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Experiments in Acoustic Levitation: Surface Tension
Measurements of Deformed Droplets

Yildiz Bayazitoglu* and Garrick F. Mitchellt
Rice University, Houston, Texas 77251

Acoustic levitation permits the observation of individual oscillating liquid droplets at low to moderate tem-
peratures. Measurements of the oscillatory behavior of such droplets may be used to obtain thermophysical
property measurements without the contaminating effects of a solid container. For example, for a droplet of
spherical equilibrium shape, each mode of oscillation has been analytically shown to exhibit a single natural
frequency that is a function of droplet size, mode number, and the surface tension and density of the liquid.
In levitation experiments performed in Earth's gravity, however, this single frequency splits into multiple distinct
frequencies, a phenomenon that may be attributed to the distorted equilibrium shape and the rotation of the
droplet. In addition, the natural frequencies of droplets of highly volatile liquids change rapidly over time due
to evaporation. This work presents experimental data and observations on the frequency splitting and surface
tension of acoustically levitated samples of water and ethyl alcohol; the surface tension measured for both liquids
came within 5% of the published value. In addition, a novel and relatively simple photodetection scheme for
measuring oscillations as well as an improved method for modeling the ellipsoidal static shape deformation of
the droplet are presented.

Nomenclature
D(r) = droplet diameter at time t
D() = initial droplet diameter
K = rate of evaporation, m2/s
/, m = mode numbers
pext = externally applied pressure force
pr

lm = radial projection of acoustic stress for
mode /, m

R — equivalent spherical radius, cm
/?,, R2 = local radii of curvature of droplet surface
r(6, </>, t) = shape of oscillating, deformed droplet
t = time
X(0, </>) = static deformation of droplet
y/,,i(0> </>) = spherical harmonic for mode /, m
Z = integral of product of three spherical

harmonics
a = exponential coefficient of time dependence

of f
/3(r) = frequency shift parameter
y = surface tension, dyne/cm
yexp = mean experimental value of surface tension,

dyne/cm
A/,, = change in Rayleigh frequency for mode n
A/? = change in pressure across droplet surface
£lm = coefficient of oscillatory deformation for

mode /, m
((6, 0, t) = oscillatory deformation of droplet
0 = azimuthal angle in spherical coordinates
p = density, g/cm3

a = surface of droplet
4> = polar angle in spherical coordinates
Xi,n = coefficient of static deformation for

mode /, m
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o>* = inviscid (Rayleigh) frequency (rad/s unless
noted)

a)lm = natural frequency for mode /, m (rad/s unless
noted)

Introduction

T HE determination of the thermophysical properties of
substances is a time-consuming, but important, prob-

lem.1 Such a property is surface tension, which plays an im-
portant role in, e.g., chemical processes where dispersed liq-
uids interact with one another, and welding, where the behavior
of a pool of molten metal determines the properties of the
final weld. Surface tension is highly sensitive to contamination
of the liquid sample (consider the effect of trace amounts of
surfactants on the wetting properties of water); however,
methods currently used to measure surface tension provide
an avenue for such contamination, namely contact with a solid
surface. Technological advancements, however, allow this
contamination to be avoided through the "containerless" han-
dling of materials, whether in the microgravity of Earth orbit
or via ground-based levitation.

It has been known for some time2"5 that surface tension
determines the natural frequency of oscillation of a liquid
droplet, as evidenced by the Rayleigh-Lamb equation6-7:

(of2 = yl(l - !)(/ + 2)1 pR* (1)

The fundamental (/ = 2) mode represents oblate-prolate
oscillations, i.e., an alternating flattening and extension of
the poles of the droplet. Some assumptions are employed in
this equation:

1) The droplet viscosity is assumed negligible.
2) The medium in which the droplet levitates is of negligible

density and viscosity.
3) The equilibrium shape of the droplet is a perfect sphere.
4) The amplitude of oscillations is small relative to the size

of the droplet.
5) The restoring force arises solely from surface tension.
6) The droplet may not rotate so as to prevent centripetal

and Coriolis forces.8
Subsequently, Miller and Scriven2 analyzed the behavior

of a viscous spherical droplet oscillating in a medium of ar-
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bitrary viscosity. Such analyses have instigated efforts to de-
termine the surface tension and viscosity of liquids from mea-
surements of the natural frequency and damping rate of droplet
oscillations. To accomplish such measurements, a droplet must
somehow be levitated so that the contaminating effects of a
container are removed. Levitation experiments have been
performed in space, both on Skylab and on Space Shuttle
missions (such as USML-1 onboard STS-50 from 25 June to
9 July 1992), where an external levitating force is required
only to provide the driving force for oscillations and to po-
sition the droplet, correcting for fluctuations in microgravity.
Here, liquid droplets assume the spherical shape with which
the classical theory was derived as surface tension forces dom-
inate over the body force of microgravity.

