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Abstract

Low-gravity drop-tower experiments are carried
out for an “exotic” rotationally-symmetric container,
which admits an entire continuum of distinct equilib-
rium symmetric capillary free surfaces. It is found that
an initial equilibrium planar interface, a member of
the continuum, will reorient toward a non-symmetric
interface, as predicted by recent mathematical theory.

Introduction

Generally, the free surface of a liquid that partly
fills a container under the action of surface and grav-
itational forces may assume one of several possible
equilibrium configurations. It can occur that only one
configuration is possible; that happens, for example,
in a vertical homogeneous cylindrical container in a
gravity field that is either absent or directed down-
ward into the liquid. Whenever the contact curve lies
entirely on the cylindrical walls, the free surface is
completely determined by the contact angle and lig-
uid volume; this is the case for cylinders of arbitrary
cross section. However, examples are easily given of
containers for which two or more distinct equilibrium
configurations can be found.

In earlier papers®” we discuss “exotic” rotation-
ally symmetric containers that admit an entire contin-
uum of distinct, rotationally-symmetric equilibrium
capillary free-surfaces, all enclosing the same liquid
volume and having the same mechanical energy and
contact angle. These families of symmetric free-
surfaces have the further property that they are un-
stable, in that certain asymmetric deformations yield
surfaces with lower energy.®” In fact, the containers
can be so designed that the only energy-minimizing
liquid configurations they admit are not symmet-
ric. Although the theory predicts exotic containers
for any gravity field, only for microgravity conditions
would the length scale be adequately large for accurate
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_ prescribed enclosed fluid volume.

physical observation and measurement.

In Ref. 4 these exotic container shapes are cal-
culated by numerical integration of the governing
system of nested differential equations, which arise
from the classical Young-Laplace equations for equi-
librium capillary free surfaces and the condition of
The shapes are
depicted graphically there for a range of gravity ac-
celerations and contact angles of physical interest,
along with members of the symmetric equilibrium
free-surface continua.

Figure 1. Radial section of an exotic container for
contact angle 80° and zero gravity, depicting merid-
ians (dashed curves) of members of the symmetric
equilibrium free surface continuum.



Here we report on ground-based drop-tower ex-
periments that have been carried out for a particular
exotic container, whose radial section is depicted in
Fig. 1. This container is for zero gravity and for a
contact angle of 80 degrees. The container meridian
is shown as the solid curve, and the dashed curves
(circular arcs for zero gravity) are meridians of some
members of the corresponding continuum of symmet-
ric equilibrium free surfaces. The “exotic”, bulge
portion of the container has been joined top and
bottom for this example by right circular cylindrical
extensions and disk ends.

Of particular interest for experiments is the prop-
erty noted above, that a configuration of lower me-
chanical energy can be obtained by a non-rotationally-
symmetric perturbation of the planar member of the
family of solution surfaces. Thus, under the idealized
Young-Laplace equilibrium contact-angle conditions,
if surface friction effects were absent, the family of
symmetric equilibrium free surfaces indicated in Fig.
1 would not be observed physically in the container.
Through physical experiments we hope to gain an un-
derstanding of how a real fluid behaves and to which
asymmetric configurations, if any, the fluid might
move. The drop-tower experiments reported here are
preliminary studies in preparation for a space ex-
periment on the NASA United States Microgravity
Laboratory flight (USML-1) scheduled for 1992.

Container profile calculation

Consider the free surface of a liquid that partly
fills a rotationally symmetric container oriented with
its axis of symmetry parallel to a uniform downward-
acting gravitational field, if present. Then a rotation-
ally symmetric equilibrium free-surface of the liquid
satisfies

1d
;'CF(’I‘ Sin’l/)) = Bu+ )\, (1)

where r is the radial coordinate, u is the height of
the surface, 7 is the angle between the horizontal
and a meridian of the surface, B is the Bond number
(B > 0), and X is a parameter that is determined by
the geometry and volume constraint.® The free surface
is to meet the container in a prescribed contact angle
7, 0 < v < 7, measured within the liquid (see Fig. 2).

