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Introduction

The variety of disciplines that were accommodated by the 36 Spacelab flights logically
group into 3 distinct categories; 1. External Observations in which the Shuttle/Spacelab is
used as an observing platform, 2. Microgravity Sciences that make use of the
microgravity environment to further the studies of Fluid Physics, Combustion Science,
Materials Science, and Biotechnology, and 3. Life Sciences that studies the response and
adaptability of living organisms to the microgravity environment. Because of the bulk of
the material involved and the diverse interests, the report has been divided into three
volumes with the previously mentioned titles. This volume deals with Microgravity
Science as defined above.

The purpose of this Spacelab Science Results Study is to document the contributions
made in each of the major research areas by giving a brief synopsis of the experiments
and an extensive lisgof the publications that were produced by each Investigator team.
We have also endeavored to show how these results impacted the existing body of
knowledge, where they have spawned new fields, and, if appropriate, where the
knowledge they produced has been applied. Since a new generation of young researchers
will make up the cadre of Investigators that utilize the International Space Station (ISS),
We feel it is important to leave a legacy of the results, some positive , some negative, of
the previous experiments that have been performed. Hopefully, the new generation will
built on the successes and learn from the failures of the past.

The material used in study came from many sources including the Mission Summary
Reports, Mission and/or Investigator Team WEB sites, the International Distributed
Experiments Archives (IDEA, which contains both the NASA Microgravity Research
Experiments (MICREX) database and the ESA Microgravity Database), the
Compendex*Web, the Science Citation Index, various survey papers, conference
proceedings, and the open literature publications of the Investigators. Unfortunately, the
MICREX database, which had been an excellent source of information for microgravity
flight experiments, has not been maintained since USML-1, so it is only useful up to that
point.

The bibliography is rather extensive and includes papers generated by the various
investigators during the course of the development of their experiment as well as the
results and applications of their results. There is, perhaps, a lack of uniformity in the
number of documents listed since some Investigators left a much more extensive



document trail than others. Also, several of the Investigators had spent a good fraction of
their carrier in the development of their experiments. Even though this study was
restricted to the experiments actually performed on Spacelab missions, in several cases
experiments performed on suborbital rockets or on non-Spacelab Shuttle flights went in
to the development of the Spacelab experiment. Therefore, the results from these flight
were also included in the bibliography.

The number of publications generated by this program is quite impressive as summarized
in the table below.

Total Publications Journal Articles
Fluids and Combustion 681 378
Materials Science 999 461
Biotechnology 598 360
Total 2278 1199

We regret that time and resources did not permit iteration with the Investigators, as
Wewould have liked to do. So if a result is misinterpreted or if references were missed,
We apologize. We tried to include every microgravity experiment that was flown on a
Spacelab mission, but invariably, when dealing with this many experiments in a limited
time, an important experiment or result is bound to missed. Again, We apologize to the
Investigators I may have slighted. >
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Fluids and Combustion in Microgravity

The study of the behavior of fluids in microgravity is fundamental to the understanding
of virtually all other microgravity science since the suppression of fluid flows resulting
from buoyancy effects is the primary reason for most microgravity experiments. (The
exceptions being cases in materials science where the hydrostatic head may cause
deformations in extremely weak solids or in the life sciences where there is evidence that
the unloading of the cytoskeleton may be responsible for altered cellular behavior.) Asa
result, many of the fluids experiments were aimed at providing information to support the
materials science experiments. One of the striking features in much of the research on
the behavior of liquids in space is the importance of capillary or interfacial phenomena
after buoyancy effects are essentially removed. Clearly these phenomena are present in
normal gravity, but are often neglected because their effects are often masked by
buoyancy-driven flows. The ability to uncouple gravity effects from non-gravitational
effects, so that the latter can be studied in more detail, has been one of the primary
justifications for the study of fluid phenomena in microgravity.

Gravity has a profound effect on the behavior of fluid systems undergoing second-order
phase transformations as the compressibility vanishes. Consequently, the microgravity
environment has been used to advantage to perform critical tests of fundamental theories
dealing with the universality of material behavior near a critical phase transition.

Combustion experiments in microgravity are a special case of fluid experiments in which
chemical reaction must be included. However, the motivation for performing this class
of experiments in space is basically the same; the need to separate gravity-related from
non-gravity related effects and to use the simplifications obtained by effectively
eliminating convective transport in order to gain a better understanding of the basic
principles involved. It is also important to understand combustion in the virtual absence
of gravity to develop design criteria and emergency procedures for dealing with fire
safety in the operation of manned laboratories in space.

Capillarity Effects on Liquid Configurations

In dealing with partially filled containers in low gravity, it is important to be able to
predict where the liquid will be. Generally this will be determined by the geometry of the
container and the contact angle between the liquid and the container wall. The Young-
Laplace-Gauss equation can then, in principle, be solved to give the minimum surface.
One of the difficulties with the theory is that a friction is involved in moving the contact
line. As a result, the contact angle depends on whether the contact line is advancing or
receding, giving rise to a phenomena known as contact angle hysteresis. Several
experiments were carried out to see how well such systems could be modeled.

For example, on Spacelab 1, Haynes (University of Bristol) recorded the spreading of a
tethered drop of silicone oil when it touched another clean aluminum plate. Here, the
aim was to understand the dynamics of an advancing contact line.



In another experiment on SL-1, Padday (Eastman Kodak Ltd,. UK) established silicone
oil floating zones between two axisymmetric plates of unequal sizes. Using the Young-
Laplace —Guass equation to calculate the pressure from the configuration of the zone, he
was able to measure the disjoining pressure (the pressure that must be applied to remove
the film) in the film that spread over the larger plate. Padday likened his directing the
Payload Special to do his experiment and having to rely on his surrogate to describe what
was happening to the way the pioneering Belgian physicist, Plateau, had to operate more
than a hundred years ago when he did similar experiments using neutrally buoyant
immiscible fluids. Plateau was blind.

Padday repeated the experiment on D-1 to study the effects of rotation and vibration on
the zone shape. Both monorotation (rotation of cone plate only) and isorotation (rotation
of both end plates) did not visibly change the zone shape contrary to theoretical
calculations based on the Laplace equation. Induced axial vibration did not induce
harmonic wave movement and apparently increased the stability of the zone. The rupture
of the liquid zones was also analyzed during these experiments. The rupture occurred
rapidly at two places in the thin column. The column becomes a satellite drop and the
liquid at end plates relaxes to spherical drop shape. The satellite drop rebounded between
liquid/air surfaces, but did not penetrating these surfaces.

Vreeburg (National Aerospace Laboratory, Amsterdam) investigated the behavior of
silicone oil in a partially filled plastic cylinder as it was spun up and spun down on
Spacelab 1. The objective was to test the ability to model the behavior of propellants in a
partially filled tanks in low gravity. He conducted a similar experiment on the D-1 flight
using doubly distilled water in a plastic cylinder to investigate the effects of vibration and
the movement of the contact line. He was able to predict the resonant frequencies with
reasonable accuracy, but the behavior of the contact line presented some difficulty. At
first glance, it appeared that the contact line had stuck. However, closer analysis revealed
that the contact line did move a small amount and that the oscillating contact angle
exhibited some hysteresis.

A tribology experiment was carried out on Spacelab-1 by Pan (Columbia University)
with Gause and Whitaker (NASA/MSFC). Drops of oil were deposited on stainless steel
surfaces with various surface treatments and finishes and the rate of spreading was
recorded. In a second part of the experiment, the configuration of the oil film in a journal
bearing was investigated. In the normal function of a journal bearing, the clearance space
is only partly filled with lubricant and gravity drainage positions the lubricating film so
that shear forces can move the lubricant to the region where it is needed. The
investigators wanted to know such a bearing would operate in the absence of gravity
drainage with and without a load.

Concus (Lawrence Berkeley Laboratory), Finn (Stanford U.) and Weislogel (NASA
Glenn Research Center) came up with a design of a container that admitted a continuum
of possible rotationally symmetric configurations for a given fill fraction and contact
angle, but none of the configurations were stable. They presented an interesting
question, how would nature select an equilibrium configuration? They found the answer



using the glovebox on USML-1. No one told Mother Nature that the configuration had to
be rotationally symmetric, so she simply selected a nonsymmetric configuration. Again,
the effect of contact line sticking and contact angle hysteresis were noted when the
Payload Specialist was trying to coax the fluid into its equilibrium shape. The small
residual gravity may also have played a role in determining the shape of the liquid.

It can be shown theoretically that a liquid will penetrate into a wedge if the contact angle
¥ <Y, = /2 — 0, where o is the half-angle of the wedge. Langbein (ZARM, U. Bremen)
fabricated test cells from quartz plates with rhombic cross sections at different half-
angles. These were partially filled with an index matching fluid after the walls were
coated with FC-724 to provide the desired range of contact angles. The contact angle
was changed by heating the test cells in the bubble, drop, and particle, unit (BDPU) on
IML-2. Langbein expected to see the liquid rise in the wedge-shaped corners of the test
cells when the contact angle became less than the critical value ¥,. However, the
resulting surfaces did not match the computed surfaces, and even though the contact
angle became less than the critical value, wetting was not observed. He attributed this
behavior to contact line friction which caused the volume change during heating and
cooling to be accommodated by varying the contact angle rather than by moving the
contact line.

Concus and his team carried out a variation of Langbein’s experiments on USML-2.
They machined a shape they called a “canonical proboscis” along diametrical opposite
sides of an acrylic cylinder. The special shape has the property that for a given radius of
curvature, the contact angle remains constant as the liquid penetrates into the cavity. The
right and left shapes were chosen to accommodate different contact angles. Three such
vessels were constructed; one in which the right and left contact angles were subcritical,
one in which the right and left contact angles included the critical angle, and one in which
both contact angles were supercritical. It was anticipated that the liquid would rise
slightly higher in the side closer to the critical contact angle for the subcritical cell, that
the liquid would rise in the supercritical side at the expense of the subcritical side in the
intermediate cell, and the liquid would rise in both sides of the supercritical cell. This is
essentially what was observed, except that the liquid did not rise spontaneously in any of
the cases because of contact line friction. Only after considerable mechanical tapping
and coaxing by the Payload Specialist were these results achieved. Observation of the
supercritical cell after 7 days indicated that the liquid had continued to creep along the
walls, but at a very slow rate. A wedge-shaped container with a variable wedge angle
was also used in this series of experiments. Here the liquid in the wedge rose rapidly as
the wedge angle reached the critical value.

Zone shape and stability

Microgravity offers the possibility to conduct experiments with free liquid surfaces on a
scale not possible on Earth. One process of interest to materials scientists is the use of a
floating zone for crystal growth. A molten zone is created in a rod of feed material and is
traversed along the rod. New feed material enters the advancing zone and a single crystal
can be grown at the receding interface. Of primary interest is the stability of such zones .



Lord Rayleigh (see Proc. Royal Soc. 29 (1879) 71) showed that a cylindrical liquid
column would become unstable and break if the length exceeded the circumference. But
what happens if the zone is not cylindrical? Or if it is rotated, which is sometimes done
to even out asymmetries in heating? Or vibrated by mechanical disturbances in the
spacecraft? Many of these questions had been approached theoretically and
experimentally using a Plateau tank. But they had never actually tested in an actual
microgravity situation. As was discovered when an unexpected “jump rope” or C-mode
instability showed up in a simple rotating liquid zone experiment on Skylab, the presence
of a neutral buoyant solution in a Plateau tank is a different boundary condition, which
can often change the result of an experiment.

Martinez and Meseguer (Universidad Politecnica de Madrid) compared computational
predictions of the stability of extended liquid columns of silicone oil under various
mechanical manipulations with observations during the SL-1, D-1, and on D-2 flights.
The liquid columns were suspended between two metal discs with a radius of 1.75 cm
and a 30-degree receding sharp edge to prevent liquid spreading. Cylindrical columns
with length/diameter ratios of 2.86 were established several times. This maximum length
is short of the Rayleigh limit of 3.14, but appeared to be bounded by the ambient noise
(g-jitter) during the mission. A long cylindrical column was subjected to vibrational
frequencies of 0.1, 0.3,0.7, 1.1, and 1.6 Hz. No movement of the liquid was observed for
0.1 Hz vibration. However, standing waves with 2, 3, 4,and 5 inner nodes were found for
the remaining frequencies, respectively. The number of nodes for the respective
frequency was successfully predicted by theory. Destabilization of the columns, caused
by rotation at increasing rates, occurred near the theoretical limit. When liquid bridges
were subjected to perturbations beyond the stability limits, they broke in two separate
drops. The relative volumes of these drops were predicted by theory. During one of the
runs, when subjected to 10 rpm of isorotation, the column broke in an amphora-shape
mode, as predicted.

Langbein (ZARM, Bremen, Germany) also investigated the resonances of vibrating
liquid columns using pressure sensors mounted on the endplates. This proved to be an
effective method for observing when resonance occurs. His results compared favorably
with ground tests in a Plateau tank and with theory he developed. An accidental
misalignment of one of the discs on one experiment caused the zone to spill, illustrating
the sensitivity of the zone stability to non-axisymmetric configurations.