Earth-based levitation, meanwhile, offers a means by which
the technique and apparatus involved in levitation may be
refined much more easily and inexpensively before being ap-
plied in space. The presence of a gravitational field and the
Earth's atmosphere, however, add several complicating fac-
tors to the classical hydrodynamic theory of oscillating drops
in an inviscid medium. The viscosity of the "host" medium,9

nonlinearity of oscillations,10-11 and especially the aspherical
equilibrium shape of levitated droplets12-13 are some of the
problems that have been examined in an effort to bring theory
in line with experiment. While some investigators2'3-9-10 have
addressed the effect of viscosity on the oscillatory behavior
of spherical liquid droplets, others12"14 have focused on in-
viscid droplets whose equilibrium shape is aspherical due to
the external force required to counteract gravity. Few analyses
have addressed the effect of the static shape deformation on
droplet oscillations. Cummings and Blackburn13 analyzed the
behavior of the fundamental (/ = 2) mode of an aspherical
droplet deformed by an electromagnetic levitating force and
demonstrated a splitting of the frequency spectrum due to the
deformation. Suryanarayana and Bayazitoglu14 analyzed the
effect of static deformation from an arbitrary external force
and applied their findings to acoustic and electromagnetic
forces, calculating the frequency splitting for modes / = 2, 3,
and 4.

For the fundamental mode, the frequency spectrum splits
into five separate frequencies for a droplet that rotates as it
oscillates.8-13-14 If the droplet does not rotate, this number
decreases to three. The frequency splitting stems from the
fact that, for modes / > 2, there exist 21+1 different mode
shapes m that reflect different behavior with respect to the
polar angle </> (modes with m = 0 are axisymmetric). The five
natural frequencies for the fundamental mode of a deformed
rotating droplet, then, are w 2 ,_ 2 , ^2,- i? ^2,0? <*>2,i> and fc>2,2-
For a nonrotating droplet, it has been shown13 that the de-
pendence on the sign of m disappears, meaning that two of
the five frequencies become degenerate. This leaves w2 0 , a)2 ±1,
and co2 ±2 as the three frequencies.

In the laboratory, researchers have several options for
achieving levitation in Earth's gravity. These are summarized
by Barmatz,15 who describes such techniques as aircraft flights
of parabolic trajectory, drop tubes, and stationary levitation
by acoustic, electromagnetic, aerodynamic, and electrostatic
means. This work considers acoustic levitation, in which a
modulated acoustic pressure wave provides both the levitating
force and the driving force for oscillations (see the Experi-
mental Apparatus section). Terrestrial acoustic levitation ex-
periments initially involved the levitation of droplets in an
immiscible liquid, as described in Marston and Apfel16 and
Trinh et al.17 In liquid-liquid systems, the similarity in density
between the droplet and the host medium allows large (>1-
cm-diam) droplets to be levitated with minimal levitating force.
However, the viscosity of the outer medium is clearly not
negligible in this case. Recently, investigations of liquid drop-
lets levitated in air were performed by Trinh and Hsu18 and
Tian et al.19 with respect to the equilibrium shape of levitated
droplets, by Trinh and Hsu20 and Trinh, Marston, and Robey21

with respect to the measurement of density and surface ten-
sion, and by Daidzic et al.22 with respect to droplet evapo-
ration.

No analyses have been presented that combine the effects
of viscosity and aspherical equilibrium shape on the oscillatory
behavior of liquid droplets. As will be shown, the levitation
method described here has difficulty dealing with highly vis-
cous liquids such as heavy oils, so the approach used here
begins from the inviscid limiting case. This work uses sub-
stantially deformed (ellipsoidal) droplets of relatively low vis-
cosity liquids such as water and ethyl alcohol in an effort to
combine the viscous and aspherical conditions. The experi-
ment described herein is applicable to liquids of surface ten-
sion y > 20 dyne/cm, viscosity v < 2 cSt, density p < 10 g/
cm3, and droplets between 1-4 mm in diameter.

Experimental Apparatus
The apparatus used in this experiment is relatively compact

and fits on a desktop; a diagram of the setup is shown in Fig.
1. The theory and use of the acoustic levitator is well docu-
mented in the literature.16-17'20-21 A high-intensity acoustic wave
is generated by an ultrasonic piezoelectric transducer driven
at its resonant frequency of 20 kHz. A vertical aluminum horn
is attached axially to the transducer. The ultrasonic wave
radiates from the tip of the horn and is reflected by a concave
reflector whose distance from the horn is adjusted via a mi-
crometer head. When the horn and the reflector are separated
by an appropriate distance, a standing wave is set up in the
gap. The acoustic pressure varies as the square of a sine wave
along the horn-reflector axis,20 forming periodic planes of
locally minimized pressure. The concavity of the acoustic re-
flector serves to radially focus these planes of low pressure
into points at which a droplet of liquid (or even a small solid
object) may be stably levitated against gravity. In this exper-
iment, a separation of one and one-quarter wavelength is
used, and two pressure nodes are created as a result (this is
shown in Fig. 2, where two droplets may be seen to levitate
simultaneously in the levitator). In order to induce droplet
oscillations, the 20-kHz carrier wave is sinusoidally modulated
at the desired frequency of oscillation. In this experiment,
droplet natural frequencies ranged between about 40-200 Hz.
The acoustic levitator causes oblate-prolate oscillations that
correspond to the fundamental (/ = 2) mode of the droplet.
A resistive load in parallel with the transducer dissipates the
energy of the horn; otherwise, the horn's inertia would pre-
vent small modulations of the drive signal from being realized
in the amplitude of the acoustic wave.

