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The many shapes of spinning drops
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From the nucleus to black holes, the model of a spinning liquid drop can describe the physics of a

large number of systems.

With diamagnetic levitation, it is possible to accurately study the many

shapes a rapidly rotating liquid drop can take and compare the results against theoretical predictions.
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Liquids, such as water or oil, can form droplets that are
held together by surface tension—a cohesive force that
causes the surface of many liquids to behave as an elastic
membrane. Because liquid droplets are fairly simple to
study and control under different conditions, they have
fascinated experimentalists and theoreticians—including
Laplace, Gauss, Poincare, Chandrasekhar, Bohr, and
Wheeler—for more than two centuries. A droplet on a
surface, for example, spreads out or balls up depending
on its interaction with the surface. But what happens to
the shape of droplets in motion? As a freely suspended
droplet rotates at higher and higher velocity, the droplet
will tend to get pulled apart and deform. Droplets distort
according to a minimum energy principle, always seeking
the lowest energy state for a given rotational frequency,
and theorists predicted that they would form the series
of equilibrium shapes shown in the top of Fig. [1]

To see the full range of shapes shown in Fig. [I] re-
quires a carefully designed experiment. First, the effects
of gravity must be removed, since the theoretical pre-
dictions assume a freely suspended droplet. Second, the
viscous drag on the droplet must be as small as possi-
ble. Finally, the droplets must spin at a controllable rate.
Writing in Physical Review Letters, Richard Hill and Lau-
rence Eaves of the University of Nottingham in the UK
have been able to achieve this by ingeniously combin-
ing diamagnetic levitation of water droplets in air with
a liquid electric motor technique to spin up the droplets
[2]. They are able to observe several different families of
rotating water droplets, compare with theoretical expec-
tations, and even record the centimeter-sized droplets in
several movies. Because liquid drop models are used to
describe systems like atomic nuclei and black holes that
cannot be controlled in the laboratory, their work opens
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the way to a whole new series of measurements of direct
interest to several branches of physics.

The first experimental investigations of rotating fluid
droplets were conducted by a blind Belgian physicist
named Joseph-Antoine-Ferdinand Plateau [3] (Plateau,
who also performed experiments with light, once kept his
naked eyes fixed for too long on the sun, which brought
on a choroid inflammation and total blindness in 1843).
Plateau suspended olive oil in a mixture of water and
alcohol that had the same density as the oil, thereby bal-
ancing gravity with the buoyant force and leaving the
droplet, effectively weightless. Starting with a nonrotat-
ing drop of spherical shape, Plateau found that as he ro-
tated the droplet at higher and higher speeds, the droplet
transformed from a spherical shape (at zero rotation), to
axisymmetric shapes (at slow speeds), to ellipsoidal and
2-lobed “peanut” shapes, and finally a toroidal shape at
very large rotational speeds. These are the same shapes
shown in Fig. [I] which were fully understood theoreti-
cally about 100 years after Plateau’s experiments.

Unfortunately, in Plateau’s setup the surrounding fluid
exerted a large viscous drag on the rotating droplets,
which induced unwanted shape deformations. The
droplets were also hard to control and to spin, therefore
comparisons with theoretical results were mainly quali-
tative. More recently, precise experiments with silicone
oil droplets have been performed in orbiting spacecraft
[], and it has been possible to see the 2-lobed droplet
shape. Unfortunately, special care is needed to control
and spin up the droplet using acoustic pressure waves,
not to mention that it requires going into space!