Microgravity offers a unique opportunity for purifying glass by zone refining and then
making cylindrical preforms by a quasi-containerless process. A long zone (near the
Rayleigh limit) could be formed and allowed to cool below the working temperature in
the middle. This portion could then be clamped and the two molten zones extended to
the length of the sample. The critical issue becomes the stability limits of a solid
suspended on each end by a liquid zone while it is cooling. Using small lexan rods,
Naumann (University of Alabama in Huntsville) and Langbein investigated the stability
of this double floating zone configuration. If the two zones have equal volume and are
bulging, the float will remain centered. However, if the zone are extended, it switches to
an antisymmetric mode with a long, slim zone on one side and a short fat zone on the



other. Theory indicates that the presence of the solid between the two liquid zones
actually tend to stabilize the system and, for cylindrical zones of equal volume, it will
remain stable up to and slightly beyond the limit in which the total zone length equals the
circumference.

Using the glovebox on USML-1, Naumann also investigated the feasibility of pulling
optical fibers in low gravity using silicone oil with different viscosities as well as honey
as model materials. It turns out that it is much easier to pull long strand of viscous
liquids on Earth because gravity drainage stabilizes the strand against the Rayleigh
instability. Such strands broke almost immediately in microgravity, as predicted by
Rayleigh’s theory. (Rayleigh had attempted to test his calculations, without much
success, by observing the breakup of strands of treacle laid on waxed paper.)

The Rayliegh limit (L/D = x) for a cylindrical bridge is a consequence of surface tension
forces which tend to restore the bridge below the Rayliegh limit and tend to pinch-off the
bridge above the Rayliegh limit. However, these forces can be modified by the presence
of an electric field. Charging a liquid bridge produces a radial electric field, which makes
the bridge more unstable. Conversely, an axial field should stabilize the bridge. The
only present electrohydrodynamic theory governing such effects is the “leaky dielectric
theory developed by G. 1. Taylor (see Proc. Royal Soc. A291 (1966) 27-64) which has
remained largely untested.

Burcham, Sankaran, and Saville (Princeton U.) decided to test Taylor’s “leaky dielectric”
theory by applying strong axial electric fields to liquid bridges, extending them beyond
the Rayleigh limit, and then slowly relaxing the field to find the point where the
cylindrical shape transitioned to the amphora (vase-like) mode occurred and the point
where the bridge would eventually break. Their interest lay in obtaining a reliable, well-
tested theory to guide in the development of miniature fluidics systems that utilize
electrodynamic forces for pumping and manipulating fluids to carryout chemical
reactions on a microchip.

Two dimensionless parameters control the stability of the electrodynamic stabilized
liquid bridge, the L/D ratio, and a A parameter which measures the electrodynamic
stabilizing force to the surface tension destabilizing force. Runs were made with a
neutrally buoyant 2-phase system (castor oil in 12,500 St. silicone oil) for comparison
with laboratory experiments in a Plateau tank. A single phase bridge (castor oil doped to
10 times the conductivity of neat oil) was extended to L/D = 4.32 and became cylindrical
with a A = 0.95. An unexpected result was the transition from the cylindrical to the
amphora shape occurred at different values of A, depending on whether the field is
increasing or decreasing. Also, according to theory, it shouldn’t matter if the applied
field is AC or DC, as long as the frequency is above the free charge relaxation time.
They were not able to stabilize the bridge with an AC field. As is often the case, a good
experiment asks more questions than it answers, and this experiment seems to be no
exception. The Investigators are now sorting out which aspects of Taylor’s theory are
correct and what parts need improvement.



Marangoni Convection

The atoms or molecule at the surface of any solid or liquid cannot form as many bonds as
those in the interior simply because they have fewer nearest neighbors. This give rise to
an excess surface energy (i.e., the atoms or molecules on the surface have less negative
energy than the more tightly bound atoms or molecules in the interior). If the surface is
deformable, as in the case of a liquid, it will take a shape which minimizes the surface
area in order to lower its energy. Furthermore, work is required to create new surface.
This work is the product of the force that must be applied times the distance it must act,
so the surface energy per area is equivalent to the force per distance or surface tension.

The surface tension is a function of temperature as well as composition. Therefore, if
there is a variation of either temperature or composition along a free surface of a liquid,
there will be an unbalanced force that can drive flows along the surface. These flows are
usually called Marangoni flows after the Italian who studied these phenomena. (The “no-
slip” boundary conditions at a solid-liquid interface suppress the surface flows.

Therefore it is generally accepted that Marangoni convection only occurs in the presence
of free surfaces.) Microgravity dramatically reduces buoyancy-driven convection, but
microgravity experimenters must still contend with Marangoni convection. On Earth,
buoyancy-driven flows compete with or add to Marangoni flows, so space provides an
excellent place to study Marangoni flows without this interference.

Microgravity offers the possibility to conduct experiments with free liquid surfaces on a
scale not possible on Earth. For example, floating zone crystal growth is possible in
space for systems whose surface tension is not able to support the zone in a gravity field.
Also the zone can be extended in space which allows better control of the thermal
gradient and the interface shape. However, temperature gradients along molten zone can
cause convective flows in the melt. This prompted a number of fluid experiments to
quantify the effect of these convective flows.

From a fluids point of view, it is more convenient to study the flows in the floating zone
process in a half-zone. The process is simulated by deploying the liquid column between
two metal discs that are maintained at different temperatures. On SL-1 Napolitano,
Monti, and Russo (University of Naples) applied temperature differences between
columns of silicone oil and measured the flows and heat transport induced by Marangoni
convection for comparison against numerical computations. A second experiment on D-
1 used a concave cold disc and a radial temperature distribution on the hot to simulate the
interface shape in a floating zone crystal growth experiment. The results were similar to
those obtained on SL-1. Experiments were also carried out with a two liquid zone by
adding dioctyl-phthalate to the silicone oil. Upon heating, the one of the liquids went
into the center of the zone, forming a drop.

When growing crystals by the floating zone process, it is often desirable to have the melt
in the zone well mixed. Therefore, some convection can be helpful. What needs to be
avoided is unsteady or time-dependent convection which can result as the Marangoni
flows get stronger. When this occurs, thermal and compositional fluctuations at the



growth interface produce unwanted growth defects called striations in the growing
crystal.

Chun (Pohang University, Korea) and Siekmann Universitat Essen, Germany)
investigated the transition from steady to unsteady flows in the half-zone configuration
on the D-2 mission. They found a critical Marangoni number (ratio of driving force to
viscous drag) that produced the lowest oscillating mode; one in which the flow pattern
becomes non-axisymmetric and rotates around the axis of the zone. At a higher
Marangoni numbers, the flow becomes turbulent or chaotic with no defined structure.

On D-2 Monti (University of Naples) with Carotenuto, Albanese, Castagnolo, and Ceglia
(MARS Center, Naples) noted that small scale half-zone experiments conducted in the
laboratory went into the unsteady oscillatory mode at lower Marangoni numbers than
some of the earlier flight experiments. They investigated the onset of unsteady flow as a
function of aspect ratio and diameter of the zone. They concluded that for a given
diameter, the critical Marangoni number increased with aspect ratio (length/diameter),
and for a given aspect ratio, it also increases with diameter.

One method that has been considered for controlling Marangoni convection in floating
zone crystal growth would coat the molten zone with an viscous immiscible liquid-phase
encapsulant such as B,0,. Some flow would still result but since the surface of the low
viscosity melt would have to drag the viscous encapsulant with it, the flow would be
damped to the point that unsteady convection would not result. Several attempts have
been made to model such a multi-layer configuration and Legros and Georis (Universite
Libre de Bruxells, Belgium) developed a 2-dimensional experiment that was flown on
IML-2 and on the LMS mission to test such models. They deployed a three layer fluid
system that consisted of a layer of 10 cSt silicone oil sandwiched between two layers of
higher viscosity Fluornet FC-70 oil which was contained on the top and bottom by
sapphire windows. A lateral thermal gradient was established and the flow was
visualized using marker particles and a laser light cut. The observed flows were
qualitatively similar to the expected behavior; the interfaces moved from hot to cold with
the return flow through the middle of each layer. However, the measured flows turned
out to be considerably larger than the computed flows. The reason for the discrepancy is
still being investigated. One possible reason is that the computations assumed constant
material properties, whereas the viscosities of the flows do change considerably with
temperature.

There is also considerable interest in Marangoni convection along horizontal surfaces.
Such flows are prevalent in combustion processes such as pool burning and may be seen
around the wick of a burning candle. Strong surface tension gradients occur in the
growth of silicon and other crystals by the Czochralski process in which the crystal is
pulled from a large heated pot of molten silicon. Such flows are usually unsteady and
may be turbulent. The resulting thermal fluctuations are the primary cause of the
striations seen in Czochralski-grown silicon.



During the D-1 mission, Schwabe, Lamprecht, and Scharmann (Universitat Giessen,
Germany) investigated Marangoni convection in a 20 x 20 x 20 mm cell with an open
surface sandwiched between two heating blocks. To avoid the problem of having to fill
the cell in space, they melted a block of tetracosane (paraffin) which served as their
working fluid. With one heater set at 60°C, they raised the temperature of the other
block. To their surprise, no flow was observed even after a AT of 55°C was established.
Finally, at a AT of 60°C, a strong flow developed. They concluded that the surface of
the tetracosane must have been contaminated with a substance that either lowered the
surface tension or resisted the surface stress until it finally broke through at a AT of 60°C.

The experiment was repeated using silicone oil on D-2, by Cramer, Metzger, Schwabe,
and Scharmann (Universitat Giessen). Care was taken to maintain a flat upper free fluid
interface at the beginning of the experiment. Flow was measured by observing tracer
particles illuminated by a vertical light cut. The temperature field was measured using
holography interferometry. A lower than expected temperature in the cooling loop
caused unexpected cooling at the top surface, which resulted in a more complicated three-
dimensional flow pattern. The formation of “tracer rings" was observed in which the
tracer particles tended to accumulate along streamlines that passed close to a free surface.

Enya (Ishikawajima-Harima Heavy Industries Ltd., Japan) was interested in Marangoni
convection in Bridgman crystal growth that might occur if the melt is not in contact with
the ampoule walls. He also chose paraffin as a model and saw no evidence of Marangoni
flows.

The surface tension of most fluids decreases with increasing temperature, but Limbourg-
Fontaine, and Petre (Universite Libre de Bruxells, Belgium) determined that an aqueous
solution of n-heptanol had a surface temperature minimum at 40°C. During the D-1
mission, they differentially heated this fluid ina 1 x 1 x 3 cm test cell so that surface
tension increased more-or-less symmetrically on either side of the center of the cell. A
small convective roll first developed near the hot wall, flowing from cool to hot, or from
lower to higher surface tension, as would be expected. However, instead of seeing a
counter-rotating flow on the cold side, the flow near the hot end expanded to fill the test
cell and eventually formed a second co-rotating cell near the cold end. The reason for
this unexpected behavior is still being investigated.

Ostrach, Kamotani,(Case Western Reserve University) and Pline (Glenn Research
Center, NASA) carried out an elaborate set of experiments on USML-1 and USML-2
aimed at determining the factors involved in the transition from steady to unsteady
surface tension-driven flows. Of particular interest was the role of surface deformation in
this transition. If surface deformation is unimportant, as some theories suggest, then it
should be possible to predict the onset of unsteady flows with a single parameter, the
critical Marangoni number. On the other hand if surface deformation does play a key
role in the transition, a surface deformation parameter will be required to completely
specify the conditions for the onset of unsteady flows. Thus it became necessary to
explore a wide range of parameters in order to establish the transition conditions.



Silicone oil was contained in a cylindrical test cell. A sharp pining edge confined the
height of the oil in the test cylinders so that different surface shapes could be obtained by
adjusting the filling. The oil could be spot heated at the center with a CO, laser, or
heated by an immersed heater. This feature allowed experiments to be conducted in
the constant temperature or the constant flux mode. Surface temperature was measured
with an imaging infrared radiometer. Marker particle s assisted flow visualization.

The test cell on USML-1 was 10 cm in diameter and 5 cm deep. The fluid was 10cSt
silicon oil. Very nice surface tension driven flows were observed, but no transition to
oscillating flows was observed within the operating range of the instrument. A series of
test cells with diameters 1.2, 2, to 3 cm were used for USML-2. The 10cSt oil was
replaced with 2cSt oil and a Ronchi interferometer was added for the USML-2
experiment to measure surface deformations.

A total of 55 tests were made with the 6 different size and heating configurations. Flows
in the smallest cells with the cartridge heater began oscillation at the same temperature
difference as their 1-g counterparts, indicating that buoyancy drive flows are not the
dominating factor for this size and smaller. The time-dependent flow exhibited a small
azimuthal oscillation superimposed on a slowly rotating flow about the thermal axis.
The thermal image indicated first a pulsating or rotating 2-lobe or 3-lobe pattern,
depending on the temperature difference and cell geometry. It was found that the
Marangoni number alone is not sufficient to characterize the onset of oscillatory flows,
but a critical value of a surface deformation parameter, which they defined, describes the
onset of oscillation in microgravity.

The previously described Marangoni convection experiments had variations in surface
tension along the fluid surface. In such experiments, convection should begin as soon as
there is an unbalanced force. In other words, there should be no threshold thermal
gradient required to start the flow, just as in the case of buoyancy-driven free convection
when the thermal gradient has a component perpendicular to the gravity vector.
However, in the famous Rayleigh-Benard problem, the g-vector is aligned with the
thermal gradient (cold over hot). Even though this is an unstable configuration, flows
will not develop until a critical value of the Rayleigh number is reached. The Rayleigh
number is a measure of the rate heat is being convected to the rate it is being conducted.
If the Rayleigh number is small, a displaced parcel of fluid can accommodate thermally
before it can rise very far, hence will settle back into place. If the Rayleigh number is
large, the fluid cannot be accommodated thermally and it will continue to rise, forming
circulating Benard cells. Rayleigh was able to predict the critical value of the Rayleigh
number corresponding to the onset of convective flows for different boundary conditions
at the top and bottom of the cell.