Aside from the levitator itself, the most crucial part of the
experimental apparatus is that which measures droplet oscil-
lations. A primary advantage of the single-axis acoustic lev-
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Fig. 1 Schematic diagram of levitator and photodetector.
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dilatory) deformation ((6, c/>, t ) , both of which are small
compared to the size of the droplet:

Fig. 2 Photograph of levitated water droplets.

itator is that the object being levitated is visible in all direc-
tions perpendicular to the levitator axis. As such, some
investigators have used high-speed cameras, analyzing the
film frame-by-frame to determine mode shapes and frequen-
cies of oscillation.23 Subsequent approaches to droplet oscil-
lation measurement involve photometry, such as Marston's
and Apfel's rainbow interferometry,16 extinction methods,20

and digital image processing.1 The mode shapes themselves
must also be identified, but oscillations of an amplitude large
enough to be seen directly introduce additional nonlinearities
to the system as described by Daidzic.11 This makes the direct
identification of mode shapes quite difficult, especially with
respect to axisymmetry. This was attempted by backlighting
the droplet with a bank of light emitting diodes (LEDs) driven
by a pulse generator at twice the modulation frequency. The
limited results obtained in this way were corroborated by
theoretical predictions,13-14 and since all droplets considered
here experienced similar forces and static deformations, the
location of the axisymmetric mode with respect to the others
was taken to be constant.

This experiment uses a simple and compact device to mea-
sure the relative amplitude of droplet oscillations. An infrared
(IR) LED and matching photodetector are placed on opposite
sides of the levitating droplet as shown in Fig. 1. This alter-
nating current (AC) coupled device outputs a voltage signal
proportional to the rate of change of light transmitted through
the droplet. The changes in the intensity of light reaching the
photodetector are directly related to changes in the shape of
the droplet; hence, the shape oscillations appear as a sine
wave in the output from the photodetector. When the am-
plitude of the sine wave reaches a maximum with respect to
frequency, the instantaneous frequency of the modulation
signal corresponds to a natural frequency of the droplet. The
photodetector signal is filtered to remove the unwanted effects
of the droplet wandering about the potential well and then
amplified and displayed on an oscilloscope that is triggered
from the modulation signal. The advantages of this photo-
detection technique mainly lie in its simplicity. Since the mode
number is assumed known and droplet size measurement may
be made with a video or still camera, all that must be deter-
mined is the point at which the oscillations are the most vig-
orous. No lasers are required, power requirements are min-
imal, and the photodetector's influence on the droplet itself
is basically nil.

Analysis
This work seeks to experimentally prove the results of Sur-

yanarayana and Bayazitoglu14 in which the effect of static
deformation due to an arbitrary external levitating force, es-
pecially as regards the splitting of the frequency spectrum into
either three or five separate peaks, is studied. Their work
treats the shape of the droplet as a sphere of radius R distorted
by a static deformation X(0, </>) and a time-dependent (os-

r = R + X(0, </>) + £(6, </>, 0 (2)

The deformation components X and £ are assumed to be small
relative to the droplet diameter and are expandable in spher-
ical harmonics:

(3a)

(3b)

The static deformation is assumed to be axisymmetric; this
condition was experimentally observed by Tian et al.19 The
surface of the droplet is defined by the equation:

<r = r - [R + X(B, cp) + ((6, cp, t)] = 0 (4)

In an Earth-based liquid levitation experiment in air, the
static deformation of the droplet to some degree is unavoid-
able as the body force of gravity is balanced by the acoustic
levitating force. Meanwhile, surface tension forces increase
as droplet size decreases (due to the 1/7? functional depen-
dence), meaning that only very small (<1 mm) droplets begin
to approximate spheres. However, since the amplitude of
oscillations is required to be small compared to the droplet
diameter for the sake of linear behavior, the oscillations to
be observed would be vanishingly small and difficult to detect,
even with the photodetection technique to be described later.
To counter this, some investigators13-14 have performed anal-
yses of aspherical, inviscid levitated droplets. The stipulation
of asphericity, however, requires a relatively small static de-
viation from the sphere in addition to small amplitude oscil-
lations. For large (>2-mm-diam) water droplets, and smaller
droplets of liquids with low surface tension, the static droplet
shape can have an AR (i.e., ratio of width to height) in excess
of 2.0.

