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Free Oscillations and Surfactant Studies of Superdeformed Drops in Microgravity
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An unprecedented microgravity observation of maximal shape oscillations of a surfactant-bearing
water drop the size of a ping-pong ball was observed during a mission of Space Shuttle Columbia
The goal of the research, of which this observation is a part, was to study the rheological propertie
of liquid drop surfaces on which are adsorbed surfactant molecules under conditions not possible a
1g. Numerical computation of the evolution of the shape of greatly deformed drops using the boundar
integral method has successfully predicted the observed drop shapes over a complete cycle of oscillatio
thereby permitting the calculation of the dynamic surface tension under these unique conditions
[S0031-9007(97)02484-8]

PACS numbers: 47.55.Dz, 68.10.Cr, 68.10.Et
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Liquid drops have intrigued physicists for over
century. Absent any external force, the drop forms
sphere, which is conceptually elegant and mathematic
tractable. Rayleigh [1] was the first to quantitatively i
vestigate the modeling of drops, doing so from intrins
as well as practical interest. Beginning with Kelvin, liq
uid drops, because of their simplicity and self conta
ment, have also been conceived as paradigm models
other more complicated systems: the Earth, in the c
of Kelvin’s liquid “globes;” atomic nucleii, for those re
searchers interested in modeling questions of nuclear
lisions and stability [2], and protostellar and stellar mas
in astrophysics [3]. A body of theory has accumulated
describe the oscillations of such drops of pure liquid co
stituents, both in the linear normal mode limit [4] and
the limit of nonlinear, finite-amplitude, and mode-couple
oscillations [5].

The ideal interface and low-amplitude modal oscillatio
structure of such spherical drops is so well understo
that any observed deviations from theory can be exploi
to infer properties of multicomponent, nonequilibriu
solutions. Specifically, the effects of introduction of ve
small concentrations of soluble surfactants to a pure liq
drop can now for the first time be quantitatively studied
solving the coupled convection-diffusion problem [6,7
But the validation of such a theory requires both
ideal spherical drop equilibrium and a congruence
physical time scales (primarily those for mass diffusi
and modal oscillation) such that the multiple effects
surface-active species dominate the fluid flow and he
the drop dynamics. This is impossible on Earth, and
have recently [8] completed a series of experiments wh
satisfy these idealized conditions by taking advantage
the minimal acceleration environment afforded by lo
Earth orbit aboard the Space Shuttle Columbia.
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In the course of these experiments, an unpreceden
maximal shape oscillation of a surfactant-bearing wat
drop the size of a ping-pong ball was observed (see Fig.
during the second United States Microgravity Laborator
USML-2 (STS-73, 20 October–5 November, 1995). Th
observation was precipitated by the action of an inten
sound field which produced a deforming force on the dro
When this deforming force was suddenly reduced, the dr
executed nearly free and axisymmetric oscillations for se
eral cycles, demonstrating a maximal amplitude of nonlin
ear motion. Interpretation of such motions over the fu
amplitude range could make possible the assessment
nonlinear surface rheological properties that transcend
surface equation of state approach. However, a full d
scription of the nonlinear, nonequilibrium motion in Fig. 1
is beyond current analytical and numerical techniques.

A series of microgravity experiments with liquid drops
was performed by scientists from Yale University, th
Jet Propulsion Laboratory (JPL), and Vanderbilt Univer
sity using the acoustic positioning/manipulation environ
ment of the Drop Physics Module (DPM). The Yale/JPL
group’s objectives were to study the rheological propertie
of liquid drop surfaces on which are adsorbed surfacta
molecules, and to infer surface properties such as surfa
tension, Gibb’s elasticity, and surface dilatational visco
ity by using a theory which relies on spherical symmetr
to solve the momentum and mass transport equations [
The noncontact technique involves the acoustic squeez
and releasing of the liquid drop and the measurement
the subsequent free decay frequency and damping c
stant [10]. For small amplitude motion, it is desirable t
excite only the lowest-order (energy) normal mode of th
drop, the axisymmetric quadrupole mode, in which th
drop oscillates between an oblate and prolate shape.
our chamber this oblate-prolate alternation is seen in t
© 1997 The American Physical Society
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FIG. 1. Sequence of 14 frames showing single complete oscillation of a 6.6 cm3 drop that begins in a highly deformed (oblate
shape owing to a high intensity acoustic field, and which then oscillates after the acoustic field intensity is suddenly reduce
top images in each row are theX (side) view, and the bottom images are theZ (top) view demonstrating the axisymmetric nature o
the oscillation. The time of each frame is marked. Shown above theX view observations is a sequence of frames computed us
the boundary integral method, assuming a Reynolds number of 600. The nondimensional timeT shown with each frame is defined
in the text. Note that the last two frames of the predictions differ from the observations, because the predictions are show
center plane of the drop (which is dimpled in), whereas the observations are showing the front view image which cannot s
inward dimpling effect.
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X view of the DPM, while in theZ view one observes a
simple circular shape.