Hill and Eaves found an innovative way to compensate
for the effects of gravity and to make the droplets spin.
They solved the gravity problem by using diamagnetic
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FIG. 1: (Top) The bifurcation and stability diagram for ro-
tating liquid drops that are held together by surface tension.
The plot depicts dimensionless angular velocity as a function
of dimensionless angular momentum. The depicted shapes
are stable along the solid lines and unstable along the dashed
lines. All shapes with more than 2 lobes are unstable. (Bot-
tom) The experimental setup used by Hill and Eaves. The
water droplet is suspended by a magnetic field. The field also
exerts a torque on a current that runs between two thin wires
embedded in the droplet, thus setting the droplet into rota-
tion. A camera monitors the droplet shape from below. (Top
panel after [I], Illustration: Alan Stonebraker)

levitation (Fig. [1, bottom). Many substances, including
water, are diamagnetic. When acted upon by external
magnetic fields, the electrons in diamagnetic materials
rearrange themselves creating small currents, which op-
pose the external field. In a magnetic field that is not
constant in space, a diamagnet will always seek the lower
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field strength. Thus, diamagnetic substances, despite be-
ing weakly magnetic, can easily be levitated if the exte-
rior magnetic field has high enough intensity and a well-
defined gradient (in fact, even animals, such as frogs, can
be levitated diamagnetically [5]).

To set the droplet into rotation, the Nottingham group
designed a “liquid electric motor,” also shown in the bot-
tom part of Fig. [ They inserted two thin wire elec-
trodes in the droplet, with one wire aligned with the
droplet center and with the magnetic field. The other
wire was set parallel to the first a distance d away. A
current I was set to flow through these wires. It follows
that a Lorentz force IdB acts on the droplet, causing a
torque of TBd?/2 on the droplet that accelerates it to
rotate around the vertical axis with a frequency that can
be easily controlled by adjusting the current.

There is one final catch to the experiment: the off-
axis electrode can excite small amplitude waves on the
surface of the droplet, like a boat moving on a water sur-
face. These excited waves have an important effect, in
that they can help stabilize otherwise unstable configu-
rations [6]. For instance, 3-lobed configurations cannot
usually be observed since they are unstable and rapidly
decay into another configuration (typically the 2-lobed
shapes). However, if the small waves excited by the off-
axis electrode are in resonance with this configuration,
they are able to sustain 3-lobed configurations far longer
than expected. As the rotation of the droplet increases, it
progresses through an elliptical (not shown in Fig. [1]) and
then a 2-lobed shape. As the rotation increases even fur-
ther, the droplet assumes a 3-lobed configuration, which
was measured accurately for the first time in this exper-
iment. It turns out that the critical rotational frequency
at which 2 and 3-lobed shapes start to develop agrees
very well with theoretical predictions (see Video |1| and
. A sequence of beautiful movies of this experiment can
be seen at |http://netserver.aip.org/cgi-bin/epaps?ID=E-
PRLTAO-101-065848]).

Attempts to understand rotating fluid droplets have
been more than an academic exercise. Since surface ten-
sion is a cohesive force, it can be used to model other
cohesive forces, such as gravity, that hold together stars
and planets, and the nuclear interactions that hold to-
gether nuclei [7 [8]. Higher dimensional objects (that
is, objects which only exist in a large number of space-
time dimensions) with an event horizon seem to behave in
general as fluid membranes [7, @9]. Recently, the breakup
of extended black-hole-like objects that are called “black
strings” was explained in terms of the same classical fluid
mechanics instability that is responsible for the breakup
of fluid jets in a water tap, or for the formation of water
droplets in rain [7) [10]. Simultaneously, it has been un-
derstood that many field theories have a hydrodynamic
description in the limit of high energy density [I1]. If
we combine this description with the now famous grav-
ity /quantum field duality [12], we are left with a grav-
ity /hydrodynamic duality, where fluids are literally dual
to black holes [13]. Therefore droplets, fluid cylinders,
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VIDEO 1: The three-lobed structure of a rotating droplet.
(R. J. A. Hill and L. Eaves [2]) Video available at: http:
//physics.aps.org/articles/v/#videol

VIDEO 2: A rotating droplet transitions from a spherically
symmetric shape to an elliptical shape. (R. J. A. Hill and
L. Eaves [2]) Video available at: http://physics.aps.org/
articles/v/#video.
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and other fluid configurations could teach us how gravity
behaves, with the experimental solution of Hill and Eaves
providing a simple way to investigate these exciting issues
in table-top experiments.
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