If the top surface is a free liquid boundary, the system is also subject to unstable
Marangoni convection (actually this problem was first studied by Pearson. (See J. R. A.
Pearson, J. Fluid Mech. 4 (1958) 489-500). The system can lower its energy by replacing
the cooler fluid with higher interfacial energy at the top surface with warmer fluid from



the interior that has lower interfacial energy. However, for this to happen, the Marangoni
number must exceed a critical value.

One can see immediately that the two types of convection will be in competition in a
gravity field. Therefore, it is necessary to eliminate gravity if one is to get an accurate
test of the surface tension effect. This experiment was first performed on Apollo
missions 14 and 17 during the return from the moon (see P. G. Grodzka and T. C.
Bannister, Science 176 (1972) 506-508, also Science, 187 (1975) 165-167) who
measured a somewhat higher value than the theoretical Marangoni number for the onset
of convection. It should be appreciated that this in not a trivial experiment to perform
accurately. The theory requires a flat interface and that the temperature gradient in the
sample be uniform. This latter condition requires a very carefully controlled heating
program.

Legros, Dupont, Queeckers, Petre (Universite Libre de Bruxells, Belgium) and Schwabe
(Universitat Giessen, Germany) essentially duplicated the Grodzka-Bannister experiment
on D-2 with better controls than were available on the Apollo spacecraft. They modified
the theory to account for non-equilibrium heating and varied the heating rate to
investigate the effect of non-equilibrium temperature profiles on the critical Marangoni
number. For a fast heat-up (14 times the heating rate to approach equilibrium heating),
they measured a critical Marangoni number of 95 against their calculated value of 101.
For a slower heat up (7 times the equilibrium heating rate) they measured a critical value
of 77 compared with their theoretical value of 82.4. Unfortunately, due to a technical
problem with the heater, they were unable to obtain an experimental value for the
equilibrium case.

Lichtenbelt, Drinkenburg, and Dijkstra (University of Groningen, the Netherlands)
investigated solutally-driven unstable Marangoni convection in a mixture of acetone and
water with a free surface on the D-1 mission. As the acetone evaporated from the
surface, the surface tension increases. Since the system can lower its energy by replacing
its higher interfacial energy surface layer with fluid richer in acetone from the interior,
the system is subject to a convective instability. At a critical Marangoni number, an
overturning flow will develop. This is a common situation in many industrial
applications such as distillation, adsorption, and desorption and is also an important
factor in the drying of paint, especially lacquers with a volatile solvent. A similar process
is responsible for “wine tears”, the tendency for drops to form above the surface of a
fortified wine or brandy. Lichtenbelt, et al. wanted to investigate the effects of the
surface tension without the gravitational interference. Quite unexpectedly, no
convection was seen in space as long as the fluid interface was kept flat. (This was done
by filling the cuvette to the anti-spread barrier.) Convective rolls did appear as some
fluid was drained out and the interface became more curved. It was speculated that either
the surface became contaminated or that the critical Marangoni number had not been
attained. A compositional gradient may have been established when the surface became
curved which drove a thresholdless flow.
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When a liquid contacts a solid, fluid dynamists usually assume a “no-slip” boundary
condition. It is commonly believed that contact of the fluid with the wall resists any
imbalance of interfacial forces, so that Marangoni convection need be considered only in
experiments that have free surfaces. Consequently, experimenter using closed fluid
systems such as the Bridgman configuration for directional solidification, generally
ignore the possibility of unwanted flows from Marangoni convection. There has been
some speculation about a second order Marangoni effect in which these unbalanced
forces can still drive very small flow in spite of the “no-slip” condition, but there has
been no direct experimental confirmation of such flows. However, it is well known that
Marangoni flows around bubbles in a liquid will drive bubbles toward decreasing
interfacial energy (usually toward the hotter regions of the liquid). What is not generally
appreciated is that these flows also stir the melt.

Using the glovebox on USML-1, Naumann (University of Alabama in Huntsville)
differentially heated a cylindrical cell containing Krytox 143AZ, a low viscosity
flurocarbon fluid. A 1 cm® void had been intentionally left when filling the chamber to
simulate the head space needed for thermal expansion. Since the fluid wet the container,
the void became a bubble, which migrated to the heated end of the test cell. There it
Jodged between the plug heater and one wall. Marker particles in the fluid revealed a
strong flow around the bubble which penetrated the entire test cell. The resulting flows
near the cold end, which would represent the forming solid in a directional solidification
experiment, were several orders of magnitude higher than the flows expected from
spacecraft residual accelerations. Flows such as this may explain some of the
unexpected mixing that was observed in the early Skylab and ASTP experiments.

A similar observation was made by Azuma (National Aerospace Laboratory, Japan) on
SL-J. In this case, secondary flows associated with a large bubble that had become
attached to the hot wall caused smaller bubbles to be brought into its vicinity and formed
a line along the thermal gradient.

Drop and Bubble Migration

Young, Goldstein, and Bloch (YGB)solved the Navier-Stokes equations for a spherical
drop or bubble in an infinite liquid with an imposed temperature gradient . Taking into
account the flows from the unbalanced interfacial forces, they showed that the droplet
would be propelled in the direction of decreasing interfacial tension(see J. Fluid Mech.6
(1959) 350). Since they did not have access to a microgravity environment, they tested
their theory by balancing the surface tension forces against buoyancy forces.

Nachle, Neuhaus, Siekmann, Wozniak (DLR, Koln) and Srulijes (U. Essen) tested the
YGB model in the absence of buoyancy forces on the D-1 mission by injecting bubbles
of air and drops of water into Wacker AK100 silicon oil. They confirmed the fact that
the bubbles remained spherical, which eliminated some speculation that the YGB model
may be in error because it didn’t account for possible distortion of the bubble under the
combined influence of surface tension stresses and Stokes drag. They found qualitative
agreement with the velocities predicted by the YGB theory for small Marangoni
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numbers, but the observed velocities became progressively lower than predicted for Ma
>1. The YGB model predicts that the velocity should be directly proportional to the
Marangoni number, but does not take into account convective thermal transport .
Therefore, it is only valid in the limit of vanishing Marangoni number and corrections are
required to the model for this effect. The droplets of water did not move at all. (It is a
well-known experimental fact that the Marangoni effect is virtually impossible to observe
in water because of trace quantities of surface active contaminants that tend to nullify the
driving force.)

Neuhaus and Feuerbacher (DLR, Koln) also tested the YGB model on the D-1 mission.
Bubbles were deployed in 3 different silicone oils (Wacker AK100, AS100, and AP100)
all of which had the same viscosities and thermal properties, but differed in the number of
phenol groups. A temperature gradient was established and the bubbles were monitored
holographically. The velocity of the bubbles in the AK100 oil with only 6% phenol
groups agreed reasonably with the YGB predictions. Bubbles in the AP100 oil with 28%
phenol groups did not move at all. Bubbles in the AS100 oil with a intermediate number
of phenol groups moved at 40% of the velocity predicted by the YGB theory. The
investigators suggested the additional of a “surface dilitational viscosity” term to the
YGB formulation to account for the resistance of the surface to deform.

Subramanian and his team at Clarkson University used the Bubble, Drop, and Particle
Unit (BDPU) on IML-2 to measure the velocity of air bubbles and Fluornet FC-75 drops
in S0cSt silicone oil under a thermal gradient. They also found that the scaled velocity
decreased with Marangoni number, as would be expected. Since the velocity of a drop or
bubble depends directly on the radius, larger drops would be expected to overtake and
engulf smaller drops. This effect is believed to be one of the mechanisms in the
agglomeration of minority phase droplets during the solidification of monotectic alloys.
However, Subramanian et al. observed an interesting effect in that a small drop leading a
large drop can slow the motion of the large drop. (Naehle et al. observed that when a
large drop leads a small drop, it still moves faster than the smaller drop, but the velocities
of both drops are lower than they would be as individual drops.) Subramanian et al.
speculated that a thermal wake behind the first drop reduces the driving force on the
second drop and designed an experiment on LMS to study this effect further. Here they
found that when two or three drops were injected into the chamber, the second and third
drops did not always follow a straight path across the chamber, as single drops did.
Instead, they followed a sinuous, helical path around their expected trajectory.
Sometimes a larger trailing drop would actually move around and pass the leading drop.

Viviani(Seconda Universita di Napoli) investigated the motion of bubbles in n-heptynol
which has a surface tension minimum at 40°C. Instead of stopping at the 40°C isotherm,
as was expected, the bubbles continued toward the cold wall, but did appear to slow
down as they approached the 10°C cold wall. On his LMS experiment, Viviani set the
cold wall temperature to 5°C,and the bubbles came to rest in the vicinity of the 8-10°C
isotherm. Why the statically measured surface tension is a minimum at 40°C, and the
apparent dynamic surface tension is a minimum at a lower temperature is still not
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understood. (Recall a similar anomaly was observed in Legros’ Marangoni convection
experiment with n-heptanol on D-1.)

Monti attempted to investigate the interaction of water droplets and air bubbles in
tetracosane (paraffin) with an advancing solidification front on IML-2, but encountered
technical difficulties. The experiment was completed successfully on the LMS mission.
One 0.9mm bubble was pushed by the front which was advancing at the rate of 1
micron/sec. Larger bubbles and water drops were engulfed. No motion of drops or
bubbles in the molten tetracosane from Marangoni effect was observed. (Recall that
Schwabe et al. observed no Marangoni flow in molten cosane in their Spacelab-1
experiment.)

Bewersdorff (DLR, Koln) attempted to observe bubble transport by chemical waves
using the HOLOP facility on D-1. As the chemical reaction spreads, the thermal gradients
generated by the heat of reaction can transport gaseous or liquid inclusions by the
Marangoni effect. The reaction of Zhabotinski was selected for wave generation and the
gas inclusions were to be generated from Zn particles. Unfortunately, problems with the
HOLOP prevented detailed recordings from which the migration of the bubbles were to
have been recorded.

Straub (LehrstuhlA fur Thermodynamik, Munchen) used the BDPU facility on IML-2 to
study evaporation and condensation kinetics by measuring bubble growth (evaporation)
and collapse (condensation) respectively in a supersaturated and supercooled liquid
(Freon R11) under isothermal conditions. Varying degrees of supersaturation were
obtained by varying the pressure in the container. The microgravity conditions permitted
the study of the process in a stationary bubble without the buoyancy disturbing the
temperature field in the vicinity of the bubble as the latent heat is absorbed or released.
This allowed the kinetics of the process to be worked out and the accommodation
coefficients to be determined. The results of this experiment were used to design the pool
boiling experiment that was developed for the LMS flight.

Heat Transfer in Microgravity

It is generally assumed that heat transport in boiling is largely the result of buoyancy
_driven convective flows. The bubbles that nucleate on the hot surface rise, carrying
their latent heat with them. Similarly, the hot liquid near the surface, being less dense,
will rise, causing overturning flows which carry heat away. The practice of cooling small
electronic devices by immersing them in a pool of dielectric liquid with appropriate vapor
pressure, such as Freon, was considered by many not to be feasible in space because it
was assumed that vapor would form around the device resulting in inefficient heat
transfer. However, Straub and co-workers proved otherwise on the LMS flight.

They immersed small heaters in the form of copper discs 1 to 3 mm in diameter in Freon
123 and measured the temperature and power in order to get the heat transfer coefficients
over a range of temperatures or heat fluxes. Surprisingly, they found that heat transfer in
microgravity was only slightly less efficient than it is in unit gravity. Thermocapillary
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jets were observed which appear to be an effective mode of heat transfer. These results
may cause the theories of boiling in normal gravity to be revisited and it may be possible
to design systems that take advantage of capillarity along with buoyancy to improve the
efficiency of boilers on Earth.

The Capillary Pumped Loop (CPL) was developed in the 1960’s at the NASA Lewis
Research Center (now the NASA Glenn Research Center) as a heat transfer device,
similar to a heat pipe. The technique works quite well in normal gravity, but its operation
in microgravity has been erratic. A transparent model of the device was fabricated and
flown on MSL-1R by Halliman (U. Dayton) and Allen (National Microgravity Research
Center, Cleveland) to gain insight into its operation without gravity with thew hope of
correcting the problem. It was found that in the absence of gravity drainage, liquid films
would form and accumulate in the vapor return lines. Eventually , Rayleigh instabilities
set in and liquid bridges form which obstruct the lines. In particular, these liquid slugs
tend to form in bends in the line. The result is diminished ability to transport heat.

Critical Point Phenomena

A number of peculiar things happen in the vicinity of a second order or critical phase
transition, such as takes place at the terminal point of the coexistence region between a
liquid and its vapor. As the critical point is approached, the densities of the liquid and
vapor become the same and the system fluctuates between the two states as though it
can’t make up its mind as to whether it wants to be a liquid or a vapor. These
fluctuations produce a kind of opalescence when the test cell is viewed. At the critical
point, the compressibility becomes infinite so that even the smallest temperature
difference can cause very strong convection. Many of the other thermodynamic
properties change dramatically near the critical point, e.g., the velocity of sound as well
as the thermal diffusivity goes to zero, while the heat capacity becomes infinite.