The container shapes are determined from the
requirement that there be a continuum of rotationally
symmetric interfaces obtained from the solutions of
(1), all having the same contact angle, and enclosing
the same volume of liquid with the container. If
the container meridian is described parametrically by
r = R(¢),z = Z(¢), where ¢ is the angle with the
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Figure 2. Coordinates for container and free sur-
face calculations.

horizontal (see Fig. 2), then R and Z satisfy

& g
dp ke’
dZ _sing (2)
dp k.

Here k. is the meridional curvature of the container
and can be given as an expression involving ¢, v, and
quantities relating to the solutions of (1).* As shown
in our earlier paper?, the system (2), with appropriate
initial conditions, can be integrated numerically to
obtain the container shapes. The resulting shape
calculated for B = 0, v = 80° is the curved bulge
shown in Fig. 1. The upper and lower circular
cylindrical extensions in Fig. 1 are of the same radius,
corresponding to the lower extension meeting the
bulge in a right angle (i. e., where ¢ = 0). The upper
extension intersects the bulge where ¢ ~ 176°. The
80° contact angle corresponds to the materials used
for the experiment, acrylic plastic and distilled water.

Experimental apparatus

The fill apparatus and vessel are depicted
schematically in Fig. 3. The fill apparatus con-
sists of a gravity feed tank, a solenoid valve, and
a vapor return line. The vessel interior was bored
out of a solid rectangular block of acrylic plastic, to
limit optical distortion. The block had a cross section
of 10cm x 10cm. The coordinates for the bulged-
portion of the cylinder, calculated for a contact angle
of 80° and scaled to have a maximum bulge diameter
of 7.9¢cm, were fed into a numerically controlled air
bearing lathe, which performed the final machining
operations. As shown in Fig. 1, the circular cylindri-
cal portions bored out above and below the bulge were
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the same diameter, meeting the bottom of the bulge
in a right angle. The total vessel length was approxi-
mately 12.9cm. All surfaces were lightly finished with
cloth and a polishing compound. The interior sur-
face after polishing and annealing deviated less than
50pum from the specified, calculated one. The vessel,
its top and bottom stainless steel flanges, and other
components were assembled and installed on an ex-
perimental platform suitable for the five-second drop
tower at NASA Lewis Research Center.

Experimental procedure

The vessel was annealed between each drop-tower
run to protect against crazing of the optical sur-
faces from residual/concentrated stresses caused by
the machining and cleaning procedures and rapid de-
celeration at the bottom of the drop tower. The
internal surfaces of the vessel were prepared by se-
quential rinses with a strong ethanol/distilled water
solution and distilled water. The vessel was then
allowed to air-dry in a clean-room environment.

Several procedures to determine the equilibrium
contact angle of water on acrylic plastic were per-
formed with specimens prepared in the above man-
ner. These included the standard sessile-drop —
tilt /slide method, a capillary tube method, and a

wedge method. The first method placed a bound of
58° to 100° on the desired value by indicating the
range of hysteresis for the fluid/solid pair. The cap-
illary tube method® was applied by machining and
polishing a rather large capillary tube (2cm in diam-
eter), partly filling it with water, and dropping it in
a 2.2 second drop tower. The curvature of the equi-
librium free-surface (a spherical cap in zero gravity)
was measured and the results used to determine the
contact angle. The value of the contact angle de-
termined by this technique depended significantly on
the initial free-surface shape, which could be varied,
within the bounds of hysteresis, by small modifica-
tions of the fill procedure. The method gave values
of between 67° and 90°. The wedge method (Ref. 2,
pp. 220-221) was found to give the most consistent
results. It is based on the discontinuous behavior of
a capillary free-surface in a wedge. If o is the in-
terior half-angle of the wedge, then the surface has
distinctly different behavior depending on whether the
contact angle 7 is less than or greater than a criti-
cal value of a. For a wetting liquid, if a + vy < 90°
fluid climbs up the corner, if a + v > 90° it does not.
In the present case a was varied by adjusting the an-
gle between two contacting vertical plates of acrylic
resting in a pool of distilled water. The angle o was
decreased until the critical behavior of the fluid was
observed. At this point o was measured and v cal-
culated as 90° — a. The technique produced contact
angle values of 80° for distilled water on acrylic, and
the measurement was repeatable to +£2°. These val-
ues are consistent with those reported in Ref. 2. A
low-gravity refinement of the wedge method (sée Ref.
5, pp. 191-192), including possible effects of hystere-
sis, is being tested with ground-based experiments
and will be investigated in a space experiment on the
International Microgravity Laboratory flight (IML-2)
scheduled for 1993.

