of containers or hold-
ers [3]. Moreover, some extremely fragile materials are suit-
able for study via acoustic levitation techniques. This is the
case of foam, which is very unstable because of the gravity
that pulls the liquid compound downward from foam, drying
and destroying the bubble system. Foam can be contained,
manipulated and studied within acoustic fields. This kind of
investigation can lead to a better understanding of how foam
could be useful, for instance, for cleaning the ocean water [4].

In this article, we use a variation of the resonance tube
experiment to analyze the effect of the acoustic field pressure
in the average velocity of a free falling light object. More-
over, from the experimental procedure and the data obtained,
it is possible to identify the resonance frequency, the nodes
and antinodes in the resonant tube, and the velocity of sound
in air. Finally, an acoustic levitation demonstration is also
possible using the same simple experimental set-up.

2. Basic model of the velocity in a falling body
into a resonance tube

When sound waves are transmitted in air, each tiny volumet-
ric element in the fluid oscillates from an equilibrium posi-
tion. In fact, only upward or downward displacements are
usually considered in a vertical air column that simplifies the
model to one dimension. In this work, an upward displace-
ment is considered in the positive y-axis direction.

If s(y, t) represent the displacement of a volume element
respect to the equilibrium point in function of the positiony
and the timet. The equation of longitudinal displacement is,
in the case of sinusoidal waves:

s = sm cos(ky − ωt), (1)

wheresm is the amplitude,k the propagation constant, andω
the frequency. It is assumed that the wave travels in positive
y-axis direction.

Although sound waves can be considered as displace-
ment waves, in the case of wave superposition (e.g. sound
waves into tubes) the assumption of that conception could
lead to serious conceptual mistakes, such as supposed viola-
tion in the principle of conservation of energy [5]. In order to
avoid those kinds of misconceptions, instead, a description of
sound waves as pressure waves would be preferable. More-
over, the pressure changes and not the displacements can be
detected both by our ears and by microphones. This pressure
approach is very useful in an instrumentation context.

As any mechanical wave, the wave propagation speed de-
pends on the ratio of an elastic property in the medium. In
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sound waves, this is the response of the medium to the pres-
sure changes with a volume change that is known as bulk
modulusB [6], which can be defined as:

B = − ∆p

∆V/V
, (2)

where∆p is the pressure change,∆V is the volume change
of the volumeV . The negative sign implies that the incre-
ment of pressure (∆p > 0) produces a reduction in volume
(∆V < 0). We can obtain the wave equation in terms of the
pressure variation. From Eq. (2), this pressure variation can
be expressed as:

∆p = −B
∆V

V
, (3)

where∆p represents the change from the no-perturbed equi-
librium pressurep0. We want to describe the change of pres-
sure∆p in terms of the position and the time, this isp(y, t).
Thus, the real pressure in any point isp0 + ∆p(y, t), which
can be smaller or larger thanp0 if ∆p is negative or positive,
respectively, at that point and time.

A fluid layer, at pressurep0 with thickness∆y and area
A, in the transversal section has a volumeV = A∆y. When
the pressure changes, the volume changes byA∆s; where
∆s is the change in the thickness in the layer during the air
compression and rarefaction. Since∆s 6= ∆y are different
numbers, Eq. (3) can be rewritten as:

∆p = −B
A∆s

A∆y
, (4)

when the layer is compressed, this is∆y → 0 and∆s → 0,
we get

∆p = −B
∂s

∂y
. (5)

Sinces is function ofy andt, it is necessary to replace
for the partial derivative. From Eq. (1) we find that

∂s

∂x
= −ksm sin(kx− ωt), (6)

thus, Eq. (5) can be rewritten as:

∆p = ∆pm sin(kx− ωt), (7)

∆p represents the change from the pressurep0. The term
∆pm = Bksm corresponds to the maximum change of pres-
sure and it is known as the pressure amplitude.

On the other hand, propagation of standing sound waves
induced by a speaker (which is placed in the edge of a cylin-
der) is conformed by two pressure waves which travel in ap-
positive directions [6]:

∆p1(y, t) = ∆pm sin(ky − ωt),

∆p2(y, t) = ∆pm sin(ky + ωt). (8)

The superposition of both waves buildup the pressure
standing wave∆ps. It is easy to demonstrate that

∆ps(y, t) = ∆p1(y, t) + ∆p2(y, t),

= [2∆pm sin ky] cos(ωt). (9)

Therefore, in resonance conditions, the localization of the
speaker corresponds to a pressure node∆ps(0, t) = 0 and the
open part in the tube corresponds to another pressure node
∆ps(L, t) = 0. Then, the fundamental frequencies of reso-
nanceωn in this system are

ωn = n
v

2L
, n = 1, 2, 3, ... (10)

Then, from the mechanical point the view, the forces in
this system are the gravitymg (g = 9.8 ms−2); the linear
drag forceFd, and the acoustical forceA∆ps that is opposite
to the gravity. The linear drag force is referred to forces in
opposite direction relative to the motion of an object through
a fluid at relatively slow speeds, without turbulence (i.e. low
Reynolds number, Re < 1). In this case, the equation for
viscous resistance is [6]:

Fd = −bv, (11)

whereb is a constant that depends on the properties of the
fluid and the dimensions of the object, andv is the veloc-
ity of the falling object. From the second law of motion and
without considering the buoyancy effects, the net force in this
system can be written as:

ma = mg − bv −A∆ps, (12)

wherem is the mass of the body, anda is the net acceleration.
When the falling object achieves its average terminal velocity
vt the downward force of gravity is equal to the sum of the
upward drag force and the acoustical force. In this case the
sinusoidal components ofA∆ps produce small oscillations
which are neglected in the average. This causes the net force
on the object to be zero, resulting in zero acceleration. Then,
the average terminal velocity can be expressed as:

vt =
mg −A∆ps

b
. (13)

Since the pressure standing wave can produce a force
A∆ps on a body of areaA, the velocity in a falling body
is drastically altered in the node and antinode points, where
the acoustical force present its maxima and minima. Con-
sequently, this average terminal velocity is different to the
common terminal velocity, which is measured in classical ex-
periments of drag forces [6]. Equation 13 is good enough to
observe the changes of terminal velocity in different tube res-
onance conditions. In addition, the theoretical calculus of the
velocity and the trajectory at any time and position of the
falling body in the resonant tube implies to solve partial dif-
ferential equations; such calculus are out of the scope of this
work. However, such kind of calculus it will be presented in
a future work.
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FIGURE 1. Sketch of the experimental set-up. A variation of the
acoustic resonance tube experiment allows students to evaluate the
frequency resonance, node positions, wavelength, speed of sound
in air, and to demonstrate acoustic levitation.

3. Experimental methodology

The well-known acoustic resonance tube experiment allows
students to evaluate the resonance frequencies, wavelengths,
and speed of sound in air [7,8]. We propose enhancing the
classical acoustic resonance experiment with the following
methodological variation, which smoothly concatenates top-
ics in mechanics with concepts of wave physics, like dis-
placement, average velocity, terminal velocity, and mechani-
cal equilibrium, and to obtain acoustical levitation. Figure 1
shows the proposed experimental set-up. A transparent tube
(made of acrylic, 70 mm in diameter, hr=1.857 m in length)
is oriented vertically, with the lower end placed over a loud-
speaker cone (400 W, 70 mm in diameter); the speaker is con-
nected in series with two function generators (Pasco, model
SF-8101). Both generators are in the maximum amplitude,
also synchronized in the same output frequency, and wave
form. Thus, the synchronization and serial connection per-
mit to deliver more net voltage into the speaker; the result is
the increment of the amplitude in the acoustical wave. How-
ever, this set-up configuration also can be changed using only
one generator and an amplifier. A piece of common paper
(40×40 mm2) is used as a free falling body, since this ob-
ject quickly obtains a constant velocity (the terminal velocity
in air of a free-falling body). In addition, taking into account
that speed of sound in air is 343 m/s at 20◦C, and at 1 atm [8],
the 5th mode of resonance in the tube, closed at one end, open
at the other, is 416.3 Hz. The experiments are performed at
frequencies around the 5th mode resonance, and at 0 Hz, in
order to allow students the observation of multiple nodes. At
each particular frequency, the piece of paper is dropped at the
upper end of the tube, and its fall is recorded on a CCD video-
camera mounted on a tripod. The video can be analyzed in a
personal computer. For the benefit of teachers and students,

FIGURE 2. Curves of displacement as a function of time for a free-
falling light object within a vertical acoustic resonance tube, at fre-
quencies around the fifth resonance, and at 0 Hz as a reference.

a video of the experiment, at frequencies of 0, 370, 416, and
450 Hz, is available for download over the Internet [9].

Digital videos of the experiment were analyzed using
the computer program Logger-Pro 3.4.6TM . The cursor in
this program allows setting up a general referential length-
scale, and also to spot the position of the falling paper frame
by frame, obtaining in this way, more than 180 points per
video/experiment. The program generates data of position as
a function of time; this time vector is obtained automatically
from the video information, since the time interval is constant
frame by frame. From this data, graphics and a linear fit were
obtained for numerical analysis.

Finally, as a demonstration of acoustic levitation this is
when the sample’s weight is equal to the upward force due
to interaction with the acoustic field, a 100×100 mm2 foamy
plate (2.10 g) is carefully placed above the top of the tube,
when driven at the resonance condition. The plate remains in
stable suspension until the frequency is changed somewhat
above, or below resonance.

4. Results and discussion

Figure 2 shows distance-time curves from several experi-
ments. Only some frequencies are presented, in order to
avoid cluttering the figure. In Fig. 2, curve a) corresponds
to the paper falling without sound (at a frequency of 0 Hz),
while curve d) is with sound at the 5th resonance mode, with
a frequency of 416 Hz; finally, the curves obtained at 370 and
450 Hz exhibit similar slopes, but lying in between the slopes
obtained at 0 Hz, and 416 Hz. Linear fitting was done via the
linear least-squares method. The physical interpretation of
the fitting coefficients is as follows: the slopem is the av-
erage velocity, and the interceptb is the initial height of the
object.

