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ABSTRACT

The behavior of rotating and oscillating free liquid drops has been studied by many
investigators theoretically for many years. More recent numerical treatments have
yielded predictions which are yet to be verified experimentally. The purpose of this
paper is to report the results of laboratory work as well as of experiments carried
out in space during the flight of Spacelab 3, and to compare with the existing
theoretical studies. Ground-based experiments have been attempted as a first
approximation to the ideal boundary conditions used by the theoretical treatments
by neutralizing the overwhelming effects of the earth’s gravitational field with an
outside supporting liquid and with the use of levitation technology. The viscous
and inertial loading of such a suspending fluid has been found to profoundly affect
the results, but the information thus gathered has emphasized the uniqueness of
the experimental data obtained in the low-gravity environment of space.

INTRODUCTION

The specific problems under consideration include experimental studies of the
equilibrium shapes of drops in solid-body rotation, the shape oscillation spectrum of
freely suspended liquids, and the interaction between rotation and vibration. The
obvious difficulty in studying these phenomena dominated by the weak capillary
forces is the presence of the earth’s gravitational field. An experiment to be
performed in the microgravitational environment of space was thus proposed and
it has recently been carried out. This paper will describe the outcome of the
operation of the Drop Dynamics Module' during the flight of Spacelab 3.2 In order
to obtain a more complete overview of the subject matter and to emphasize the
need for a space experiment, the results of extensive ground-based studies will also
be reported.

I. THE EQUILIBRIUM SHAPE OF ROTATING DROPS: THE PLATEAU EXPERIMENT
REVISITED

A. Theoretical Background

Swiatecki? fits the problem of the liquid drop held together by surface
tension into a broader scheme in which fluid masses may, in addition to
having a surface tension, be self-gravitating and/or possess a uniform
density of electric charge. The astrophysical problem of the stability of
rotating stellar masses and the problem of the fissionability of rotating
uniformly-charged nuclei are thus unified with the problem of equilibrium
shapes and stability of ordinary liquid drops.
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Confining discussion to the case of surface tension forces only, and
assuming that the drop is actually confined within another fluid (e.g., a
gaseous atmosphere) which rotates with the drop at the same angular
velocity, the equilibrium shape must satisfy the Young-Laplace equation?5

APO+ %Apf22r2l =gV.n (1)
The drop has density pp and rotates with angular velocity Q. The outer
fluid has density p,. The drop has a fixed volume. AP,= Pp_ - Pf_is the
difference in pressures on the axis of rotation inside and outside the drop,
Ap = p,, - pp is the density difference, r, is the radius perpendicular to the
axis of rotation and extending to the drop’s surface, o is the interfacial
tension, and n is the surface normal (- 4 V. n is the local mean curvature).

Brown® rewrites equation (1) in the dimensionless form

2
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where H = V. n is the local mean curvature, a_is the radius of the sphere
of same volume as the drop, and the parameters £ and K are rotational
Bond number and dimensionless reference pressure defined as

2
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Figure 1 shows cross-sectional profiles of axisymmetric shapes for values of
the reduced rotation rate squared, derived from reference 4. These cross
sections lie in the meridional plane. The figures showing a dip at the axis
are not lobed shapes, but are biconcave discs similar in form to red blood
cells. The biconcave discs pinch offat £ = 4 and become tori (“tori” is used
loosely to describe shapes which no longer intersect the axis of rotation).

A substantial extension to the theory to include the shapes and stabilities
of nonaxisymmetric figures of equilibrium has been provided by Brown and
Scriven®. Along the simply-connected sequence, the axisymmetric drop
shape was shown to be stable to two-lobed perturbation for Z < 0.313. At
this point the drop is neutrally stable to these perturbations; above it, the
axisymmetric shape becomes unstable. Similarly, as shown in Figure 2,
Brown calculated bifurcation points to three- and four-lobed families from
the simply-connected sequence atZ = 0.500 and = 0.567.
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B. The Plateau Experiment Revisited

This experiment was first performed by Plateau? in the last century, and has
been repeated at JPL using advanced photographic and electronic systems
to achieve a better control of the various relevant parameters.®