The analysis performed in Ref. 14 treats the acoustic surface
force acting on the droplet to first-order and assumes that the
quadrupole term of the radial projection of the acoustic stress
p'2() dominates so that the radial projection of the acoustic
pressure force acting on the droplet is completely represented
by p2{)Y2l). Such a force is only capable of inducing the mode-
2 (prolate-oblate) oscillations observed in experiments. As
a result, the static distortion X of the droplet is assumed to
take the shape of the second-order spherical harmonic Y20.
It has been found in the course of this work, however, that
beyond an AR of about 1.3, the previous assumption no longer
faithfully reflects the shape of the droplet. Adding the second
harmonic to a sphere in order to obtain the measured height
and width of a highly deformed droplet yields an oblate shape
that "pinches in" on itself at the poles, while the droplet itself
can be observed to maintain an ellipsoidal shape. If, however,
the static shape deformation X is expanded to include a fourth-
order term

x(o, 0) - e, 4.) + xnY^o, </>) (5)

the assumed droplet shape much more closely matches the
observed shape (see Fig. 3). The deformation coefficients ^20
and %4o may be found by an iterative technique that minimizes
the least-squares difference between the harmonic approxi-
mation and an ellipsoid having major and minor axes of the
same dimensions as the droplet in question. This suggests that,
at least for droplets whose static deformation exceeds some
value, higher-order acoustic pressure effects must be consid-
ered.

To summarize the analysis being considered here,14 the
boundary conditions applied to the surface a = 0 in the equa-
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«=.0954cm

Fig. 3 Comparison of static shape modeling methods.

tions of motion are the kinematic condition, which equates
the radial velocity of the droplet to the time rate of change
of the droplet shape d£/dt, and a normal force balance relating
the pressure change across the boundary to the surface tension
y and the external force /?ext:

A/7 = y + /7ext (6)

where pext is expanded in spherical harmonics and deforma-
tion coefficients plm:

(7)

and A/7 is found from the expression for radial velocity. The
normal force balance is used to obtain the "complete surface
condition" for the droplet [Eq. (27) in Ref. 14]. Comparing
like terms, the time-independent terms of the equation relate
the external force to the static surface energy of the droplet
(which, judging by the nonspherical droplet shape, is in-
creased over the spherical droplet), and the mode-1 terms
balance the force of gravity and determine the equilibrium
position of the droplet for density analyses.19-20 The higher
mode terms relate higher mode components of the external
force to the corresponding components of the droplet defor-
mation.

Ignoring translational frequencies and assuming that the
external force is the same as if the droplet were spherical,
Eq. (35) in Ref. 14 gives the first-order (n = 0) solution for
a droplet oscillating in mode / under the influence of an ex-
ternally applied force as

1

W2i
- !)(/ + 2)

- l)(u + 2)

2lu(u + 1) 1
(u - l)(w + 2)J Z m.Q,m

2,n,2 (8)

where the second subscript of p is zero to reflect the axisym-
metry of the external force. The symbol Z is a shorthand
representation for the integral of the product of three spher-
ical harmonics. Such products appear frequently in the litera-
ture14:

(9)

The only nonzero values of the integral in Eq. (8) are
Z 2,2,2" and Z2,4,2"• For mode-2 oscillations, taking into ac-

count both second- and fourth-order components of the static
shape deformation, Eq. (8) becomes

(10)

Equation (10) is identical to Eq. (53) in Ref. 14, which applies
to electromagnetic levitation and includes the fourth-order
spherical harmonic in the magnetic pressure distribution.

In the first-order approximation, the static shape defor-
mation coefficients x are related to the p by the expression:

- l)(u + 2)]

Since the experimental approach allows the direct measure-
ment of the static shape deformation, Eq. (11) is solved for
pltv in terms of xuv and substituted into Eq. (10):

(12)

Here, the values of the triple integrals are independent of the
sign of m, just as the mode shapes for a nonrotating droplet.
Substituting these values, which are tabulated in Ref. 14,
yields expressions for the three frequencies of oscillation as
functions of the measured static shape deformation coeffi-
cients:

0 + 25.1467*40) (13a)

0 - 16.7645*40) (13b)

+ 4.1911*40) (13c)

" o =

Neglecting the Xw terms, the previous equations are identical
to Eqs. (40) in Ref. 14. In an acoustic levitator, droplets take
on an oblate equilibrium shape, and ^20 is negative. Hence,
the analysis predicts that a)20 > a)2 ±1 > a>2 ±2, and a)2Q and
co 2 ± j lie above the Rayleigh frequency , while a> 2 ± 2 lies below .
If the %4(> terms are included, the trends may change depending
on the sign and magnitude of XAO itself. As will be shown,
however, XAQ is positive and an order of magnitude smaller
than ^20, and so the order of the three frequencies remains
the same, although a)20 and co2 ±1 come even closer together.
Note that the earlier expressions obey the relation between
the split frequencies and the Rayleigh frequency offered by
Cummings and Blackburn13:

(21 + 1) — CO (14)

This expression may be viewed as equating the spectral ener-
gies of the split spectrum and the inviscid frequency, which
is 21 + 1 degenerate.