The vessel, positioned with its symmetry axis ver-
tical, was filled in the laboratory with the prescribed
liquid volume corresponding to a horizontal planar in-
terface, which makes an 80° contact angle with the
container bulge. For this volume, as predicted, there
was no observable curvature in the meniscus; the in-
terface was flat. The fluid was then drawn slowly
into the gravity feed tank and the solenoid valve was
closed. The experimental platform containing the ap-
paratus was then positioned in the drop tower, which
was then sealed and evacuated. Prior to the release
of the package the solenoid valve was actuated, per-
mitting the fluid gradually to fill the vessel. This
procedure was adopted to keep to a minimum the dis-
turbances introduced to the large and sensitive free
surface in filling the container. During the drop, the
vessel was backlit by a diffuse white light panel and
filmed with a high speed motion picture camera at
400 frames per second. The film image was subject to
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Figures 4a-b. Fluid configurations: 4a. (upper)
Flat interface initial configuration; 4b. (lower) Non-
symmetric terminal configuration.

any optical distortion resulting from the mismatch in

refractive index 1.33 of the distilled water and 1.49 of
the acrylic plastic.

Experimental results

Several experiments were performed for observing
the subsequent behavior of the initial 1-g equilibrium
interface over the five-second period of free fall after
release of the vessel in the drop tower. The experi-
ment of central interest was for the vessel filled with
the prescribed liquid volume for an initially flat in-
terface, as described above. The flat interface is an
equilibrium solution for any gravity level, but for zero

g the interface is unstable in this vessel under the ide-
alized theory, as are all members of the symmetric
equilibrium family depicted in Fig. 1. The experiment
was repeated a number of times. For some cases the
surface remained essentially flat, in its initial configu-
ration (Fig. 4a). For other cases the surface reoriented
to a non-symmetric one, as shown in Fig. 4b. Which
situation would occur could not be predicted in ad-
vance; it probably depended on the nature of the
small perturbation imparted to the fluid at the initia-
tion of free fall. It is significant, however, that at least
in some cases the fluid did move in the five seconds
of free fall from its initial flat equilibrium configura-
tion to an obviously non-symmetric one, in accordance
with the mathematical theory.

A series of experiments was carried out with
the vessel tilted a small amount from vertical, in an
attempt to overcome surface friction that in some
cases might be preventing surface reorientation. This
procedure biased the surface toward a particular non-
symmetric surface from the outset. It was found that
for initial tilts of greater than 2° the non-symmetric
shape of Fig. 4b resulted, whereas for smaller tilts the
behavior was again unpredictable.

Additional experiments, with under- and over-fill
volumes, were conducted to indicate the sensitivity of
the above results. The amounts of fluid less than, or
in excess of, the precise fill level were generally in the
neighborhood of 10ml. For initially vertical vessels,
the under-filled cases resulted in reorientation during
free fall to a symmetric surface that domed upward
in the center, while the over-filled cases resulted in
a surface that domed downward. None of the cases
reoriented to a non-symmetric interface, such as in
Fig. 4b. Two over-filled cases with initial tilt were
tested. For one with a 5° tilt a non-symmetric surface
did develop. For the other, with a 1° tilt (and only
about a 3ml overfill), although an apparently stable
“domed-down” meniscus was formed, it remained “off-
axis”.

The off-axis “sticking” phenomenon was inves-
tigated for similar tests performed on right circular
cylinders for the larger contact angle fluid/solid pairs
(i. e., with wetting angles substantially closer to 90°
than to 0°), such as water and acrylic. For these
larger values of contact angle an initial tilt resulted
in a nonuniform initial angle of contact at the con-
tact curve and an initial non-rotationally-symmetric
surface configuration. (Typically, contact-angle hys-
teresis for wetting liquids is more prominent at larger
contact angles.) After a cylinder was smoothly in-
troduced into free fall, the asymmetry of the initial
configuration persisted. For large initial tilts of suf-
ficient amplitude, the ensuing motion resulted in the
contact line becoming “un-stuck” and the surface
reorienting toward the axially symmetric minimum
energy state predicted by the Young-Laplace theory.
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