The DPM-2 facility was designed by the Jet Propu
sion Laboratory, in conjunction with the science team
at Yale and Vanderbilt, and built by Loral Corporation’
electro-optical sensors division. The test section of t
DPM facility is an air-filled acoustic resonator at amb
ent (atmospheric) pressure with inner dimensions (X, Y ,
andZ) of 12.4, 12.4, and 15.2 cm, respectively. Four cu
l-
s

e
-

-

tom high-amplitude, titanium-dome acoustic loudspeak
were placed in the box along the intersections of the b
tom and side panels. A pair of stepper-motor-control
injectors is used to inject and retrieve drops, ranging fr
1–14 cm3 in our experiments. A common configuratio
for drop manipulation consists of opposing driving spea
ers 1 and 3 in the (100)X mode, speakers 2 and 4 in th
degenerate (010)Y mode, and all four speakers in the (00
Z mode, typically 1350, 1350, and 1130 Hz, respective
1913
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The payload crew scientists on board Columbia ope
ated the DPM via an interactive software interface, a
lowing the alteration of the acoustical environment b
changing speaker drive voltages, frequencies, and pha
They were supported on the ground by the payload ope
tions team of the Marshall Space Flight Center (Huntsvill
Alabama) and the DPM Science Team, which included t
scientific investigators, development engineers, and s
port personnel. Almost continuous real-time commun
cation between the Spacelab team and the ground te
via voice, telemetry, and video was available. These lin
enabled results to be immediately evaluated, allowing f
parameter adjustments over the course of the experime
which could not be defined before the mission, and whi
were absolutely essential for the carefully timed sequenc
that led to our observations.

From that oscillation data both the time dependent fr
quency of oscillation and decay constant can be retriev
The oscillation is considered a “good one” if theZ view
of the oscillation displays a circular outline for the dro
which changes in size during the oscillation. This co
firms the axisymmetric character of the oscillation. It
well known from both theory [11] and 1g laboratory prac
tice [12] that pure liquid drops can be unstable to no
axisymmetric perturbations; the asymptotic behavior
such drops is a difficult-to-analyze mixture of nearly de
generate modes (or resonantly coupled modes). The
fore, special drop handling techniques, both plann
and improvised, were an essential element in retrievi
“good” data. The axisymmetric character, along with th
idealized spherical shape made possible by micrograv
makes data analysis straightforward.

During the Yale experiments with the DPM, we
observed 82 oscillation sequences of drops of pu
water or solutions of either of two surfactant mater
als. Drops were manipulated into a variety of stat
shapes and motions. The drop oscillation sequen
reviewed here involved the oscillation of a 6.6 cm3

drop (2.33 cm diam) water drop containing the non
ionic surfactant Triton X-100, which is commonly use
in detergents and mixing agents. The chemical fo
mula is CH3CsCH3d2CH2CsCH3d2C6H4EsndOH, where
E  OCH2CH2, and ranges from 9 to 10. It was
saturated in the water at the critical micelle concentr
tion (CMC)—that is, the concentration beyond whic
small aggregates of the material will form in the bul
of the liquid and negligible lowering of the surface
tension will occur. The CMC for Triton is a minuscule
1.4 3 1024 gyml, at which the approximate static surfac
tension of this aqueous solution is 0.03 Nym (less than
half that of pure water). It is thus readily apparent wh
these types of materials are of interest to scientists a
engineers—tiny concentrations leave bulk properti
unchanged, but result in marked surface viscoelas
properties, and thus alter the surface and bulk moti
dramatically. The development of rational models o
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the behavior of surfactants is the ultimate goal of th
research.

The microgravity sequence (black background) sho
in Fig. 1 involved a drop that was slowly squeezed so th
in the Z view the circular outline grew and theX view
appeared initially as a narrow ellipse of aspect ratio
4.5. One complete cycle is shown here, both inX andZ
views, although the complete video shows about 20 cyc
(in about 17 sec) before the oscillation reverts to the low
energy quadrupole mode [13]. The cigar-shaped image
the 6th frame has an aspect ratio approaching 3, wh
in the parlance of nuclear modeling is called “hyperd
formed” [14]. A second remarkable feature is that the dr
did not fission. The lower surface tension that allowed f
the large deformations and the surface damping afford
by the presence of the surfactant probably prevented
elongated sections from pinching off.