The results of this correction to the analysis of levitated
droplets will be of considerable importance in refining levi-
tation experiments performed in Earth's gravity, because liq-
uids with low surface tension, such as ethyl alcohol and low-
viscosity silicone oils, are deformed much more than, e.g.,
water due to the decreased surface tension forces present.
With the results of this experiment, a far wider range of liquids
may be feasibly tested using acoustic levitation.

Results and Discussion
The majority of data collected in this experiment use water

as the levitated liquid. The high surface tension of water en-
ables larger droplets to be stably levitated, whereas its rela-
tively low viscosity is useful because this experiment has so
far neglected viscous effects. In addition, the published prop-
erties of water serve as a check for the results presented here.
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Results for ethyl alcohol and tap water, which contains various
impurities, and hence, should have a lower surface tension
than distilled water, are also shown.

Of particular interest is the fact that only two distinct res-
onant peaks could be found for levitated droplets in this ex-
periment. As the modulation frequency is being swept, three
separate "events" are seen by the photodetector, and they
are spaced roughly equally as in the first spectrum plotted by
Trinh et al.21 Upon closer inspection, however, the frequency
of this peak remains constant over time, in sharp contrast to
the other peaks that shift slowly but steadily upward in fre-
quency as the droplet evaporates. In addition, the frequency
of this lowest peak lies far below the values predicted by
theory. This seems to indicate an optical signature of some-
thing different than oblate-prolate oscillations. Since this lowest
peak remains fixed in the frequency domain, it is believed to
represent a translation of the droplet that could be an artifact
of the signal used to drive the transducer. Translational fre-
quencies may be ignored because they correspond to the / =
1 mode and exist separately from the 1 = 2 fundamental mode
oscillations.

For droplets where three resonant peaks besides the "false"
peak were found, the two higher peaks were very close to-
gether (within 5 Hz). This seems to suggest that, in cases
where only two peaks are found, the higher of these two peaks
is actually two separate frequencies that cannot be individually
distinguished by this apparatus. Indeed, in the acoustic case
the frequency splitting predicted by Suryanarayana and
Bayazitoglu14 is asymmetric, with two of the frequencies lying
above the Rayleigh frequency and much closer together than
they are to the third frequency. Cummings and Blackburn13

make similar predictions; Fig. 3 of their paper, on which Fig.
4 is based, shows the expected effects of ^20 and XAQ on the
frequency split. Here, a negative XTQ can be seen to shift a)2 0
and o>2 ±1 upward and co2 ±2 downward, whereas a positive
X4(} shifts o)2() downward, a>2 ± { upward, and affects o>2 ±2

 only
slightly. Superimposing these two effects while scaling down
the ^4() effect (since XM < ^20 f°r the droplets in this experi-
ment) brings o)2Q and a)2 ±1 even closer together as shown in
Fig. 4. It seems feasible, then, to say that the higher resonant
peak is approximately the average of the o>2,o an<3 W2,±i fre~
quencies. This assumption generates most of the uncertainty
in the results24; however, in the absence of greater frequency
resolution it must be made. Viscous effects contribute to the
lack of resolution by "rounding off" the resonant peaks and
obscuring fine details in the frequency spectrum. Along the
same lines, high-viscosity fluids, such as heavy oil, are un-
suitable for use with this apparatus because the peaks in their
frequency spectra are so broad as to be indistinguishable from
background noise.

The input data in this experiment are the measured natural
frequencies in Hz and the width and height of the droplet as

A A A
C02,i2 0)2.±1 0)2,0

0)2,0
0)2

C02,i2
0)2

0)2,±1 0)2,0

measured along the axes of symmetry of a photograph of the
droplet viewed from the side. The radius of a spherical droplet
having the same volume as the deformed droplet is found by
assuming the droplet to be an ellipsoidal body of revolution
with semimajor and semiminor axes as measured. This equiv-
alent spherical radius is used in the Rayleigh-Lamb equation
along with the anticipated surface tension (for liquids whose
values are already known) to compute the inviscid frequency
for the droplet. The values of the static deformation coeffi-
cients X2o and A4o are tnen found using an iterative technique
that minimizes the least-squares error between the radii of
the ellipsoidal droplet and the analytically assumed shape

- R (X2()Y2(] (15)

This, along with the density of the liquid, is sufficient to apply
Eqs. (13) and make an analytical prediction for the frequency
splitting.