A large (15 cc) viscous liquid drop is formed around a disc and shaft in a
tank containing a much less viscous mixture having the same density. This
supporting liquid and that of the drop are immiscible. If the shaft and disc
were not present, the drop would float freely in the surrounding medium,
and have the shape of a sphere. The gravitational forces are greatly
reduced, and become smali compared to the surface forces. With the drop
attached and initially centered about the disc, the shaft and disc are set
into rotation almost impulsively, reaching a final steady angular velocity
within 1/2 to 2 revolutions. The drop deforms under rotation, and develops
into a variety of shapes depending upon the shaft velocity. The process of
spin-up, development, and decay (or fracture) to some final shape is
recorded on motion picture film.

In this system, gravity is diminished at the expense of introducing a
supporting liquid which is viscous, and which may be entrained by the
motion of the drop, thereby allowing momentum to be transferred from
the drop.? Rotation is achieved only by introducing the shaft and disc;
adhesion to these surfaces distorts the drop shape. Nevertheless,
comparison of this experiment'’s results to the theory of free rotating liquid
drops is prompted by the fact that several novel families of drop shapes
have been observed. It is important to recognize, though, that existing
theories deal mainly with equilibrium shapes and their stability, while the
drop in this experiment is undergoing a far more complicated process; the
shape of a liquid drop spun from a shaft is a dynamical problem.

Plateau originally observed axisymmetric equilibrium shapes as well as tori
when the rotation velocity was high enough. He found that the motion of
the ring was that of a rigid body for several seconds. Most of Plateau’s
attention was devoted to the study of the rings which he thought were
similar to the rings of Saturn.

The shapes observed in the JPL experiment were those of flattened, slowly
rotating drops, as well as toroidal, two-, three-, and four-lobed shapes.
Neutrally buoyant tracer particles allowed the study of the dynamics of the
behavior, the secondary flow generated by the rotation, the interaction
between the drop and the host liquid, and the coupling between the
shaft/disc and the drop.

In the case of slowly rotating axisymmetric drops, comparison with the
theory was possible and the resulting near-agreement was nevertheless
remarkable: the qualitative shape of the equatorial area versus the
reduced rotation rate were similar, only differing from theory by 30%.
When generating n>2 lobed drops in a controlled manner, primarily two-
and three-lobed shapes were obtained. The latter had not been observed
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before. The behavior of the lobed shapes was not easily compared with
theory, however. The study of the angular velocities and momenta
demonstrated that the development of the various lobed shapes takes
similar paths, but no evidence was found for the location of the branch
points between axisymmetric and triaxial behavior. Figure 3 reproduces
photographs of some of the drop shapes obtained.

C. Ground-Based Studies of Rotating Charged Drops

The investigation of the behavior of rotating charged drops under the full
effect of the earth’s gravitational field has been made possible by
electrostatic and acoustic levitation technologies. A smali (3-4 mm in
diameter) charged liquid drop could be electrostatically levitated and
acoustically rotated.'® The first bifurcation point marking the transition
from axisymmetric to two-lobed shape was accurately observed. The
detailed analysis revealed the action of gravity in the geometry of the drop.
The theory is not applicable to a nonuniform charged drop, and the
stability of the equilibrium shape must be greatly modified by the
electrostatic stresses at the drop boundary.

II. THE DYNAMICS OF SHAPE OSCILLATIONS OF FREE DROPS: LABORATORY
EXPERIMENTS

A. Theoretical Background

Extensive theoretical work exists on the subject of drop shape
oscillations.''?  Miller and Scriven'” have produced a comprehensive
theoretical analysis of the natural, small amplitude, shape oscillations of a
drop by using the normal-mode approach. Marston'® has offered a
derivation for the case of a liquid drop immersed in another liquid of
similar properties. Prosperetti'® has obtained a solution to the initial value
probiem and has provided theoretical predictions concerning the behavior
of a freely oscillating drop in the early transient period.

An expression for the Ly, resonant mode frequency of a driven oscillating
drop is given by

1 1
mL=wZ—§awz+'2-az. (5)

where o, is the angular response frequency, and o, is Lamb’s natural
resonance frequency."!