Figure 3 shows the average terminal velocity as a func-
tion of frequency. The curve presents a clear peak close to
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FIGURE 3. The average velocity of the falling body, as a function
of frequency, exhibits the acoustic resonance in a vertical resonance
tube.

FIGURE 4. Curves of displacement as a function of time: linear-
trigonometric fit, and experimental data at the frequency of the 5th

resonance mode.

the expected resonance frequency. However, the error in the
velocity is maximum at the resonance frequency, since the
distance time curve of the falling paper is not completely lin-
ear, as can be observed from curves c) and d) in Fig. 2. The
reduction of the average velocity at the resonance condition
is a result of the increment of pressure at the nodes, which
correspond to the velocity antinodes of the standing acoustic
wave [10]. In fact, the falling paper minifies its velocity when
the vertical acoustic force reaches a maximum. On the other
hand, the body does not stop at the pressure node, because
the inertia of the body is large enough, as it keeps falling af-
ter this zone.

Table I shows linear fit coefficients (slope, and intercept)
and regression error (percent correlation factor) at four rep-
resentative frequencies: 0 Hz as reference condition without
sound, 370 Hz below resonance, 416 Hz the resonance fre-
quency, 450 Hz above resonance. From Fig. 2, and Table I,

TABLE I. Linear fit parameters and regression correlation factor at
four representative frequencies.

Frequency Slope Intercept Percent correlation

(Hz) (m/s) (m) factor

0 -0.248 1.78 99.8%

370 -0.212 1.79 99.9%

416 -0.125 1.81 99.8%

450 -0.212 1.79 99.8%

it can be observed that the linear intercept is in good agree-
ment with the physical length of the tube;i.e. the average
heightha is 1.8 m. On the other hand, it can be observed
that the maximum velocity occurs at 0 Hz, with the loud-
speaker turned off, producing no sound; in fact, the velocity
observed in this case, might correspond with the terminal ve-
locity of the falling paper, given its geometry which promotes
high friction with the surrounding air. At frequencies below
resonance, the average velocity decreases as a result of the
wave/paper interaction, neglecting that the paper changes the
length of the resonant-tube. The average velocity is mini-
mal at the resonance frequency, where well defined nodes of
pressure are responsible for the slower motion of the falling
paper. Finally, an increment in the average velocity is again
observed at frequencies above resonance.

Moreover, the curve obtained at resonance presents clear
maxima and minima around the linear fit line. In fact, this
curve can be represented approximately as the sum of linear
and sinusoidal functions. It is possible then, to find the nodes
using the following mathematical model:

y = A sin(ωt + φ) + mt + c. (14)

Them andc parameters have been calculated via linear
least-squares fitting technique. Thus, subtraction of this part
allows us to find the frequencyω, phaseϕ, and amplitudeA
via simple calculus. In such way, a best fit curve is obtained
as follows:

y = 0.015 sin(4t + 5)− 01252t + 2.146, (15)

where the correlation factor improves from 0.9982 for the
linear fitting, to 0.9995 for the sine-plus-linear fit. Figure 4
shows a detailed view of the experimental data, and the pro-
posed sine-plus-linear fit.

Thus, the wavelength can be calculated using Eq. (2),
from the intersections between the linear and the oscillating
parts. The wavelength for the 5th resonance mode turns out
to be 0.785 m. From here, the product of the resonance fre-
quency and the wavelength gives an estimated speed of sound
in air of 326.6 m/s.

Finally, Fig. 5 shows two photographs of acoustical lev-
itation of the foamy plate above the resonant tube. Pho-
tographs Fig. 5(a) and Fig. 5(b) correspond to 20 s and 2 min,
after the foamy plate was left up over the tube. The acoustic
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FIGURE 5. Acoustic levitation of a foamy plate when the tube is driven by sound at the 5th resonance mode. Photographs correspond to
a) 20 s, and b) 2 min., after placing the foamy plate above the tube.

levitation effect is only present at resonance frequencies, at
others frequencies the plate felt down.

In this experiment, we used a simple calculus to determi-
nate the average pressure〈P 〉, which is the average force〈F 〉
over the areaA. Considering stable and equilibrium in the
foamy plate, the average force is the weight. So the average
pressure to levitate the plate is

〈P 〉 = 〈F 〉 /A = mg/A (16)

This is a pressure 2058 Pa, in the top of the tube to main-
tain is levitating a foamy plate.

5. Conclusions

A simple variation of the classical acoustic resonance tube
experiment has been presented. This proposal allows the op-
portunity to discuss mechanical and wave physics concepts;

for example, terminal velocity and resonance. This exper-
iment allows the quantification of sound wave parameters,
such as wavelength and speed of wave propagation, much as
in the typical experiment. However, driving at different fre-
quencies, and further data analysis to obtain the average ve-
locity of a free falling light object within the tube, leads to the
concept, and the demonstration of acoustic levitation. Most
of the equipment used in this demonstration can normally be
found in many high-school laboratories; thus, a demonstra-
tion of acoustic levitation can be readily performed [11]. In
further work, we are planning to present low-cost variations
of this demonstration of acoustic levitation.
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