Data for distilled water and ethyl alcohol at 24°C are shown
in Table 1 and Table 2, respectively. Surface tension mea-
surements by other means were not available at the time these
data were collected; hence, for droplets of liquids whose prop-
erties are well established, the radius of a sphere having the
same volume as the droplet was calculated and used in the
Rayleigh-Lamb equation along with the published values of
surface tension and density to yield the inviscid frequency
co * in rad/s. Based on the inviscid frequency and the calculated
static shape deformation coefficients x> Eqs. (13) are then
used to predict o>2 ( ) , a)2 ±1 , and a)2 ±2. An experimental value
of surface tension yexp is evaluated using Eqs. (14) and (1),
with the higher of the two natural frequencies being treated
as the average of o>2,o and o j 2 , ± i - The mean value of yexp, 75.8
dyne/cm, is 5% above the published value of 72.2 dyne/cm;
the uncertainty based on 20:1 odds is ±7.3 dyne/cm, due to
the difficulty in separating the o)2 () and o>2 ± , frequencies. The
measured, predicted, and inviscid frequencies for distilled water
are plotted against the droplet radius in Fig. 5.

As a side note, data for tap water and commercially bottled
"distilled water" were also collected. The measured frequen-
cies are averaged as in Eq. (14) to yield the inviscid frequency
and permit the calculation of yexp. The mean value of yexp is
taken to be the surface tension of the unknown. The Rayleigh
frequencies and frequencies from Eqs. (13) are then based
on yexp. As shown in Table 3, the surface tension value for
tap water is 14.1% lower than that of distilled water, which
is as expected due to the impurities present. The store-bought
distilled water, meanwhile, has a surface tension that is higher
than that of the tap water, but still below the published value
by 13%, indicating this water would be unsuitable for sensitive
laboratory use.

200

° = Experimental data
x = Frequencies predicted by Eqs. (13)

(—) = (Q*2 for y = 72.2 dyn / cm

0.07

Fig. 4 Expected frequency splitting for various static shape defor-
mations.

0.08 0.09 0!1 0.11 0.12 0.13 0.14
Equivalent spherical radius, cm

Fig. 5 Frequency data for distilled water.
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Table 1 Experimental data for distilled water

/w-
cm
0.0833
0.1064
0.1257
0.0835
0.0901
0.0918
0.0824
0.0805
0.1122
0.0915
0.0982
0.0975
0.1039
0.1303
0.0869
0.1004
0.0995

Observed frequencies,
Hz

X*
-0.0095
-0.0334
-0.0367
-0.0107
-0.0159
-0.0099
-0.0178
-0.0129
-0.0195
-0.0245
-0.0379
-0.0374
-0.016
-0.0552
-0.0283
-0.0313
-0.0346

*4<>

0.0003
0.0031
0.0032
0.0004
0.0009
0.0004
0.0012
0.0007
0.001
0.0019
0.0042
0.0041
0.0007
0.0066
0.0027
0.0029
0.0035

OJ2 . 2

148.6
100.4
81.55
143.5
123.5
123.0
138.4
165.1
94.95
109.45
114.9
106.4
109.2
74.55
133.55
106.9
113.05

"2i, "2,0

173.0
123.65
98.6
169.15
147.85
148.7
166.8
184.0
113.0

123.25 151.1
138.2
131.15
130.3
93.65
162.25
127.7
137.8

Hz
163.68
114.92
92.16
159.39
138.62
138.99
156.06
176.68
106.15
140.62
129.38
121.85
122.30
86.52
151.42
119.81
128.47

v h
Tcxpth
dyne/cm
76.20
78.28
83.01
72.78
69.17
73.55
67.05
80.14
78.32
74.55
78.01
67.73
82.55
81.49
74.05
71.49
80.01

Predicted frequencies,
Hzc

(*) -> , ->
148.99
88.65
70.41
147.12
127.04
129.25
141.07
152.11
91.56
115.72
93.15
94.37
104.18
58.44
118.79
96.90
94.95

"2,.,

164.84
122.44
94.57
164.99
149.60
142.29
173.43
176.19
107.54
150.90
141.86
143.26
119.86
94.12
166.61
133.44
137.10

"2.0
167.86
123.28
95.57
168.16
152.51
144.63
176.53
179.63
109.73
153.10
140.95
142.45
122.32
92.81
167.47
134.51
137.30

:'Rayleigh frequency computed using Eq. (14).
hApplying calculated Rayleigh frequency and equivalent spherical radius in Eq. (1).
cFrom Eqs. (13).

Table 2 Experimental data for ethyl alcohol

^sphere >
cm

Observed frequencies,
Hz M+a ^ b

*20 *40 "2,±2 "2+l "2,0 Hz dyne/cm

Predicted frequencies,
Hzc

"2,±2 "2,*! "2,0

Without correction for evaporation

0.0688
0.0867
0.0954
0.0945
0.0933
0.069
0.0976
0.0949
0.0883
0.0949
0.079

0.0973
0.1147
0.0717
0.0732
0.0624

-0.026
-0.0429
-0.0525
-0.0414
-0.0354
-0.0204
-0.0412
-0.0446
-0.0286
-0.0376
-0.0232