( .)2 L(L +1XL - 1)L +2) (6)
coL = 3 Y
- RYLp +(L+1)p ]

R is the radius of the undisturbed spherical drop, o is the interfacial
tension, and p, and p, are the density of the inner and outer fluid
respectively. '



The Dynamics of Free Liquid Drops (Cont'd.)

ais given by

@L+1(uwp p.p )t (7)
V2 RILp,+ (L+1)p. ) [(p )t + (up )*]
p, and y, being the dynamic viscosity of the two liquids.

a

The free decay of an oscillating drop is given by the damping constant 7

1 . 1 1
-t _ - : S — .2
o= 2awL + ZF— 2(1 (8)

where

2 2 2
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The first term in the expression for the damping constant [equation (8)]
expresses the damping in the oscillating boundary layer of the drop, while
the second term reflects the dissipation mechanism due to viscous effects
within the drop itself and is equivalent to the damping normally associated
with the well-known harmonic oscillator.

These results are valid under the assumptions of small-amplitude
oscillations, vanishing tangential stresses at the drop boundary, and the
absence of internal circulation. No ‘dependence of the resonance
frequencies on the oscillation amplitude can be derived, and the various
modes are assumed to be decoupled. One may notice that each normal
mode denoted by the integer L is actually degenerate in the axisymmetric
case. For example, for the L =2 mode, there exist five degenerate modes
corresponding to the integer values m= +2, 1, 0, all having the same
frequency, but differing by the geometry of their oscillations.

Foote's has carried out computer calculations without the restriction of
small-amplitude oscillations and has determined that the frequency of each
normal mode decreases with increading oscillation amplitude. In addition,
his results indicate that for the L =2 mode, the drop spends more time in
the prolate configuration than in the oblate one. Tsamopoulos and
Brown'? have obtained similar results for the oscillation frequency.

Busse?? has carried out an asymptotic expansion analysis of the problem of
the oscillation dynamics of a rotating drop in the small oscillation
amplitude region.

B. Ground-Based Experiments

Novel acoustic levitation techniques have allowed the study of the
oscillatory behavior of freely suspended drops both in an immiscible liquid
system as well as with liquid suspended in a gaseous atmosphere.?'26 The
detailed experimental investigation of the small-amplitude shape
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oscillation of liquid drops suspended in an immiscible liquid host has
allowed the verification of theoretical results.?! Figure 4 presents a series
of photographs of the first three pure resonant modes of shape oscillation
of an acoustically levitated and excited drop. Heretofore undetermined
experimentally, the resonance frequencies of these modes were accurately
measured and closely correlated with the calculated values. Table I
reproduces the results of the comparison between experimental and
theoretical values. In the same manner, the decay rate of the fundamental
mode has been accurately measured and compared with the theory. The
results are summarized in Table II.

Nonlinear effects were also experimentally studied as drops could be driven
into high-amplitude oscillation with modulated acoustic radiation forces.
A markedly soft nonlinearity was observed for freely decaying drops as the
data reported in Figure 5 illustrate. Tsamopoulos'? compared these data
with his computer calculations, and found good agreement. The case for
driven drops is more complicated, however, because of the subtle effect of
the static shape on the oscillatory modes: the resonant modes of a slightly
oblate drop have been found to increase as the level of deviation from
sphericity was increased, an effect until now unreported.?'23 Flow
visualization studies of the internal fluid particle motion within an
oscillating drop have revealed a qualitative change in the flow pattern as
the oscillation amplitude grows: vorticity not present in the small-
amplitude region exists in each of the quadrants of a drop under
quadrupolar vibration. Figure 6 reproduces some of the photographs
obtained from tracer particies illuminated with sheet lighting. The streak
pattern is obtained through a time exposure lasting several oscillation
cycles.