Other systems, such as a magnetic system neat the Curie point (the temperature at which
thermal motion becomes sufficient to destroy the magnetization) or the demixing of a
homogeneous liquid into two immiscible liquids at the critical consolute temperature,
exhibit similar behavior. The divergence of certain parameters near the critical point in
each of these systems show the same exponential behavior, thus leading to the theory of
universal behavior near a critical phase transition, regardless of the system. Ken Wilson
was awarded the Nobel Prize in 1982 for applying group renormalization theory to
determine the exponential behavior of these diverse systems near a critical point (see
K.G. Wilson, Phys. Rev. B 4 (1971) 3174).

On USMP-2 and -3 Gammon and his group at the University of Maryland used photon-
correlation light-scattering spectroscopy to measure the density fluctuations as the critical
point of xenon. They were able to record a number of photon correlation functions
processed in real time, from which they could measure the decay rate of the fluctuations.
The forward scatter intensity from the flight data showed a much sharper peak as the
critical temperature was crossed than the ground control. They were able to locate the
phase boundary to within +20 mK. The limiting factor in the experiment turned out to be
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unexpected window heating from the 17 microwatt laser which prevented them from
obtaining correlograms closer than 2 milli-K from the critical point.

On IML-1, Beysens (Commissariat a la Energie Atomique, Grenoble, France)was able to
show that the phase separation that occurs when a near-critical single component vapor
(SF,)is quenched into the liquid-vapor coexistence region belongs to the same universal
class as a two-component immiscible liquid system (methanol-cyclohexane) that is
quenched from above its consolute temperature into the two-liquid phase region. Since
gravity is also involved in phase separation, this could only be demonstrated in
microgravity. He also observed that the growth rate for small volume fractions of the
droplet phase in immiscible liquids followed either a 1/2 power law (diffusive growth) or
a 1/3 power law (Ostwald ripening) (slow growth) but followed a first power growth law
(fast growth) for larger volume fractions.

At temperatures below the critical point, a liquid can coexist with its vapor; whereas, at
and above the critical isotherm, only a gas can exist. Klein and Wanders (DLR, Koln)
sought to observe the homogenization of the two phases as the system is heated to its
critical point. Since the compressibility diverges at the critical point, they sought to
eliminate any hydrostatic head by performing the experiment on D-1 with near critical
sulfur hexafluoride, SF,. Surprisingly, they found that it was very difficult to
homogenize the sample at the critical point. It was later realized that since the thermal
expansion also diverges and the thermal diffusivity goes to zero at the critical point, even
the slightest thermal gradient could case large differences in density distribution and the
equilibration time would be much longer than the mission duration.

The divergence of the heat capacity on either side of the critical point is one of the
important tests of universality of critical behavior. A characteristic A-shape of the heat
capacity vs. temperature with a singularity at the critical temperature is predicted
theoretically. Measurements of the slope in this vicinity are used to determine the
exponent governing the rate at which the heat capacity diverges. One of the difficulties
encountered in such measurements is caused by the fact that the compressibility of the
system also diverges. Thus there is a large density variation in any finite test cell because
of the hydrostatic pressure and the actual critical condition is met at only one point in the
test cell. Measurement of heat capacity of the cell then integrates over near-critical
conditions, but cannot provide accurate data near the peak in the curve.

Nitsche and Straub (LehrstuhlA fur Thermodynamik, Munchen) tried to obtain a more
accurate measurement of the heat capacity of sulfur hexafluoride near its critical point on
the D-1 flight. Much to their surprise, the data in the vicinity of the critical point was
smeared out even more than on Earth. Instead of the expected peak at the critical point,
they measured only a broad hump. It was later found that instead of a well-mixed system
with the fluid wetting the walls of the test chamber, that a phase separation occurred and
persisted because of the very long diffusion time as the critical point is approached.

The test chamber was redesigned by Straub and Haupt for a repeat attempt on D-2. By
cooling through the critical temperature, the “real” behavior of Cv could be determined
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to within 0.9 mK from Tc, whereas ground measurements became disturbed by gravity at
15-20 mK from Tec. The heat capacity exhibited the sharp peak when cooling through the
critical point and the universal coefficients were within experimental error of those
obtained from group renormalization theory. Considerable hysteresis was seen in the Cv
behavior when heating from the two-phase region, through the critical point, into the
single phase region, which is attributed to the “critical slowing down” of phase
homogenization as the chemical diffusivity vanishes. The heat capacity is described by
the expression A™ 11 +B the measured critical exponent 0. was found to be 0.109+0.02;
theory predicts o = 0.110+0.0045. (See Le Guillou and Zinn-Justin, Phys. Rev. B (1980)
3976.)

The same experiment also confirmed the phenomena of “critical speeding up” or the
“piston effect” for rapid heat transport near the critical point despite the fact that thermal
diffusivity vanishes in this region. This effect had been seen on the ground, but was
attributed to convective mixing as the compressibility diverges. However, the D-2
experiment confirmed the heating was due to an insentropic expansion instead of
convective transport. By heating the wall of a container filled with a highly compressible
fluid, a thin boundary layer is heated from diffusive heat transfer. The fluid in the
boundary layer expands adiabatically, compressing the bulk fluid. Since the bulk fluid
becomes heated by the adiabatic compression, heat transfer is virtually instantaneous.

Beysens used the “piston effect” to quench near critical SF; from the single phase region
into the two-phase region on IML-2. A planned maneuver during one of the runs
demonstrated how acceleration disturbs the piston effect thermal transport. He also
observed two different growth regimes in the same system; a fast growth regime with a
first power time dependence, and a slow growth regime with a 1/3 power time
dependence, depending on the quench depth.

Ferrell (U. Maryland) used the critical point facility on IML-2 to measure electrostriction
effects and the time constant for thermal diffusion near the critical point of SF,
Electrostriction is the deformation of a fluid from an applied electric field. The effect can
be quite pronounced near a critical point because of the divergence in compressibility,
however, it is slow to develop because of the long thermal diffusion times. The thermal
diffusion measurements agreed with ground based measurements more than 100 mK
above the critical temperature, but were lower by a factor of 1.7 at 1.4 mK above Tc.

Precision measurements of the thermal field using high sensitivity (uK) thermistors by
Michels (U. Amsterdam) on IML-1 confirmed the theoretical model for isentropic heat
transfer from the piston effect.

Klein (DLR, Koln, Germany) used the piston effect to heat and cooled SF through the
critical point and observed the effect with laser light scattering. He observed critical
opalescence almost immediately after cooling through Tc, but found that hours were
required for the system to come to thermal equilibrium. He also determined that the gas-
liquid configuration in the two-phase region is determined by interfacial effects.
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Homogenization after heating into the single-phase region scales with the correlation
length, which goes as (T-Tc)*®.

Lipa (Stanford U.) sought to circumvent some of the problems associated with attempting
to measure critical phenomena at the liquid-vapor critical point. Instead he chose to
measure the heat capacity in liquid helium at the lambda-transition, the temperature at
which normal He is transformed into superfluid He-II. This transition is known as the
lambda transition because of the 1-shape of the heat capacity in the vicinity of the
transition. Since He remains a liquid on either side of the transition, the divergence in
compressibility is avoided. However, the transition temperature is pressure dependent, so
that in a gravity field, critical conditions exist at only one plane in the system. However,
since the order parameter for the lambda transition is a two-component superfluid
wavefunction, as opposed to the scalar density difference in the gas-liquid critical point,
these two systems are not in the same universal classes, hence the critical exponents will
not be the same.

Lipa and his group at Stanford had developed a thermometry system using
superconducting quantum interference devises (SQUID) to detect minute magnetic
changes in a paramagnetic salt, which can be directed related to temperature with
nanoKelvin resolution. With this device, they were able to measure a sharp peak in the
heat capacity curve to within a few 100 nK of the lambda point before the pressure
variations in the finite test cell began to smear out the data. They were limited in how
small they could make the test cell because of the correlation length over which the atoms
act collectively. Therefore, they carried the experiment on USMP-1 to obtain
measurements to within a few nK.

One of the unforeseen difficulties was heat pulses from cosmic rays and charged particle
radiation in. They were eventually able to calibrate out and work around these events.
Lipa found the value for the critical exponent to be -.01285 + 0.00038. This value falls
between the theoretical predictions of —0.007+0.006 (Le Guillou and Zinn-Justin, Phys.
Rev. B (1980) 3976) and —0.016+0.006 (Albert, Phys. Rev. B (1982) 4912). In a sense,
the lambda point is an ultimate test of the theory because of its unique sharpness. The
value of such a test can best be described by a direct quote from Lipa,

» this is at the foundations of condensed matter physics. We need to be sure the
foundations are right so we can be confident of the scientific structure which supports
our technology base. There is another angle, but maybe even harder [to explain]: RG
[renormalization group theory] is used extensively in the Standard Model of
elementary particles. There is a well-established relationship between this and critical
phenomena. So one might one day get some insight into the 'theory of everything' via
an obscure aspect of helium. Bit of a stretch, but that's where Nobel prizes come

from!”
A follow-on experiment on USMP-4 extended the heat capacity measurements near the

lambda-point in which the He is confined to a spacing of 57 microns by carefully
machined Si discs. The objective is to test scaling predictions for the transition to a lower
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dimension system. Normally, this transition takes place only when the dimension is on
the order of Angstroms, but in semiconductors it can be as large as 0.1 micron, a length
being approaches by modern electronics. Since the correlation length diverges near a
critical point, the distance over which the transition occurs can be greatly magnified.
Attempts are now being made to correlate the data from the flight experiment with
theory and other measurements.

Drop Dynamics

On Spacelab-1, Rodot and Bisch (CNRS, France) and analyzed the deformations of a
tethered drop of silicone oil as it was oscillated at various frequencies. They were able to
determine the various resonance modes and compare with theory.

Wang (Vanderbilt University) studied the rotation and fissioning of freely suspended
liquid drops on Spacelab 3 and again on USML-1 and USML-2 using the 3-axis acoustic
levitator. These experiments are tests of a classical astrophysical problem dealing with
the formation of double stars (see S. Chandrasekhar, Proc. Royal Soc. London A286
(1965) 1-26). Qualitative agreement with theory was found in the Spacelab 3
experiment, but the drops tended to tended to fission before the theoretical rotation rate
was reached but the drop had been flattened by the acoustic radiation pressure . On
USML-1, Wang and Trinh measured the bifurcation point as a function of drop shape and
were able to show that the bifurcation point agreed with theory in the limit of spherical
drop shape. A comprehensive study of the effect of drop flattening on the 2-loped
bifurcation point was carried out on USML-2. The experiments were supported by a
series of experiments carried out in the glovebox by Trinh (JPL) to test various droplet
injection techniques.

Other experiments conducted with the 3-axis acoustic levitator by Wang and his team at
Vanderbilt University investigated core centering in compound drops. It was shown that
an induced sloshing mode produced centering forces in drops with a gas core(liquid
shells) as well as drops with an immiscible liquid core. Understanding of the centering
forces could be important in the manufacturing of perfectly concentric glass shells for
inertially confined fusion experiments (ICF).

Weinberg (U. Arizona) attempted to use the three-axis acoustic levitator on USML-1 to
measure the interfacial tension between two immiscible liquid phases by oscillating a
compound drop, but ran into technical difficulties when attempting to deploy the two
droplets. Yamanaka and Kamimura (National Aerospace laboratory, Japan) had similar
difficulties when they attempted to measure the surface tension waves on stationary and
rotating drops in a tri-axis acoustical chamber on SL-J.

If the induced oscillations in a drop have large amplitudes, various non-linear effects
show up. Energy can be fed from one mode of oscillation to another, an effect known as
mode coupling was observed. A hysteresis effect in the amplitude response was observed
as the exciting frequency was swept back and forth across the resonant frequency, with a
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peculiar jump in amplitude. Finally, the onset, transition, and fully developed chaotic
oscillations of drops were observed. Understanding the conditions leading to chaotic
oscillations are important from a practical as well as an academic point of view because
droplet evaporation and combustion increase with increasing oscillation amplitude and
frequency. Additional experiments involving the extraction of physical property data
from large, non-linear oscillation of acoustically levitated drops were carried out using a
single axis interference levitator in the glovebox on MSL-1R by Leal (UCSB), Trinh
(JPL), Thomas (JSC), and Crouch (NASA HQ).

Sahdal (USC), with Trinh, Thomas, and Crouch used the same device on MSL-1R to
determine if the deformation and rotation of an acoustically levitated drop could be
controlled well enough to measure internal flows within the drop. In particular, they
wanted to determine if Marangoni flows from spot heating the drop on one side could be
measured. By reducing the power level to the minimum required to keep the droplet
positioned in microgravity, the shape distortion could essentially be eliminated (at least to
their limit of measurement of the ratio of the axes, which was1%. Drop rotation in a
single axis levitator results from any slight misalignment of the acoustic reflector or
asymmetric reflections from the container walls and has always been difficult to control.
By fine tuning the position of the acoustic reflector, drop rotation could be reduced to 0.1

Ips.