-0.0341
-0.0606
-0.0011
-0.0252
-0.0149

0.0028
0.0059
0.0079
0.0051
0.0039
0.0018
0.0049
0.0058
0.0027
0.0043
0.002

0.0035
0.0088

0
0.0025
0.0011

74.90
69.50
69.10
71.40

117.4
64
67
79.6
71.2
94.7

Using
61.3
48

123.9

119.30
93.80
78.60
80.40
81.60

131.9
78.9
78.8
91.8
80.6

107.6

frequency averaging to account
76.8
59.2

124.8
133.65

180.8

119.30
86.74
75.09
76.08
77.68

126.30
73.30
74.31
87.13
76.98

102.63

17.95
19.05
19.02
18.94
18.99
20.33
19.37
18.28
20.24
19.63
20.12

100.59
61.70
49.05
58.39
63.56

108.24
56.70
55.76
72.97
60.90
88.59

151.42
111.69
98.84
96.16
95.96

146.14
91.06
96.75

102.08
94.06

119.27

150.75
108.10
94.21
61.13
95.46

147.56
89.79
94.32

102.65
93.31

120.54

for evaporation
71.01
54.99

116.32
133.65
160.48

18.03
17.69
22.30
27.14
24.27

61.46
38.59

124.00
94.83

132.05

89.02
74.43

125.66
136.22
166.43

89.07
71.36

126.13
136.48
169.09

"Rayleigh frequency computed using Eq. (14).
bApplying calculated Rayleigh frequency and equivalent spherical radius in Eq. (1).
°From Eqs. (13).

Highly volatile liquids provide their own challenges in mea-
suring surface tension via levitation. As described by Daidzic22

and other experimenters,18 a consequence of evaporation is*
a continuous upward shift of the natural frequencies of a
droplet over time due to the decrease in mass, which is pro-
portional to the decrease in the size of the droplet:

D(t? = Dl- Kt (16)

where D(t) is the droplet diameter at time t, D0 is the diameter
at time t = 0, and K is the rate of evaporation of the liquid.
For a highly volatile liquid such as ethyl alcohol, the rate of
evaporation, and hence, the frequency shift, can be such that
the time required to measure the natural frequencies and
photograph the droplet is a significant parameter. The change
in the Rayleigh frequency A/w is shown22 to be a function of

Table 3 Comparison of experimentally measured and published
surface tension values (dyne/cm)

Liquid

Distilled water
Tap water
Bottled water
Ethyl alcohol0

Ethyl alcohold

Ethyl alcohol0

ymcan
a

75.8 ± 7.3
62.0 ± 7.0
62.8 ± 6.9
19.3 ± 4.1
20.8 ± 4.2
21.9 ± 4.2

-V b

/published

72.2

22.4
22.4
22.4

% Error

5.0

-13.8
-7.1
-2.3

"Uncertainty based on 20:1 odds.
bAt 24°C; interpolated from data in Handbook of Chemistry and Physics, 69th
ed., CRC Press, Boca Raton, FL, 1988.
Evaporation not taken into account.
dFrequencies incremented to account for evaporation between frequency and
size measurements.
eDroplet size averaged to time at which frequencies were measured.
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Fig. 6 Frequency data for ethyl alcohol. Drops for which evaporation
was taken into account are denoted by the filled symbols.

the natural frequency at some reference time /^° and a time
parameter /3(t), which itself is a function of the rate of evap-
oration K and the elapsed time:

\f — o(f\ v fDQ (*\7\
L\Jn — \^\i)^jn \^ ' )

From Daidzic,22 for a 2 mm diam drop of ethyl alcohol, /3(t
= 30 s) = 0.0392, meaning that an error of 3.92% in the
frequency readings is predicted if the droplet size is measured
only after 30 s are spent in measuring the frequency spectrum
(a reasonable length of time). This error is exacerbated by
the fact that the rate of evaporation, and hence, the rate of
the frequency shift, is increased as a result of the standing
wave, with the effect being directly proportional to the pres-
sure.22 As a result, the larger the droplet, the higher the
acoustic pressure required for levitation, and the faster the
frequencies increase over time.

The hollow circles in Fig. 6 show frequency data for ethyl
alcohol where the size of the droplet was measured after the
natural frequencies were found. As expected, the measured
surface tension of 19.3 dyne/cm is lower than the published
value of 22.4 dyne/cm, because the size of the droplet when
photographed was considerably smaller than the size for which
the frequency spectrum was measured. To compensate for
evaporation, which increases the natural frequencies over time,
the frequencies were incremented by 3.92% as described ear-
lier. The revised value of yexp, 20.8 dyne/cm, is much closer
to the published value as shown in Table 3, but is still 7.1%
lower. The remaining difference would seem to be due to the
enhanced evaporation from the acoustic standing wave de-
scribed in Ref. 22. Since the intensity of the standing wave
was tailored to each droplet, however, an attempt to quantify
this effect is not made here. Another means of circumventing
the frequency shift is simply to measure the natural frequen-
cies both before and after the size of the droplet is measured
and take their average values. This method yielded yexp =
21.9 dyne/cm, only 2.3% below the published value. Short
droplet life and the instability of ethyl alcohol droplets, how-
ever, required several experimental trials to successfully col-
lect the data for a single droplet. The results are shown in
Table 3 and by the filled symbols in Fig. 6. The uncertainty
of the data is high (± 4 dyne/cm) due to the combination of
two of the frequencies described earlier.