Experiments using smaller (4 mm diameter) drops levitated in air have also
yielded similar soft nonlinearity for driven large-amplitude oscillation.
Similarly, the resonant modes of oscillations have been experimentally
investigated for a drop in solid-body rotation, freely suspended in an
immiscible host liquid and restrained by an ultrasonic field. Sample results
are reproduced in Figure 7. The relative shift in the resonance frequency
has been plotted as a function of the ratio of the rotation velocity to the
angular resonant frequency of the nonrotating drop. Very good
agreement with the theory?* has been discovered for the fundamental
mode. An intriguing experimental observation was provided by the
multiplicity of resonant modes as the rotation rate was increased: it
appeared that the rotation removed the degeneracy of the fundamental
mode. Such evidence correlates with observations of frequency shift of the
oscillation modes of the sun due to its rotation. The physical processes in
that particular case are more complicated due to the differential rotation.
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1.

SPACELAB 3 DROP DYNAMICS EXPERIMENTS

. introduction

The video downlink from the Space Shuttle Challenger on May 3, 1985,
displayed a liquid drop being held and manipulated within a seemingly
invisible container. This was the first live demonstration in the
microgravitational environment of space of the capabilities of acoustic
radiation forces: a resonant cavity confining three-dimensional standing
waves was used to create a stable potential well to position, rotate, and
oscillate a liquid sphere. Promising future applications of such techniques
may be found in space where the reduction of the effects of gravity allows
the effective use of relatively small forces to manipulate materials
samples without interfering with their behavior and thereby introducing
extraneous artifacts.

The purpose of this first set of experiments in Spacelab was the
investigation of the rotational and oscillatory dynamics of free liquid drops
under the subtle influences of surface tension and acoustic radiation
pressure forces. The specific goals were to test the capabilities of acoustic
manipulation techniques, to gather the first experimental data on the
equilibrium shapes of rotating free liquid drops, and to demonstrate the
capability of drop oscillation techniques for the measurement of the
surface tension and viscosity of liquids. All experiments were carried out at
ambient temperature and in the Spacelab atmosphere. Data were
primarily obtained in the form of 16 mm cinefilms. Each frame of the film
was divided into four subframes, three of these contained views of the
drops along three orthogonal axes, and the fourth quadrant was devoted
to the display of data relating to the operation of the instrument. The bulk
of the engineering data was recorded on magnetic tapes.

. Acoustic Positioning and Torque Applied to Liquid Drops in Microgravity

Available experimental evidence appears to indicate that the steady-state
acceleration levels in the Spacelab 3 module during a gravity gradient
attitude is on the order of 0.001 g (where g is the gravitational level at sea
level on earth) with occasional deviations reaching amplitudes up to 0.1 g.
Our observations reveal that the acoustic positioning forces generated in
the experiment chamber (DDM chamber) were capable of containing a 7 cc
liquid drop having a density of 1.18 g/cc when subjected to the steady-state
level of residual acceleration, but were unable to restrain liquid drops
during spacecraft maneuvers characterized by peak acceleration levels of
0.1 g. Figure 8 is a plot of the maximum acoustic force generated at four
different sound pressure levels (140, 143, 146, and 149 dB re. 0.0002
microbar) as a function of the drop volume. The 7cc drop mentioned above
would thus require an SPL of about 143 dB for trapping within the acoustic
potential well. The drop was observed, however, to remain near the center
of the chamber for long periods of time during which the sound level was
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significantly lower than 143 dB, thus suggesting that the steady-state
acceleration level might be lower than 0.001 g for those periods of time.

The acoustic restoring force in a one dimensional standing wave may be
expressed as?’

su /PN, g (10)
F:z (—Q)kR sin 2kx,
pc

where p, is the pressure amplitude, p and ¢ are the density and sound
velocity characteristic of air, k is the wave vector, and R is the radius of a
spherical sample. Theoretically, the restoring force is reduced to zero at
the center of the chamber, and increases sinusoidally as the sample
deviates from that position. In practice, the force profile is not sinusoidal,

and is fairly distorted due to scattering effects from the sampile.

During the operation of the experiment, the acoustic pressure levels were
maintained between 135 and 145 dB and little static distortion of the drop
was observed during normal operating sequences. This absence of stat ',
acoustically induced distortion is crucial to the viability of acoustical
manipulation techniques as experimental tools for materials science and
fluid dynamics investigations.