Apfel and his team at Yale University used the 3-axis levitator on USML-1 and USML-2
to study the behavior of surfactants by observing the frequency and amplitude of freely
suspended oscillating drops. They were able to extract material properties such as
dynamic surface tension and shear as well as dilatational surface viscosities. The
dramatic difference in diffusion and sorption times between Triton X-100 and bovine
serum albumin (BSA)was illustrated. Since BSA is a slow sorber, the Marangoni stresses
are significant, leading to much faster damping than for pure water.

Marston (Washington State University) with Trinh and Depew (JPL) used an ultrasonic
resonator in the glovebox on USML-1to investigate the positioning, shaping, and
agglomeration of bubbles and oil drops in water. It was possible to coat the inside of a
bubble with oil and study the centering mechanism.

Miscellaneous Experiments
Super Fluid Helium Experiment

Superfluid helium possesses several characteristics which make it uniquely suited for
cooling space-based instruments. Such instruments include the Infrared Astronomical
Satellite (IRAS) and the Space Infrared Telescope Facility. Liquid helium 4 (He 4) and
its rare isotope, helium 3, remain liquid at absolute zero. At a temperature of 2.17K and a
vapor pressure of 5.1 kP (38.4 Torr), He 4 undergoes a transformation to a superfluid
state. In this state, He 4 can transport large amounts of heat at very small temperature
differences. Heat is transported by coherent wave motion rather than by diffusion. Its
cffective thermal conductivity is several orders of magnitude higher than any other

19



material. The high thermal conductivity is maintained in thin films and pores so smail
that a normal liquid would be immobilized. The advantage of this property is that the
thin films, held to walls by van der Waals forces are superfluid. Therefore, the entire
superfluid mass behaves as a single thermal mass with a temperature difference of a few
milli-Kelvins.

Under certain conditions, superfluid helium has zero effective viscosity whereas the
viscosity for bulk motions is not zero (about 1/100 of water). Therefore, the system may
be extremely sensitive to small surface tension forces and/or vehicle acceleration s since
the natural damping of these motions is limited.

Another unique characteristic of superfluid helium is known as the fountain effect. In
small pores or thin films, the application of a small temperature gradient along the pores
sets up a pressure differential that tends to push the liquid to the warmer end. This
fountain pressure is used in zero gravity to contain the liquid in the cryostat, while
allowing the vapor created by heat flow into the bulk helium to evaporate to space. A
porous plug is placed in the vent line. The outer end is cooled by the evaporation of
liquid to gas, and the resulting temperature differential generates a pressure which keeps
the liquid in the tank.

A Super Fluid Helium Experiment was flown Spacelab 2 by a team from the Jet
Propulsion Lab headed by Mason. The technological and scientific objectives were
divided into three separate investigations; (1) the Quantized Surface Wave (QSW)
experiment to investigate third-sound surface waves in films of superfluid helium, (2) the
Bulk Fluid Dynamics (BFD) experiment to determine the response (slosh modes and
decay time) of superfluid helium to known acceleration levels, and (3) the Bulk Thermal
Dynamics (BTD) experiment to determine temperature fluctuations and variations (to
within 10 mK) associated with slosh modes.

Surface waves are one the order of a micron in normal gravity and damp out fairly
rapidly. In microgravity, they tend to be thicker and were observes to persist for as long
as 60 seconds. The other two objectives were reported met, but details were given.

Geophysical Fluid Flow

Hart (U. Colorado) developed a method of simulating the three-dimensional geophysical
fluid flows under the combined influence of rotation, thermal gradients, and a gravity-like
central force. The Geophysical Fluid Flow Cell (GFFC) consists of a stainless steel
hemisphere surrounded by a sapphire hemisphere with a layer of silicone oil between.

An alternating high voltage was applied between the inner and outer so that the induced
polarization in the silicone oil interacts with the electric field to give a gravity-like body
force on the fluid. By heating and cooling different regions while the system was rotated,
convective flows could be produced that are analogous to large scale flows in planetary
or stellar atmospheres or interiors . There are 4 dimensional parameters that characterize
the flows in the GFFC: the Prandtl number, fixed at 8.4, the aspect ratio (gap width to
inner radius), fixed at 2.65, The Taylor number, which measures the ratio of rotational
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forces to viscous forces, and the Rayleigh number, which measures the buoyancy-drive
thermal convection to conductive heat flow. The convective flow fields in the
hemisphere were visualized via Schlieren and shadowgraph photography. An ultraviolet
sensitive dye was added to the silicone oil to aid in flow visualization.

The GFFC was flown on Spacelab 3 and again on USML-2. The primary objective of
Spacelab 3 experiment was to study the interaction of rotation and convection similar to
that which occurs in the atmosphere of a rotating planet like Earth or Jupiter. A variety
of interesting flow structures were observed as rotation rates and equator to pole heating
was varied. The observed flows were used to check 3-dimensional computational
models.

Several classes of experiments were conducted on USML-2: slow rotation, simulating
mantle-like flows, fast rotation, simulating solar-like flows; symmetric heating,
simulating solar or Earth core; and differential heating, simulating Jupiter’s or Earth’s
atmospheres.

Rotationwith spherical heating produced banded patterns not seen before in numerical
simulations and may provide an alternative view of the mechanisms responsible for the
observed structure of the Jovian atmosphere.

In slow rotation experiments, climatic “states” in the form of two distinct convective
patterns were found to exist with the same external conditions, differing only by the
initial conditions. These patterns are persistent and are insensitive to small changes in the
external conditions. Data was obtained on how theses state break down under larger
changes in operating conditions. The transition from anisotropic north-south “banana
convection” to the more isotropic convection was studied. This information may lead to a
scaling argument for classifying different planetary atmospheres.

Other experiments with latitudinal heating show evidence of baroclinic wave instabilities
and successfully showed how spiral wave convection breaks down into turbulence.

Order —Disorder Transitions

Chaikin (Princeton U.) used the glovebox on USML-2 to study to assembly of colloidal
systems as a function of solid volume fraction. Computer simulations indicated, for
volume fractions ranging from 0.545 to 0.74, short range van der Waals-like forces
between the spheres would cause them to form into close-packed crystal-like structures,
very much like atoms in a metal form close-packed crystalline structures. For volume
fractions less than 0.494, the particles should remain in solution, and crystals could
coexist with solution in the intermediate range. A metastable, glass-like phase was also
predicted to exist for volume fractions greater than 0.58.

These predictions were tested by suspending 0.5 micron PMMA spheres in mixtures of
decalin and tetralin for index matching. After homogenization, the suspensions were
allowed to relax into their equilibrium configuration. The formation of the crystal
structures could be observed and analyzed from diffraction patterns created by shining
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laser light through the suspension, similar to the analysis of metallic structures using X-
ray diffraction. Particle motion was studied using dynamic light scattering. By “pinging”
the system and observing the response of the structure, the elastic properties could also be
inferred.

In normal gravity the configurations were not in equilibrium because sedimentation was
much stronger that Brownian motion. Crystals were formed which tended to be mixtures
of face centered cubic (FCC) and random hexagonal close-packed (RHCP) structures. In
microgravity, the FCC phase was not observed and the structure was entircly RHCP.
(By random HCP, we mean that the probability of every third layer being different is 0.5,
or in other words, the chance of seeing ABC is the same as ABA.) Also, wing-like
dendrites were observed in the microgravity structures that were never seen in the ground
controls. It is not clear if dendrites actually start to form and are sheared off by
sedimentation, or if the conditions favorable to their formation are absent.

A glassy phase was formed on Earth with a volume fraction of 0.619 that remained in this
metastable state for more than a year without crystallizing. The same system crystallized
in microgravity in 3.6 days. By the end of the mission it had grown to 1 cm and filled the
container. Further, it survived re-entry and remained in the lab for 6 months, after which

it was “remelted” by stirring. It then re-grew into the disordered glassy phase .

These studies were extended on MSL-1R to study nucleation and growth from time-
resolved Bragg and low angle light scattering as well as measurement of elastic modulus
from dynamic light scattering.

Mixing And Demixing of Transparent Liquids

Langbein (ZARM, U. Bremen) used a floating zone configuration to study the effects of
capillarity on the mixing and demixing of two immiscible liquids on D-1. A mixture of
benzylbenzoate and 40Vol.% paraffin oil was deployed between two discs. The upper
disc was heated above the consolute temperature. Marangoni convection stirred the
mixture and the interior counter flow carried bubbles, that had inadvertently been
introduced, to the surface where they ruptured, thus demonstrating this as an effective
finning technique. As heating progressed, the critical wetting condition temperature was
exceeded and the benzylbenzoate spread across the heated disc, in accordance with the
critical point wetting theory of Cahn (See J. W. Cahn, J. Chem. Phys. (1977) 667.) The
rising inner column of benzylbenzoate thinned and eventually broke into two segments.
Eventually, through diffusion and Marangoni convection, the benzylbenzoate at the
heated plate exceeded the consolute temperature and homogenized with the paraffin oil.
Under passive cooling, a fog developed in the upper region as the temperature fell below
the consolute temperature. The droplet in the fog eventually coalesced to form the two
liquid phases.
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Particle Dispersion Experiment

Aggregation of various small particles was studied by Marshall (NASA Ames Research
Center) in the glovebox on USML-1 and 2. The motivation for these studies was to
obtain a better understanding the collapse of dust and debris in astrophysical and
planetary settings. The dust grains were dispersed by a puff of gas in a transparent 125
cm® chamber and the aggregation was observed with high magnification video recording.

Aggregation was observed to be very rapid in all cases. Dielectric grains of quartz and
volcanic ash particles aggregated into chains or filaments that were many tens of grains in
length. Larger (400 micron) particles formed single particle chains up to a centimeter in
length. Conductive copper particles formed similar chain-like aggregates. The size and
shape of the particles did not seem to affect the type of structure that was formed,
however, the chain length did appear to be proportional to the number density of the
particles.

Passive Accelerometer

Until STS-50 (USML-1), the quasi-steady acceleration on the Shuttle from gravity
gradient and atmospheric drag had never been measured. The conventional
accelerometers, used by the NASA Glenn Research Center in their SAMS system,
respond to the higher frequency accelerations from the normal vibrational modes of the
Shuttle, but the baseline bias is such that the extraction of a quasi-steady acceleration of
less that one micro-g from the milli-g oscillatory accelerations cannot be done accurately.
Alexander prepared a simple 2 cm diameter tube filled with water that also contained a 2
mm steel ball. The ball was positioned near one end of the tube with a magnet and then
was simply allowed to fall in the residual gravity field. From the observed motion of the
ball, the direction and magnitude of the quasi-steady acceleration could be determined
from the Stokes formula for a falling sphere (after corrections for wall effects).
Accelerations measured at the middeck were typically 4 — 5 micro-g with the direction
essentially along the X-axis (along the fuselage - the Shuttle was flying in the tail-down
attitude). Accelerations measured near the Crystal Growth Furnace (CGF) were
typically 0.5 micro-g and it was evident that the residual gravity vector was not along the
furnace axis as had been planned.

Combustion Experiments

There are two compelling reasons for the study of combustion in microgravity. One is
the issue of fire safety in the design and operation procedures of orbiting laboratories; the
other is take advantage of the weightless state to study certain combustion phenomena in
more detail and to test various models in which convection has been ignored in order to
be mathematically tractable.
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Examples of the first category of experiments are the Solid Surface Combustion
Experiment, the Smoldering Combustion Experiment, and Wire Insulation Flammability
Experiment were carried out on USML-1.

Smoldering combustion can be extremely dangerous in a space station since it can remain
virtually undetected for some time, but the increased temperature, due to the absence of
convection to carry the heat away, can greatly increase the amount of toxic fumes
generated. Stocker and Olson (NASA Glenn Research Center) along with Fernando-
Pello (U. California, Berkeley) found dramatic increases in CO and light organic
compounds when a porous urethane foam smoldered in microgravity as compared to
normal gravity, even though there was little difference in temperature and char patterns.

The wire flammability studies were carried out by Greenberg and Sacksteder (NASA
Glenn Research Center) and Kashiwagi (NIST) to simulate the behavior of possible
electrical fire in space without convection and with forced convection. The wires were
nichrome covered with 1.5 mm dia polyethylene insulation. An ignition of a wire
without forced convection resulted in quiescent cloud of vaporized which ignited but
failed to propagate. Under forced convection, the spreading flame stabilized around a
bead of molten insulation. Flame spread in concurrent flow was twice as fast as in
counter current flow and soot production was greater under counter current flow. The
flames quenched rapidly when the air flow was shut off.

The Solid Surface Combustion Experiment on USML-1 conducted by Altenkirch
(Mississippi State University) was the fourth of a series in which thin sheets of
combustible materials were ignited in a controlled oxygen environment. Other Spacelab
missions that carried this experiment included SLS-1, IML-1, and SL-J. The objective of
the series of experiment was to obtain the flame spreading and soot formation as a
function of pressure and oxygen content for comparison with theoretical models. These
data and the resulting models go into flammability requirements for materials usage
requirements in spacecraft and space experiment design. Unfortunately, the experiment
design permitted only one test per Shuttle flight.

A capability for running multiple solid surface combustion tests was introduced in a
glovebox experiments carried out on IML-3 in the Forced Flow Flame Spread Test
(FFFT) which is a forerunner of a facility for use on the International Space Station.
Fuel in the form of a tape or cylinder is fed into a small wind tunnel at the same rate as
the flame spread so that the flame front remains in the instrumented region for diagnostic
measurements. These measurements are used for comparison with theory. A team from
the NASA Glenn Research Center led by Sacksteder carried out 15 experiments using
sheets and cast cylinders of cellulose with concurrent airflows ranging from 2 to 8
cm/sec.