Uncertainty Analysis
In calculating the surface tension of a liquid using Eq. (1),

uncertainties are introduced through the measurements of
droplet size and the natural frequencies. In addition, small
variations in the air temperature create uncertainty in the
density of the liquid sample, which in turn affects other cal-
culated quantities. Here, uncertainties are reported using 20:1

odds; a more complete account of the analysis may be found
in Ref. 24. While the precision of the frequency counter al-
lowed a resolution of 0.01 Hz, the reading wandered suffi-
ciently to generate an uncertainty of ±0.1 Hz. An uncertainty
of ±1 Hz was assigned to each value of o>2 ±1 due to the
difficulty in distinguishing it from the co2 0 frequency. Indeed,
this aspect of the experiment was the source of most of the
uncertainty in the results, especially in light of the fact that
the w 2 , ± i frequency is counted twice in the weighted average
of Eq. (14). Repeated size measurements of various drops
showed the uncertainty of the measured size of a droplet to
be ±85 x 10~4 cm; still photographs proved much more
precise than the use of a video camera for the purposes of
size measurements. While the apparatus was not placed in a
strictly temperature-controlled environment, room tempera-
ture was always 24 ± 0.5°C. Within this range, the variation
in the liquid density p was taken as ± 0.005 g/cm3. In addition,
the mode number / is taken to be exact.

It is clear that the procedure for testing volatile liquids could
have easily used a single set of natural frequency measure-
ments preceded and followed by droplet size measurements
that could then be averaged. However, the opposite approach
was chosen because measuring the frequencies twice and then
taking their averages, while being experimentally difficult,
helped offset the small sample bias of an already uncertain
measurement.

Conclusions
Experimental observations and numerical data concerning

the natural frequencies of acoustically levitated oscillating
droplets are presented. The focus in this study has been on
ellipsoidal liquid droplets of relatively low, albeit finite, vis-
cosity. Results from an analysis of aspherical, inviscid droplets14

have been used to reduce these data, and although the con-
ditions of zero viscosity and small deviation from a spherical
equilibrium shape were violated, the results show good agree-
ment with published results for distilled water and ethyl al-
cohol. The uncertainty of these results is on the order of
±10% for water and ±20% for ethyl alcohol due to the
closeness of the o>2 ±1 and o>2,o frequencies. Viscous effects
make the o)2 ±1 resonance almost impossible to locate by
"blurring" the frequency spectrum; greater frequency reso-
lution is needed to overcome this phenomenon. With the use
of a refined static shape deformation model, however, the
analysis in Ref. 14 predicts the proximity of two of the natural
frequencies for acoustically levitated droplets. These results
are encouraging in evaluating analytical predictions for fre-
quency splitting.14 It has also been shown that, with a simple
apparatus and rapid approach to data collection, even highly
volatile liquids may be tested using levitation.

Comparisons between experimental data and analytical
predictions concerning the natural frequencies of deformed
levitating droplets are instructive for evaluating the state of
knowledge of the forces acting on an acoustically levitated
droplet. If the influence of the modulated acoustic standing
wave on the droplet can be known, then its impact on ob-
served thermophysical properties may be evaluated as well.
For the time being, however, fairly accurate results have been
realized from a simple, inexpensive, and compact apparatus.

Naturally, the question arises as to why the droplet should
not follow the shape of the second-order spherical harmonic
Y20 as the level of distortion increases. One possible expla-
nation involves the radial focus of the pressure node that is
required to hold the droplet in position from side-to-side. This
focus is achieved through the use of a slightly concave acoustic
reflector. For the apparatus used in this experiment, various
reflectors were fabricated to determine which radius of cur-
vature provided sufficient radial focus to hold the droplet
stationary. For the sake of simplicity, the curvature of the
reflectors was spherical. A reflector with a gentle radius of
curvature (on the order of 5 in.) required an exceptionally
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high standing wave intensity to hold the droplet with an ac-
ceptable amount of side-to-side "wandering," whereas smaller
radii of curvature (<2 in.) tended to create a toroidal potential
well in which a droplet "orbits." The 3-in. radius reflector
ultimately used allowed stable levitation with a relatively low
standing wave intensity and, hence, a low degree of static
deformation in excess of what is required for levitation. How-
ever, it seems reasonable to say the shape of the potential
well impacts the static shape of the droplet just as it does in
electromagnetic levitation (where the droplet takes on a "pear"
shape characteristic of Y30 due to the "basket-shaped" po-
tential well). Since the radial focus of the potential well is a
necessary evil in Earth-based levitators, one area for future
work might involve study of the shape of the potential well
and optimization of the acoustic reflector shape to balance
the need for radial focus with the effect on the static shape
of the droplet.
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