Should a freely suspended drop receive an impulse from a transient
acceleration spike, it will undergo translatory oscillations within the
potential well controlled by the acoustic restoring force. The frequency of
this oscillatory motion may be used to estimate the magnitude of this
restraining force if the drop mass is known.

When two sides of the acoustic resonant cavity have equal length, it is
possible to generate a steady-state torque by means of appropriate
phasing of the associated acoustic waves. When the two waves along the x
and y axes are related by +90° (or -90°), a torque with direction vector in
the +z(or -z) direction is induced and drives a clockwise (counterclockwise)
rotation of a sample suspended in the center of the chamber. The
theoretical expression for this torque is given by??

PP
— Asing,_, (11)

3
T=-L
2 n 2p02
where T is the torque, Ly the acoustic boundary layer (or viscous length)
defined as (2v/w)*, Py and Py the pressure amplitudes of the waves in the x
and y direction respectively, A the total surface area of the sample, v the
kinematic viscosity of the air, w the angular frequency of the sound wave,
and ¢, the phase angle between the waves along the x and y axes.

By knowing the torque acting on the liquid drop, the deformation of the
drop as it rotates, and the drag of coefficient of the air, it is possible to plot
the rotation rate of a given sample as a function of time. The results of
such a calculation are reported in Figure 9 for a 3 cc drop of water/glycerin
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mixture with a kinematic viscosity of 100 centiStokes. The theoretical curve
has been obtained by fitting the experimental data with the air drag
coefficient as an adjustable parameter. The data included in Figure 9
pertains to a drop having a shape axisymmetric with respect to the axis of
rotation.

C. Equilibrium Shapes of Acoustically Rotated Drops

As an initially spherical liquid drop is rotated around a fixed axis, its
equilibrium shape has been predicted? to first remain axisymmetric with
respect to the rotation axis. However, as the rotation rate is further
increased, a sudden transition to a two-lobed shape will take place at a
well-defined rotation speed. This transition point, commonly referred to as
a bifurcation point, marks the limit of stability of the axisymmetric shape in
favor of the two-lobed configuration. Numerical computations* have also
predicted the existence of three- and four-lobed shapes appearing at
higher rotational velocities. These higher order lobed shapes, however, are
not stable configurations. For an isolated drop, the two-lobed
configuration is the only stable equilibrium shape as the first bifurcation
point is passed.

Figure 10 reproduces the experimentally measured rotation velocity of a
3 cc water/glycerin drop as the acoustic torque is applied and removed. The
horizontal axis displays time. Asthe drop is spun up, it flattens at the pole
and bulges at the equator, remaining axisymmetric and gaining in rotation
speed. At the bifurcation point, the two-lobed shape becomes the stable
equilibrium geometry and the drop slows down because the moment of
inertia increases as well as the surface area. Although the speed decreases,
the largest dimension of the drop cross section continues to increase,
leading to an eventual fission of the liquid into two separate drops. In this
particular case, however, the data of Figure 10 show that the acoustic
torque is turned off before fission is allowed to occur, and the rotation
speed increases again as the drop-stretch is reversed. The axisymmetric
equilibrium shape is recovered when the same rotation speed as that
measured at bifurcation during the spin-up phase is reached. No
"hysteresis” has been detected within the present experimental
uncertainty.

Due to imperfect conditions in the lighting system, the quality of the
images recorded on the 16 mm films were slightly degraded, affecting the
precision with which the drop shape and speed could be measured. As a
result, measurements of the relative change in the drop cross section and
profile could be accomplished with an uncertainty of about +8%. The
rotation velocity of the drop was measurable to within +5%.

A plot of the axial ratio of the spheroidal drop in the axisymmetric regime
is reproduced in Figure 11. The drop profile has been measured with
images recorded on views along axes perpendicular to the rotation axis.
The drop deformation is plotted as a function of the rotation velocity.
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Figure 12 presents the experimental data together with available
theoretical predictions. In this case, the largest dimension in the rotating
drop equatorial cross section (measured perpendicularly to the rotation
axis) divided by the radius of the nonrotating drop, is plotted as a function
of the rotation rate divided by the frequency of the fundamental mode of
shape oscillation. This frequency is given by

P t(2 ‘)* (12)
2n p*Rs

where o is the surface tension of the liquid and p* its density. The liquids

used in these experiments were water, a series of water and glycerin

mixtures of increasing viscosity (from 10 to 500 ¢St), and finally silicone oil.