Kashiwagi and Olson (NASA Glenn Research Center) also used the glovebox on USML-
3 to investigate ignition and the transition to flame spread or smoldering combustion in
25 samples. Air flow was varied from 0 t0 6.5 cm/sec. Ignition was initiated by a hot
wire across the middle of thin (2-D) samples and by the focused beam of a halogen lamp
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for thicker (3-D) samples. In the 2-D samples, ignition occurred more readily under
microgravity conditions and the flame spread was always in the upstream direction. In
the 3-D sample ignition was from a spot in the middle of the sample and char pattern was
fan shaped, the internal angle of the fan increasing with air flow velocity.

Griffin (NASA Glenn Research Center) and Gard (NASA Marshall Space Flight Center)
compared the ability of the smoke detectors used on the Shuttle and those proposed for
the International Space Station to detect fires. A near field module, installed in the
USMP-3 glovebox, contained the sample to be burned and the near field diagnostics
which included collector grids for TEM analysis of the smoke particles. Combustion
products were blown through teflon hoses to the far field module which contained the
two smoke detectors, then returned to the glove box to be removed by the glove box
filters. Samples tested included a candle, paper, teflon and kapton coated wires, and
silicone rubber. It was found that sensitivity to various combustion products in space is
different than on Earth because the size distribution of the products is altered by the
combustion process in microgravity.

A number of experiments were conducted to take advantage of the quiescent
microgravity environment to study a variety of combustion processes. One topic of
significant practical interest is soot production. Soot is usually an undesirable product of
combustion for several reasons. One reason is that soot is a visible pollutant; one sees
soot in the black fumes emitted by diesel trucks, processing plants, and chimneys. (It
should be noted that recent changes in Environmental Protection Agency (EPA)
regulations call for significant reductions in amounts of such particulate materials in the
atmosphere.) In addition, soot production is tied to the emission of carbon monoxide -- a
toxic material -- and PAHs (polyaromatic hydrocarbons), many of which are
carcinogenic. Another of soot's undesirable qualities is that the thermal radiation, or heat
emission, of soot particles is often responsible for the spreading of fires. Soot also
hampers efforts to fight fires because its presence can obscure their sources, making it
more difficult to extinguish them. However, soot production is useful to the carbon black
industry, which is a large industry that uses soot in such products as tires, black plastic,
and dry-cell batteries. In addition, many furnace applications rely heavily on heat
radiation from soot to transfer heat from flames to boiler tubes in order to produce steam
from water. For all of these reasons, understanding the production of soot is a goal that is
important to researchers. Once understood, the process could be manipulated to control
both visible and invisible pollution from combustion technologies like diesel engines and
aircraft gas turbines, to enhance fire-fighting abilities, and to produce soot with qualities
that are beneficial to industry.

The geometry and behavior of a candle flame was investigated by Ross (NASA Glenn
Research Center) using the glovebox on USML-1. This was the first evidence that
diffusive transport was rapid enough to sustain a candle flame. After an initial transient
in which the flame is spherical and yellow, indicating soot is being formed, a steady state
is reached in which the flame is hemispherical and burns with a blue color, indication
little or no soot formation. Minor transient acceleration disturbances caused increased
luminosity and soot production.
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Fiber supported droplet combustion experiments were carried out on USML-2 and on
MSL-1R by Williams (UCSD). By tethering the droplets on a silicon fiber, they could be
kept in the field of view of the video recorder so that the burning rate and other
parameters could be recorded. The objective is to test theories of droplet combustion and
soot formation that are of importance to improving the efficiency of internal combustion
engines, gas turbine engines as well as home and industrial oil burning heating systems.
Microgravity allows to droplet size to be increased to as much as 5 mm so that the
combustion process can be studied in detail. Once the theory is developed, its predictions
can then be scaled back to the droplet sizes used in the actual combustion processes.

Williams carried out a similar experiment with free floating droplets on MSL-1R to
determine if the tether he had used previously had any effect on the combustion process.
The droplet is formed by injecting heptane through two injectors on opposite sides of the
test platform within the chamber. The injectors are retracted after the drop is formed. The
drop is then ignited by two hot-wire igniters that are brought near the droplet from
opposite sides to begin combustion with minimum disturbance to the droplet. The
burning droplet is the observed and recorded using video cameras and high-resolution
photographs.

The “Structure of Flame Balls at Low Lewis Numbers” (SOFBALL) experiment of Paul
Ronney, (University of Southern California) was performed on MSL-1R. In this
experiment, a container was filled with various combustible mixtures near their lean limit
of combustion. A flame ball was created by an electrical spark. A stationary spherical
flame front develops as fuel and oxygen diffuse into and heat and combustion products
diffuse out of the flame ball. This is the simplest possible geometry in which to study the
chemical reactions and the heat and mass transport of lean combustion processes. Over
50 years ago, Zeldovich found that the equations for steady heat and mass conservation
had a solution corresponding to a stationary flame front, but he also showed that the
solution was unstable. He did, however, consider the possibility that heat loss might be a
stabilizing factor, which is apparently the case since some of the flame balls lasted the
full 500 seconds until the experiment timed-out. It is expected that these experiments
will provide new insight on combustion processes in the lean burning limit, which are
important in improving the efficiency of engines and heating systems.

Soot formation in laminar flames was also studied on the MSL-1 and MSL-1R mission
by Faeth (U. Michigan). Soot formation in turbulent diffusion flames is of greater
practical interest, but their direct study in difficult because of their time and spatial
dependence. Therefore, laminar flames are studied to obtain the basic relations needed to
develop a tractable theory, the justification being that there are known similarities of gas-
phase processes between laminar and turbulent flames. Laminar flames are still affected
by buoyancy effects that complicate the analysis, thus the need to study them in
microgravity. The flames to be studied are hydrocarbon fuelled and burn in still air.
Measurements include flame shape, soot volume fraction, soot temperature distribution,
gas temperature distributions, and flame radiation. The flames in low gravity were much
longer that in 1 g due to the absence of buoyancy-driven convection. It was also found
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that the simplified theoretical analysis of non-buoyant laminar flame developed in 1979
by Spalding gave excellent prdedictions of flame shape after making an empirical flame
length parameter to account for the soot luminosity.

Enclosed laminar flames or commonly found in practical combustor systems such as gas
turbine combustors, jet engine afterburners, and in power plant combustors. The
enclosure is in the form of a duct with either co-flow or cross flow. The diffusion flame
in located where the fuel jet and oxygen meet. Typically, the flame is anchored at the
burner, but as the fuel velocity is increased, the flame front moves away from the burner
jet. Eventually, the flame jumps ahead of the jet and is said to be lifted. Too high a fuel
velocity will cause the flame to blow out. The stability of such flames in low gravity
were investigated by Brooker, Jia, Stocker, and Chen of the NASA Glenn Research
Center on USMP-4. The fuel was a 5S0V% mixture of methane and nitrogen. A free-jet
theory of Chung and Lee predicted that lifted flames would not be stable for Schmidt
numbers (ratio of kinematic viscosity to chemical diffusivity) less than 1, which is the
case for the dilute fuel mixture used in these tests. However, it was shown that the co-
flow in the duct did tend to stabilize the lifted flame, both in normal gravity as well as in
microgravity, although higher co-flow velocities were required to lift the flame and to
cause blow-out in microgravity.

Assessment of the Science

A number of the early microgravity fluids experiments investigated the shape and
stability of liquid zones to support anticipated materials science experiments that might
use extended floating zones for crystals growth. Perhaps the most important contribution
from most of this work was the demonstration that the behavior of such zones could
indeed be computationally modeled. However, one experiment used the zone shape to
measure the disjoining pressure of a film and another experiment stabilized an extended
zone beyond the Rayleigh limit in a test of Taylor’s “leaky dielectric theory). The latter
has applications in the design of fluidic systems

Many of the microgravity fluids experiments were directed to the study of Marangoni
convection. Since this type of convection is independent of gravity, it clearly acts in
terrestrial processes along with buoyancy-drive convection, and therefore must be
considered. These space experiments clearly demonstrated the existence of such flows
(which may have been debated in some quarters since they cannot be demonstrated
independently in normal gravity), as well as the ability to quantify and model their
effects, although it was also found that such flows can be unexpectedly quenched by
contaminants.. Considerable work went into determining under which conditions the
steady Marangoni flows become time-dependent and new criteria for this transition have
been developed. This knowledge is important for the design of floating zone crystal
growth experiments in which time-dependent flows produce growth defects.

The classical theory of Young, Goldstein, and Bloch, that describes the motion of
droplets or bubbles in a fluid driven by the Marangoni effect was found to apply only in
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the limit of vanishing Marangoni number and corrections to the theory have been
developed. It was also shown that multiple drops or bubbles can interact through the
thermal wakes left as they move through the fluid. Finally, it was found that fluid
properties such as dilatational viscosity, which are not accounted for in the Marangoni
number, can significantly affect the motion. These findings are significant in the design
of many materials and chemical processes used on Earth as well as in microgravity.

Several experiments involving pool boiling and heat transfer in microgravity produced
some surprising results in that the ability to dissipate heat from a submerged heater was
only slightly diminished. Instead of an insulating vapor film forming around the heated,
as was expected, strong thermocapillary jets formed which proved to provide an efficient
heat transfer mechanism. Not only is this significant for the design of systems that have
to work in a microgravity environment, but it may be possible to take advantage of such
jets to improve the efficiency of terrestrial boilers.

The behavior of several systems near critical phase transitions were studied.
Unanticipated difficulties were encountered in approaching the critical point because of
the “critical slowing down” phenomena. These difficulties were overcome and the
critical exponents that govern the divergence of thermophysical properties as the critical
point is approached were determined with improved accuracy. These appear to
consistent with the predictions the coefficients obtained from Wilson’s group
renormalization calculations.

A number of experiments were carried out on levitated drops to test and refine theories of
droplet oscillation, shape and fissioning under rotation, core centering, and nonlinear
effects. Techniques for extracting properties measurements from oscillating droplets
were demonstrated. Some of these measurement techniques were utilized in obtaining
thermophysical data from undercooled melts in the electromagnetic levitator on MSL-1R.

Other investigations included a three dimensional simulation of geophysical flows under
the influence of a central gravity-like force together with rotation and differential heating,
particle aggregation, order-disorder transitions in the assembly of an ensemble of hard
spheres, mixing and demixing of immiscible systems, the management of superfluid
helium in low gravity, and the demonstration of a simple falling sphere method for
measuring the quasi-steady residual acceleration on the Shuttle. All told, these fluid
experiments produced a total of 563 papers of which 323 were published in peer
reviewed journals. The bibliography also includes another 43 references from the various
fluid science Principal Investigators, that were of general interest to the behavior of fluids
in microgravity, but were not directly related to the experiment they flew on Spacelab
missions.

The dozen or so combustion experiments have produced a wealth of information that is
not only applicable to fire safety in space vehicles, but also fundamental to understanding
the combustion process in droplets, combustion near the lean-burn limit, the formation of
soot in various combustion processes. These experiments produced another 118 papers,
including 55 in journals.
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New Technology and Technical Spin-offs

Heat and mass transport from fluid flow is so fundamental to all of materials processing
that it is difficult to single out specific applications where such research has made direct
contributions. Marangoni convection, which is often ignored in terrestrial processing,
can be significant, even in the presence of buoyancy convection, if there are free surfaces,
bubbles, or immiscible droplets present. These space experiments have provided a much
better understanding of the effects of these types of flows that are not only needed for the
design of future microgravity experiments, but apply to many terrestrial processes as
well. Hopefully, the publications resulting from the microgravity research will make the
terrestrial process engineers aware of the importance of including the effects of such
flows in their process design.

The fundamental work that was done on drop oscillations and the development of
techniques for extracting materials properties from their observation, can be considered
enabling technology for being able to extend the measurements of thermophysical
properties into undercooled molten state using electromagnetically suspended droplets.
Such measurements are key to the development of new metallic glass systems and other

metastable alloys.

The combustion research has the potential of leading to more efficient combustion
processes with a reduction of unwanted combustion products such as soot and other
noxious contaminants. Furthermore, the flammability testing and developments in
spacecraft fire safety also have direct applications to home and industrial fire safety.
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Materials Science Experiments

Normally one categorizes materials as metals, ceramics, semiconductors, and polymers,
which reflects the nature of their chemical bonding. Microgravity experiments have
primarily focused on metals and semiconductors, although the distinction get blurred
which creamics are added to metals to form composites.. The primary emphasis in the
study of metals has been to understand the evolution of their microstructure and to
develop techniques for controlling it during processing. The primary emphasis in the
study of semiconductors can been the growth of single crystals with controlled
composition and defect formation. Key to the success of both of these endeavors is
knowledge of the thermophysical properties of the constituents in the liquid phase. Asit
turns out there is a compelling reason for certain of these measurements to be made in a
Jlow gravity environment. Levitation techniques for certain thermophysical properties
measurements permit the measurement of certain properties in the deeply undercooled,
which are of value for predicting the cooling rate required for glass formation, which
leads to the final section of glass formation experiments in microgravity.