The oscillation in Fig. 1 is beyond the reach of anal
sis via methods based on small-amplitude motion fou
in Refs. [7] and [8]. In a preliminary attempt to dete
mine how closely the dynamics adhered to pure flu
motion, we have performed numerical computations
the evolution of the shape of greatly deformed dro
using the boundary integral method. Our version of th
method [15,16] includes the external acoustic field stre
and thereby permits the study of large free or forc
shape oscillations of axisymmetric drops. Surface tens
is considered spatially constant in the model. Dampi
is including by modeling a simple bulk viscosity whos
effects are primarily due to vorticity in the boundar
layer. Such a lumped-element approach ignores the
fusion of the surfactant component and cannot distingu
the enhanced vorticity due to resultant surface nonunif
mities in surface tension present in high-amplitude m
tion. Nonetheless, we wondered whether such an anal
would produce drop shapes comparable to our obse
tions. If so, they would permit us to extract descriptiv
parameters such as the dynamic surface tension, wh
can differ from the statically measured value. Such d
ferences, when they occur, indicate departures from pu
fluid behavior, and in the case cited would clearly indica
the presence of surface tension nonuniformities due to
nonequilibrium distribution of surfactant molecules.

Figure 1 also shows the predictions of the sha
oscillations using the boundary integral method (X view).
These frames are displayed above the correspond
observations. The numbers indicated in each frame sh
the nondimensional time given by the ratio of the re
time to the factorT  a0yy0, wherey0  s2syra0d1y2,
which is the capillary wave speed. Heres is the surface
tension, r is the liquid density, anda0 is the drop
radius. The computation was carried out for a Reyno
numbersry0a0ymd of 600, wherem is the shear viscosity,
taken to be about 1.5 times that of water to accou
for the presence of the surfactant which increases
surface layer damping. The procedure for introduci
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damping, which assumes that it occurs only near
surface, follows the work of Lundgren and Manso
[17]. The capillary wave speed is taken to be ab
7.5 cmys, which is estimated from the surface tension
Triton X-100 at this concentration. Interestingly, wh
the same calculation is carried out for infinite Reyno
number, the drop fissions. Thus, our calculation c
inform future detailed investigations by fixing the corre
value for the spatially averaged energy dissipation. T
the shape can be fit so well indicates that inertia domin
nonuniformities in the bulk flow, an implicit vindicatio
for the boundary-layer approach.

Analysis of the real-time measurements from USM
2 and the nondimensional time from the predictio
of the boundary integral method allows one to co
pute a dynamic surface tension of approximately33.5 6

1.0 dynycm (0.0335 Nym), which is slightly higher than
the statically measured value for a 1 CMC solution of T
ton X-100 of 31 dynycm. A higher dynamic surface ten
sion might be expected, because surfactant transpo
the surface is a rate-limited process, and the equilibr
concentration of surfactant is not fully achieved duri
the period of oscillation. While surfactant molecules
a thin boundary layer near the surface can reach the
face as it rapidly expands, diffusion from the bulk w
be too slow to fully replenish the boundary layer. T
drop in Fig. 1 was allowed to equilibrate at the highly d
formed static shape shown in frame 1, which represen
maximum surface area. Thus, an excess surface con
tration of surfactant was present beyond that which wo
be present at spherical equilibrium. This would have
effect of mitigating any Marangoni stresses developing
the surface via surface diffusion, which occurs on a fa
time scale than diffusion from the bulk. Nevertheless,
fact that the apparent dynamic surface tension differs f
the static value indicates that even surface diffusion c
not compensate.

We can thus see that such an extremely nonlinear mo
as that recorded in Fig. 1 is a wellspring of new inform
tion. Only with a proper model of surfactant behavior w
a one-to-one correspondence between observation and
diction be possible, if at all. The maximal oscillation da
set therefore becomes a standard of comparison for
factant models. It can also be related to work with sm
drops (and higher oscillation frequencies) performed a
so that the models can be tested over at least 2 orde
magnitude in the relevant time constants of the process
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Finally, it should be noted that the observed maxima
oscillations may provide insights into similar processe
occurring in other sciences and at other scales, such as
behavior of hyperdeformed atomic nuclei or the explosio
of stars. Moreover, the images of these oscillations m
be viewed by some as aesthetically pleasing, reinforcin
connections between motivations underlying those wh
contribute in science and in art.
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