The density was between 1.0 and 1.18 g/cc, and the surface tension had

values between 20 and 70 dynes/cm.

The results in Figure 12 have been obtained with a 100 ¢St liquid drop 3 cc
in volume, and using rotational acceleration of about 0.01 revolution/sec.

Under these particular circumstances, solid-body rotation is easily attained,
and the effects of differential rotation are minimized. The behavior of the
drop should then approach that of a fluid mass rotating at constant
velocity since the rotation rate changes very little during the characteristic
time required for reaching solid-body rotation. This assumption would not
be valid if the viscosity were significantly lower.

The data reveal very good agreement with the theoretical predictions
corresponding to the axisymmetric regime. On the other hand, a
quantitative confirmation of the theoretical prediction was not obtained
for the specific value of the reduced rotation rate at the bifurcation point.
Experimental evidence suggests that the onset of secular instability for the
axisymmetric shape is located at a lower rotational velocity than that
predicted theoretically.

Figure 13 reproduces both experimental and theoretical results for an
experimental sequence including a drop fission. Once again qualitative
agreement is obtained, but the experimental data reveal a much faster
increase in deformation with the decrease in rotation velocity. Fission
generally produces two main drops of equal volume and a satellite droplet
arising from the breakup of the liquid bridge forming the central region of
the stretched rotating single drop. Assessment of the volumes of the drops
resulting from fission is difficult to obtain, but their volumes were probably
equal to within 10%. No evidence for two-lobed configurations with
greatly differing volume for the lobes has been obtained.

D. Shape Oscillations and Measurement of Surface Tension and Viscosity
The portion of the experiment dealing with shape oscillation studies has

been curtailed due to a subnominal performance of phase control which
resulted in the inability to completely null out the acoustic torque. It was
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nevertheless possible to obtain free decay measurement of the frequency
and damping of shape oscillations as a means for determining the surface
tension and viscosity.

Figure 14 reproduces the experimental results obtained for a freely
decaying 4.5 cc drop of water/glycerin mixture having a viscosity of 10 cSt.
A fit of the experimental data using an exponentially decaying sine wave
yielded a surface tension of 60 dynes/cm and a viscosity of 12 ¢St. The
experimental uncertainty is pnmanly due to the relatively low frame rate
used for the 16 mm camera.

Nonlinear effects arising during large amplitude oscillations of the drops
were among the unfulfilled experimental goals due to lack of operation
time as well as subnominal control over the nulling of the acoustic torque.
Ground-based experiments® using immiscible liquid systems have
suggested a soft nonlinearity in the resonance frequencies for shape
oscillations as the amplitude grows large. The scant data available from
this flight do not appear to confirm this finding, but suggest the existence
of a hard nonlinearity. The results are very inconclusive, however, and
these experiments must be repeated in possible subsequent flights.
Additional phenomena to be studied in the future include the oscillatory
dynamics of a rotating drop, the behavior of a compound drop, and the
detailed behavior of particles inside a rotating and oscillating drop.

Preliminary observations concerning the last item mentioned above have
demonstrated the ability to separate different phases present inside a
liquid drop by simple rotation. Immiscible liquid dropletsinitially uniformly
distributed within the main drop were quickly gathered at the center
during rotation. The droplet density was 15% lower than the main drop
density, and the centering process took approximately 2 minutes with
rotation rate increasing from zero to about 2 revolutions/sec. An air
bubble having diameter on the order of a millimeter and injected within
the main drop only took 30 seconds to migrate to the center when the drop
was accelerated from zero to 0.24 revolution/sec.