Metals, Alloys, and Composites

Introduction

Metals tend to be ductile because their crystal structure contains slip systems which allow
planes of atoms to slide over one another through the dislocation mechanism . A
dislocation is a missing line of atoms in the otherwise regular spacing in a small
crystalline grain of the metal. Under stress, the dislocation can move through the grain,
resulting in the net displacement of a whole plane of atoms, much like moving a rug by
forming a small kink and then moving the kink across the rug. Pure or elemental metals
are generally too weak to be used for most structural applications because of their
ductility. However, they can be strengthened dramatically by blocking the motion of the
dislocations. There are several methods for accomplishing this. They may be alloyed
with other metals whose atoms are larger or smaller than the host metal (solid solution
hardening). The resulting irregularity in the lattice tends to block the motion of the
dislocations. Since dislocations cannot propagate from one grain to another, promoting a
fine grain structure will strengthen a metal. Dispersing very small particles or fibers
throughout the metal is also effective means of strengthening a metal . These particles
can either be precipitated from a dissolved component as the metal is cooled
(precipitation hardening), or a second phase, often a refractory ceramic, can be added to
form a composite.

When one attempts to solidify a multicomponent system from the melt, difficulties arise.
The foreign atoms don’t fit into the lattice as easily as the host atoms forming the matrix,
and segregation results. The melt containing the rejected atoms will have a different
density from the bulk solution resulting in solutally-driven convection which cause the
final solid to have a non-uniform composition on a macroscopic scale
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(macrosegregation). Dispersed particles will have a different density and will tend to
cither sink or float. Particle behavior is also affected by the interfacial energy between
their surface and the melt, which determines if they are wetted by the melt.

Much of what goes on in a multi-component melt is affected by gravity, but some of the
more subtle interfacial effects are not. Yet these interfacial effects may play important
roles in many terrestrial processes, but are poorly understood because they are masked by
gravitational effects. Using microgravity as a tool to sort out the non-gravitational from
the gravitational effects may add to our understanding of how these processes operate,
which can lead to advanced materials with enhanced properties.

With the large computational capability that now exists, much use is being made of
computer modeling of solidification processes, particularly in the case of large expensive
castings. In principle, it is now possible to compute the temperature and compositional
fields as the casting solidifies and use these to predict the resulting microstructure,
provided we know all of the processes taking place, and also have accurate knowledge of
the thermophysical properties of the materials of interest. Unfortunately, many of the
thermophysical properties, such as diffusion coefficients and thermal conductivities are
not known for the molten state and are difficult to measure because convective transport
can easily influence the measurement. Therefore, there is great interest in using the
microgravity environment to make this type of measurements.

Normal freezing generally produces equilibrium phases, i.e., atomic configurations that
are the most ordered or have the minimum free energy. Recently, there has been much
interest in trapping non-equilibrium or metastable phases by various rapid solidification
techniques because of their interesting properties. For example, metallic superconductors
with the highest transition temperature (for metallic systems) such as Nb;Sn and Nb,Ge
have the so-called A15 structure, which is a nonequilibrium phase. Metallic glasses are
another example which are useful because their lack of grain structure makes them more
resistant to corrosion. Iron-based metallic glasses have found useful applications as high
efficiency transformer cores because the absence of grain structure makes it easier for
magnetic domains to move resulting in much smaller hysteresis losses.

It is possible to magnetically levitate metallic samples in microgravity so that they can be
melted and solidified without physical contact. Without a foreign surface to initiate
nucleation, a melt may be cooled several hundred degrees below its normal freezing
point. This provides an opportunity to measure properties of a melt in an undercooled
state. Knowing the viscosity and surface tension of materials in this state may provide
clues for more effective means for trapping metastable phases.

The alloy solidification experiments that have been performed of Spacelab generally fall
into three general categories: (1) experiments designed to understand how the
microstructure evolves during solidification, (2) studies of interfacial effects that control
the distribution of second phase particles, and (3) measurements of thermal physical
properties.
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Part of the interest in solidifying eutectics in microgravity arose from an experiment
performed by Larson, then at Gramman in Bethpage, NY during the Apollo-Soyuz
flight. Larson directionally solidified the MnBi-Bi eutectic system, which is a low
volume-fraction system in which the MnBi phase forms an aligned rod-like structure
instead of lamellae in the Bi matrix. The intermetallic compound, MnBi is an interesting
permanent magnet material and Larson was trying to improve its strength by using
microgravity to get better alignment in the MnBi rods. To his surprise, he found that the
rods were finer and more closely spaced than his ground control sample. Interestingly,
the samples he processed on Earth followed the Jackson-Hunt theory very nicely while
his space samples departed significantly from the theory. Subsequent tests using
magnetic fields on the ground to help suppress convection, gave results similar to his
flight samples. This seemed very strange because the Jackson-Hunt theory considers
only diffusive transport; no convection. Yet there are apparent departures from the
theory when convection is suppressed. Larson attempted to repeat his experiment on the
MSL-2 flight using Co-Sm, another important magnetic system. Unfortunately,
equipment problems prevented him from obtaining useful data.

Mueller and Kyr (Universitat Erlangen-Nurenberg) performed an experiment similar to
Larson’s on SL-1 and on D-1 using the InSb-NiSb pseudo-binary eutectic system. They
also performed the experiment in higher g-levels using a centrifuge. Their results were
similar to Larson’s; agreement with J ackson-Hunt theory when convection is present,
finer structure and spacing in the absence of convection. They found that the volume
fraction of the NiSb phase in their final solid was lower than their starting eutectic
composition and suggested that thermal diffusion (Soret effect) may have caused this
composition shift away from the eutectic and that this was responsible for the apparent
departure from the Jackson-Hunt law. The convective stirring in the 1-g sample
apparently does not affect the spacing between the phases, but does keep the bulk fluid at
more or less constant composition by simply overwhelming the Soret effect.

However, Favier and de Goer (CEA-CENG, Grenoble) directionally solidified Ag-Ge,
ALNi-Al, and Al,Cu-Al on TEXUS suborbital rockets and on SL-1. They found no
change in the lamella spacing or volume fraction for the Ag-Ge and the Al,Cu-Al
systems, but found coarser spacing and increased volume fraction of the minority phase
in the microgravity sample of Al,Ni-Al, just the opposite result of Mueller and Kyr. The
change in volume fraction again argues for the possibility that Soret diffusion may have
shifted the starting composition away from the eutectic composition , which could
explain the change in spacing.

Wallrafen and Dupré (U. of Bonn) attempted to directionally solidify LiF - LiBaF,
eutectic on D-2. In 1-g experiments, the component LiBaF; tended to accumulated in the
lower regions of the melt. The accumulation of the LiBaF, component was eliminated in
the D-2 samples, indicating the separation of this component must have been gravity
related rather than a result of Soret diffusion. No difference in volume fraction or lamella
spacing was observed between the space and ground samples.
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Tensi (Technical Universitat, Munchen) reported a reduction in interdendritic spacing
under microgravity conditions in hypoeutectic AlSil11 on D-2 and in AlSi7 on D-1 and
found no change in the volume fraction of the Si. These experiments were run with a
gradient of 15K/cm at growth velocities of 0.5, 1, and 2 mm/min. The 0.5 mm/min
produced a plane front solidification, while the others resulted in dendritic solidification.
The material between the primary dendrites had eutectic composition and the spacing of
the lamella in this interdendritic material was substantially less in the microgravity
samples. Since there was no change in the volume fraction , Soret diffusion was
apparently not effective in this system. Tensi argues that the increased spacing in the 1-g
sample is a result of micro-convection which increases the transport of material between
Jamella, thus increasing the effective diffusion length which results in the increased
spacing.

Ohno and Motegi (Chiba Institute of Technology) investigated a different aspect of
cutectic microstructure. Instead of directionally solidifying, they melted and cooled
hypo- and hypereutectic compositions of the Al,Cu system using the Continuous Heating
Furnace on SL-J so that they could compare the resulting microstructures in the presence
and absence of gravity. When the hypoeutectic Al Cu system is quenched in normal
gravity, the first-to-freeze primary Al dendrites, being less dense than the bulk melt, will
detach from the wall and float to the top. When the excess Al has been removed in this
manner, columnar grains of eutectic composition grow along the direction of heat flow.
In space, the primary Al dendrites simply remained on the wall and the remaining
cutectic formed columnar structures around them. Grains of primary Al,Cu are the first
to freeze in the hypereutectic composition. Being more dense, these primary Al,Cu
grains settle to the bottom. When the excess Cu is removed in this manner, the remaining
melt solidifies as columnar eutectic grains. In space, however, the primary Al,Cu
appeared along then walls, but no free Al,Cu crystals were observed. Small gas bubbles
were also found near the walls and larger ones in the middle of the final ingot. It was
speculated that these originated from adsorbed gas in the graphite crucible.

Interfacial Stability

As solidification progresses in a binary or multi-component system, the rejected solute
builds up in front of the solidification interface which has the effect of lowering the
freezing temperature at the interface since some of the component with the higher
freezing temperature has already been removed. However, the bulk melt away from the
solidification interface has the original composition, which has a higher freezing point.
Therefore, the freezing point of the melt rises from the lower value at the growth front to
the higher value of the bulk melt. Unless the imposed thermal field in front of the
solidification interface is everywhere higher than the local freezing point of this melt, the
melt is said to be constitutionally undercooled, which leads to an interfacial instability. If
a small portion of the growth interface is somehow displaced ahead and it finds the
Jocal freezing point to be higher than the local temperature, it will continue to advance.
Thus the interface will break down, first into a cellular pattern if the constitutional
undercooling is small, or into long finger-like projections if the undercooling is larger.
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The sides of these projections will also break down to form secondary arms, which in
turn can break down to from tertiary arms. The resulting structure resembles a fir tree,
hence the term “dendrite”.

A simple constitutional supercooling criterion (known as the CS criterion) was
developed by Rutter and Chalmers in 1953 (Can. J. Phys. 31 (1953) 15) that predicts the
ratio of the gradient required to stabilize the interface to the growth velocity for a given
solidification system. In 1964, Mullins and Sekerka (J. Appl. Phys. 34 (1964 323)
developed a more rigorous theory based on a stability analysis that included the liquid-
solid interfacial energy which can provide a stabilizing effect on the interface. Like most
theories concerning solidification phenomena, it was necessary to assume no convection
in order to simplify these analyses.

Carlberg (Mid Sweden University, Sundsvall, Sweden) used a multi zone furnace in a
Getaway Special (GAS can) on SL-J to solidify Ga-doped Ge using the gradient freeze
technique with Peltier pulsing for interface demarcation. In this process, the
solidification rate increases as the specimen is solidified. Carlberg was able to show that
the flight as well as ground based results were consistent with the predictions of Mullins
and Sekerka so long as the experiment was configured with little convection (vertical
with stabilizing thermal gradient). However, he was able to show significant departure
from the M-S theory as convection was increased.

Potard, Duffar, and Dusserre (CENG, Grenoble) devised a method for monitoring
conditions at the interface based on the heat being supplied and/or extracted from the
growth process. The latent heat of fusion being liberated as the crystal grows is
proportional to the growth rate as well as the area. Thus, if this heat can be measured, it
should be possible to determine the conditions at the growth interface. Three samples
were prepared for the Gradient Heating Furnace; one with pure InSb, one with pure InSb
but with a step area change, and one with doped InSb to produce an interfacial
breakdown due to constitutional undercooling. The ampoules were covered with super
insulation to provide an adiabatic radial boundary condition. Heat was introduced and
extracted through graphite plugs at each end of the ampoule. The heat flux meters consist
of adjacent fine wire thermocouples in the graphite plugs. The technique was
demonstrated in a semi-qualitative manner on the D-1 flight in that seeding and growth
transients could be identified and the measured heat fluxes were in reasonable agreement
with the mathematical models of the process.

A unique and highly sophisticated apparatus for studying details of the solidification
process was developed by Favier and coworkers at the CENG, Grenoble under a
cooperative program between NASA and the French Space Agency (CNES) and the
French Atomic Energy Commission (CEA). The official name is Materials for the Study
of Interesting Phenomena of Solidification on Earth and in Orbit or. Three 6 mm
diameter, 900 mm long samples are processed in parallel. Resistance and thermal
measurements are made on one sample while Seebeck voltage measurements are made on
another. Peltier pulsing is applied to the third sample to mark the solidification interface
for post flight analysis. The middle 500 mm of the samples are melted using two
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furnaces. One solidification front is kept stationary while the other is moved back and
forth to create a solidification front that can be move at different velocities. By
measuring the differential Seebeck voltage between the stationary and moving interface,
the kinetic undercooling can be determined as a function of growth velocity. At the
freezing point, a solid will remain in equilibrium with its melt indefinitely. This kinetic
undercooling is the driving force for continued solidification. The kinetic undercooling
will be small for plane front solidification, but since additional interfacial energy must be
provided as the plane front begins to break down, the kinetic undercooling must get
larger. Thus, the transition from plane front solidification to cellular growth can be
observed as a change in the Seebeck voltage and the critical growth velocity where the
plane front interface begins to break down can be determined accurately. Many
applications ranging from bulk growth of semiconductors to single crystalline turbine
blades require plane front solidification and it is important to know how fast they can be
solidified before this breakdown occurs. The MEPHISTO instrument, flown on USMP-
1,2,3, and 4 provided the first opportunities to perform a critical test of the Mullins-
Sekerka theory as well as to explore other important phenomena involved in the
solidification process.

Favier used the USMP-1 opportunity to explore the interfacial breakdown in Bi-doped Sn
and the USMP-3 opportunity to quantify the disturbance and recovery of growth interface
as a result of thruster firings. Abbaschian (U. Florida) used the USMP-2 and 4 flight s to
investigate interfacial stability on the other side of the phase diagram; i.e. Sn-doped Bi.
Unlike most metals that solidify in an atomically rough interface, which allows the
interface to form nearly along the local freezing line, Bi solidifies along crystalline
planes, which are seen as facets. The properties of a faceted crystal depend on the
direction relative to the crystal axis and are said to be anisotropic. The primary
motivation for the study of the solidification of a Bi-rich alloy was to test the extension of
the Mullins-Sekerka stability criterion to include the effects of anisotropy, which acts to
stabilize the interface against breakdown into cellular and dendritic growth.

Where single crystals of uniform composition are required, the interface can be stabilized
by applying a sufficient thermal gradient at the growth interface to prevent interfacial
breakdown. However, in most alloy solidification processes, the first-to-freeze dendrites,
surrounded by the last-to-freeze interdendritic fluid, determine the microstructure of the
resulting solid. Therefore, it becomes important to know how dendrite growth depends
on processing parameters so that one can engineer the desired mircostructure.

Nguyen Thi, and Li (University of Aix-Marseille ) with Billia, Camel, Drevet, and
Favier (CEA-CENG, Grenoble) investigated the transition from deep cellular to dendritic
microstructure. Three aluminum-lithium alloys with the same composition were
directionally solidified in the same temperature gradient but at three different velocities
in the GFQ. The microstructure of the solid-liquid interface was quenched in. The
cellular or dendritic pattern is then revealed by grinding followed by chemical etching on
longitudinal and/or transverse sections. Macrosegregation is determined by chemical
analysis and microsegregation by SIMS.
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A similar experiment was performed using the AGHF on the LMS mission. The samples
were A1-1.5wt%Ni. In this system, which can be stabilized both thermally and solutally
on the ground, influence of strong convective flows are seen in the 1-g sample.

Billia and Jamgotchian (University Of Marseille) along with Favier and Camel (Centre
D'etudes Nucleaires De Grenoble) investigated the effect of convection on cellular
growth on D-1. Samples of lead with varying amount of thalium were directionally
solidified above the morphological stability limit in order to cause the interface to break
down into a celluar structure. The microgravity sample exhibited very regular cellular
structures, whereas less regular structures are seen in the ground based control samples.
The more complex structures in the 1-g samples was attributed to the effects of thermo-
solutal convection. Because of thermal fluctuations in the flight furnace, the actual
growth rate is not known, thus relating the cellular spacing to growth velocity was not
possible.

Dendrite Formation

Whenever solidification takes place in a medium where the surrounding temperature is
lower than the local freezing temperature, the growth front can become unstable and
dendrites can form. This situation can occur either by constitutional undercooling in the
case of alloy solidification, or by the fact that a certain amount of undercooling is
required to nucleate the solid from either the melt or the vapor. A classic example of the
latter is the formation of ice dendrites (snow flakes). Their intricate shapes have
fascinated scientists and philosophers alike, and the study of their formation is the
confluence of pure physics from the point of view of pattern formation and material
science whose interest is in the evolution of microstructure in alloys.

Camel, Favier, Dupuy, and Le Maguet (CENG, Grenoble) studied the formation of
dendrites in hypo- and hypereutectic compositions of the Al-Cu systems at very low
solidification velocities (1 micron/sec with a gradient of 30°C/cm) on the D-1 mission. In
the ground control experiment in which Al-24Wt%Cu hypoeutectic composition was
directionally solidified in the vertical stabilizing configuration (stable with respect to both
thermal and solutal gradients), considerable radial segregation was observed and the
interdendritic spacing ranged from 350 — 450 microns. This is much less than the 1400
microns expected from scaling laws based on higher solidification rates. The flight
sample showed no radial or longitudinal segregation and the dendrite spacings were very
close to the expected scaled value. Apparently, in normal gravity considerable solutal
convection occurs in the extended mushy zone resulting from the low solidification
velocity. Multiple cross sections taken from the large dendrites in the flight sample
allowed, for the first time, the reconstruction of an actual dendrite formed in an opaque
system. The resulting reconstruction provided valuable information on the secondary and
tertiary arm spacing and on the ripening of the dendrite arms.

The McCays (University of Tennessee Space Institute) and coworkers team used the

ammonia chloride-water system as a transparent metal analog to study the effect of
convection on the dendritic structure of castings on IML-1. The mixture was cooled from
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the bottom, representative of a mold placed on a chill block. The growing columnar
dendrites were observed holographically as heat was extracted from the system. The
dendrites in the ground control experiment grew only half as fast as those in the flight
experiment and the mushy zone (the region where the dendrites are growing, which
consist of solid dendrites and interdendritic fluid) was much more dense in the ground
control. Even though the system is thermally stable (hot over cold), the convective flows
along the stalks of the dendrites greatly influence the concentration field in the growth
region and must be considered in any attempt to model such a system.

When liquid metal is poured into a mold, columnar dendrites grow from the chilled
surface, into the melt. In most cases, it is desirable to have small equiaxed dendrites
throughout the final casting to form a fine-grained structure. In practice, this is
accomplished by adding innoculants to the melt in order to promote the nucleation of
small grains ahead of the solidification front. These grains will grow dendritically in all
directions, thus forming equiaxed dendrites. Dupouy, Camel, Botalla, Abadie, and Favier
(CEA, CEREM, Grenoble) investigated the transition from columnar to equiaxed growth
in by directionally solidifying Al-4Wt% Cu alloy with an Al-Ti-B grain refiner on the
LMS mission. A simple theory proposed by Hunt (Mater. Sci. Engr. 65 (1984) 75)
relates the transition to the undercooling, the thermal gradient, and the number of nuclei,
but ignores the effects of convection and the buildup of the solute boundary layer in front
of the advancing solidification front. The purpose of the space experiment is to decouple
the convection effects from the solute build up in order to develop corrections to the
theory. The experiments showed a continuous transition from a purely equiaxed to an
anisotropic microstructure and the transition departed significantly from the Hunt model.

Similarly, Sato (National Research Institute for Metals, Japan) used TiB, particles as a
grain refiner in a TiAl - based alloy on IML-2. The TiB2 particles all settled to the
bottom of the 1-g when it melted and the resulting structure consisted of columnar
dendrites. A uniformly distributed equiaxed grains resulted in the flight sample.

Glicksman and co workers at RPI carried out a series of precisely controlled dendritic
growth experiments on USMP-2,3, and 4 to investigate the fundamental theories of
dendrite growth. Instead of investigating dendritic growth in constitutionally
undercooled systems, these experiments observed the growth of dendrites in pure
transparent organic systems at undercoolings ranging from 0.05 to 2.0 K. This choice of
systems, succinonitrile for the first two experiments and pivalic acid for the third
experiment, allowed real time observations of the actual growth of the dendrites so that
precise measurements could be made of the growth rate and tip geometry in systems that
were analogs of metal solidification. Succinonitrile crystallizes in a body-centered cubic
structure and pivalic acid crystallizes in a face centered cubic structure. Both systems
have unusually low entropies of fusion, more typical of metals than of organics.

One of the governing factors in the growth of these thermal dendrites is the heat flow
from the dendrite to the surrounding melt. An exact solution the conductive heat flow
problem had been obtained by Ivantsov for a parabolic shaped dendrite which relates the
product of growth rate and tip radius to the undercooling. However, there seems to be no
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fundamental relationship between the tip radius R and the growth velocity V. The
question becomes, how does nature select a unique operating state? Experimental
observations of pure systems suggest that V RZis either a constant for a specific material,
or a weakly varying function of the undercooling. A large body of terrestrial data has
been taken on several systems, but convection effects, especially in the crucial region of
low undercoolings where the growth rate is comparable to the convective flow velocities,
has not been able to provide an adequate test of the selection rules governing this process.
This was the motivation behind this set of flight experiments.

The microgravity experiments show that convection increases the growth rate by a factor
of 2 for undercoolings less than 0.5 K, and are still significant for undercoolings up to 1.7
K. The measured product of tip radius and growth velocity in microgravity falls much
closer to the Ivantsov solution than the terrestrial data. The slight deviations maybe
attributed to the formation of side branches on the dendrites, possible wall effects from
the growth chamber, and the fact the observed shape of the dendrite tip is a slightly
different shape from the parabola assumed in the Ivantsov solution. Now that the heat
transfer away from the growing dendrite is properly accounted for, the physics of shape
selection can be approached with reliable data.

In addition to establishing the data required to under the fundamentals of dendritic
growth, the large number of highly detailed photographs of dendrites growing under
carefully controlled and well documented conditions are being shared with researchers at
other universities interested in studying other aspects of dendrite growth such as the side
arm growth rates and spacing.

Herlach, Barth and Holland-Moritz (DLR, Koln) with Flemings and Matson (MIT) used
the TEMPUS facility on MSL-1R to study dendrite formation in undercooled Ni and Ni-
0.6At% Cu. Discrepancies between observed dendrite growth velocity and predictions
using the Boettinger, Coriell, and Trivedi (BCT) model (in Rapid Solidification
Processing, Principles and Technologies IV Ed. Mehrabian and Parrish, Claitor’s, Baton
Rouge 1988) were believe to be due to convection, especially at low undercoolings where
the growth velocity id on the order of the flow velocities. Surprisingly, the flight results
did not show any significant difference .

Coarsening

Coarsening is of major importance in the evolution of microstructure of alloys,
particularly dispersion hardened alloys in which the added strength provided by the
dispersed phase declines rapidly if the particles grow past a critical size. Coarsening is
driven by the excess interfacial energy in a finely dispersed second phase, which could
be lowered if fewer larger particles were present. The melting point of a small particle is
Jower than a larger particle of the same composition (Gibbs-Thompson effect) so the
smaller particles dissolve to feed the growth of larger particles (the rich get richer at the
expense of the poor). The process was first recognized by Ostwald and is known as
Ostwald ripening. The mathematical details were worked out independently by Landau
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and Slyozov and by Wagner and is known as the LSW theory. One key result of the
LSW theory is that the cube of the average particle radius varies directly with time
according to

R(t)* - R(0)® = K gy t

Where R(0) is the initial average radius and is a constant which contains the relevant
material properties such as the interfacial energy and diffusion coefficient. However, the
classical LSW analysis is based on a mean field theory that ignores the finite volume of
the dispersed phase. Various attempts have been made to formulate a correction for finite
volume, which give widely varying results. However, all of the corrections retain the R?
relationship and differ only in how the K(¢) / K,y varies with volume fraction, ¢.
Furthermore, there has not yet been a definitive test to differentiate between these various
theories.

On S1-1, Kneissl (Montanuniversitat Leoben, Austria) and Fischmeister (Max Planck
Institut fur Metallforschung, Stutgart) took a different approach to the study of
monotectic systems. Instead of cooling from above the consolute temperature into the
immiscible region in microgravity, they prepared samples of Zn with small volume
fractions of Pb on Earth by rapid quenching. These were heated into the two-liquid phase
region in space, thus avoiding the nucleation and possibly the critical wetting that occurs
when cooling through the immiscible region. The massive phase separation seen by most
of the other experiments with hypermonotectic systems was avoided and they were able
to study the coarsening of the dispersed particles. Kneissl and Fischmeister observed
considerable coarsening of the dispersed phase. The distribution of the smaller particles
resembled the classical LSW theory, but there were more larger particles than the theory
predicted. The mechanism for producing these larger particles was not clear. A
substantial increase in coarsening rate with increasing volume fraction was observed, but
scatter was too large to make a definitive conclusion. A similar experiment was
conducted on D-1 by Ratke, Theiringer, and Fischmeister (Max Planck Institut fur
Metallforschung, Stutgart) using the Al-In system. However, technical problems
prevented useful data return.

Alkemper, Snyder and Voorhees (Northwestern University) attempted such a definitive
experiment on the MSL-1R flight. They dispersed 10 micron Sn particles in a Pd-Sn
eutectic alloy and heated the samples at 2°C above the eutectic temperature for a
predetermined period of tome and then quench to room temperature. The sample were
later cut into sections and the particle size distribution measured with a digital scanning
camera with a microscope objective. The lighter Sn particles all floated to the top in the
ground control sample, as would be expected. The flight sample yielded K-values of
2.47, 3.3, and 6.9 micron®/s respectively for volume fractions of 10%, 20%, and 70%.
Difficulty was encountered, however, in determining the K, 5w, corresponding to 0
volume fraction. Voorhees used the grain-grove technique developed by Hardy at NITS
to determine the interfacial energy between the solid and the melt and obtains K, sy =
1.01 microns®/sec. The resulting values for K(¢) / K sy exceed the predictions of all of
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the theories by a factor of 2. The measurements of the physical constants used to obtain
K, are being reviewed.

Liquid Phase Sintering

Liquid phase sintering (LPS) is a widely used process for forming composites containing
refractory particles such as tungsten, Re, or various carbides in a metal matrix. Sintered
products include cutting tools, bearings, contact points, and other irregularly shaped parts
where it is desirable to combine extreme hardness with the toughness and thermal or
clectrical conduction of the metal matrix. The refractory particles are combined with the
metal matrix powder and isostatically pressed and heated to above the melting point of
the host phase. If proper attention is pa