CONCLUDING REMARKS

Although certain ones of the planned experiments dealing with the oscillatory
behavior of free drops could not be fully completed, and some of the precision of
the measurement capability of the instrument was compromised by hardware
malfuction, a very needed and successful test of the capabilities of acoustic
positioning and manipulation techniques was carried out, an experimental
confirmation of the theory of acoustic torque has been obtained with deformable
liquid samples, the first set of data on the equilibrium shapes of rotation drops has
been gathered to partially confirm available theories, and finally a successful
demonstration of the contactless method of measuring surface tension and viscosity
has been obtained. As is usually the case in experimental science, however,
additional data must be obtained in order to confirm the results of this first flight.
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It must be reiterated that the availability of a greatly reduced gravitational
acceleration condition is essential to the rigorous performance of this experiment.
This seemingly simple problem involves boundary conditions which are theoretically
simple, but which are an earthbound experimentalist's nightmare. A neutral
buoyancy system may be used to remove the effects of the gravitational field, but
the host liquid alters the boundary conditions through viscous and inertial stresses.
Levitation of free drops in a gaseous atmosphere on earth introduces non-
negligible drop distortion as well as artifacts due to the levitating acoustic or
electrical fields.
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The Dynamics of Free Liquid Drops (Cont'd.)

TABLE CAPTIONS:

Tablel

Comparison of experimental results with theoretical calculations for the
first four resonant modes of shape oscillations.

TableII Comparison of experimental results with theoretical calculations for the
damping constant of the fundamental resonant mode of shape
oscillations.

FIGURE CAPTIONS:

Figure 1: Axisymmetric equilibrium shape according to Chandrasekhar’s results.

Figure 2: Predicted bifurcation points from axisymmetric to muiti-lobed shapes

according to the results of Brown.

Figure 3: Equilibrium shapes of rotating drops obtained in the JPL Plateau

experiment.
Figure 4: Photographs of silicone oil drops oscillating in water. The first three
resonant modes are shown (from ref. 21).

Figure 5: Experimental results for the frequency shift at high amplitude
oscillation for the fundamental mode (from ref. 22).

Figure 6: Streak patterns photographs of suspended tracer particles in silicone
oil drops levitated in water and oscillating in the fundamental mode at
increasingly larger amplitude (from ref. 22).

Figure 7: Relative frequency shift of the second resonant mode of shape
oscillation for a rotating drop levitated in water as a function of the
square of the reduced rotation rate. (from ref. 25).

Figure8:  Maximum acoustic force at 1kHz and for four different sound prssure

levels (SPLin dB re. 0.0002 microbar).

Figure 9: Rotation rate of axisymmetric drops. Theoretical fit for drop spin-up.

Figure 10: Axisymmetric and two-lobed regions of rotating drop.

Figure 11:  Axial ratio of axisymmetric rotating drop.

Figure 12: Comparison of experimental with theoretical results for a 100 cSt.

liquid drop.

Figure 13: Experimental data for drop fission due to rotation.

Figure 14: Free decay of shape oscillation.



£ f f
2 2 2
(Hz)
Silicone/CCl
water ,3.2§st.u 3.56 6.49 9.37 13.1 1.82 2.63 3.67 Experimental
1.9 cm (#0.07) (#0.13) | (20.19) { (#0.25) (+0.07)| (+0.1) [J(#0.15)
1.89 2.89 3.99 Lamb's formula
1.82 2.64 3.69 Theory (Marston)
Silicone/CCly in 3.66 6.81 10.21 13.65 1.86 2.79 3.73 Experimental
water,3.2 cst.
3 1.86 2.79 3.74 Theory
1.7cm
Silicone/CCl, in 3.87 7.21 10.45 1.86 2.70 Experimental
water, 3.2 cgt. 86 81 Theo
1.5 on? 1. 2. eory
Phenetole in 2.97 5.54 7.85 10.47 1.87 2.65 3.52 Experimental
water/Methanol
1.2 cst. 3 1.85 2.90 3.65 Theory
1.5 cm
TABLE 1
Inside Viscosity Outside Viscosity Damping Constant (sec'l)
1.52 (+0.1) Experiment
1.05 cst. 10 cst. Marston
1.16 Theory
2.93 (+0.15) Experiment
1.05 cst. 20 cst.
3.66 Theory
1.58 (+0.1) Experiment
16.5 1.1 cst.
1.82 Theory
2.63 (+0.15) Experiment
36.8 cst. 1.1 cst.
3.1 Theory
TABLE II
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