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ABSTRACT

This report is a summery of the work done on NASA contract NAS 8-31529.
During this project the trapping and behavior of gas bubbles were studied
during low-gravity solidification of carbon tetrabromide, a transparent,
metal-model material. The flight experiments were performed during two
NASA-sponsored sounding rocket flights (SPAR I and SPAR III) and involved
gradient freeze solidification of gas saturated melts. Gas bubbles were
evolved at the solid-liquid interfaces during the low-gravity intervals. No
large-scale thermal migration of bubbles, bubble pushing by the solid-liquid
interface, or bubble detachment from the interface were observed during the
low~-gravity experiments. During the SPAR III experiment, a unique bubble
motion-flui’ flow event occurred in one specimen: a large bubble moved
downward and caused some circulation of the melt. The gas bubbles that were
trapped by the solid in commercial purity material formed voids that had a
cylindrical shape in SPAR III, in contrast to the spherical shape that had
been observed in SPAR I. These shapes were not influenced by the gravity level
(10-4 g, versus go), but were dependent upon the initial temperature gradient.
In higher purity material, however, the shape of the voids changed from
cylindrical in one-g to spherical in low-g. Several ground based experiments
on bubble migration were also performed. The results showed a profound
effect of sample purity on bubble behavior and provide an explanation of the

low-gravity observations.
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INTRODUCTION

This memorandum presents the results of an experiment designed to investigate
the behavior of bubbles at a solfidification interface and in the melt ahead of

the interface in a "low-gravity" environment (g <10—4

g,» where 8, = 980 cm/sz).
The experiment was performed on a sounding rocket flight in December 1976 as

part of the NASA Space Processing Applications Rockets Project (SPAR). Also
reported are the results of laboratory experiments that were performed to further
characterize the specimen material (CBra), and the results of laboratory tests
simulating the unique environment of a sounding rocket flight. The results of

a prior experiment in this program have been reported previcusly (Ref. 1).

The impetus for this research stems from the need to develop techniques
for bubble management during crystal growth or metallic solidification processes.
When these processes are performed terrestrially, the gravity generated buoyancy
force causes bubbles to move and can be employed to remove them from the melt,
In low-gravity, however, the buoyancy force is significantly reduced. For small
bubbles, the terminal velocity is directly proportional to gravitational
acceleration, thus at g = 10—4 g, bubbles are virtually static (Ref. 2). In
addition, low gravity is expected to favor easier bubble nucleation due to the
reduced hydrostatic head, decreased free convection, and increased dispersion
of foreign particles (Ref. 3), Easier nucleation and reduced mobility should,
therefore, be characteristic of bubble behavior during materials processing
operations in low-gravity. In fact, several experiments have alnéadﬁ‘vb§€¥§éd
such effects (Refs. 4-7). “.

Two potential "low-gravity" bubble management techniques are the pushing
of bubbles by solid-liquid interfaces and the motion of bubbles in a temperature
gradient. Both of these phanomena were addressed in this experiment. Briefly,
terrestrial experiments have shown that small bubbles can be pushed by slowly
moving interfaces (d = 0.1mm, R = 5um/s) (Ref. 8), and considerable literature
exists on the influence of processing variables on the inclusion of bubbles
(porosity) during casting or crystal growth (Refs. 9-18). Similarly, thermal
migration of bubbles can be demonstrated in the laboratory (Ref. 19), and
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previous experiments have shown that an inverse temperature gradient can counter-

balance the terrestrial buoyancy force on a bubble (Refs. 20, 21). With the
exception of our SPAR I experiments (Ref. 1), no studies of bubble-interface
interaction in low-gravity have been performed, and despite several demonstra-
tions of Marangoni flows in low-gravity (Refs. 22, 23), no one has yet

shown that bubbles will migrate in a temperature gradient in the absence of
gravity. Reasonable doubt exists as to whether thermocapillary forces will
cause bubble motion in low-gravity either in pure one-component fluids or in

impure systems with surface active species present.

The approach taken in this experiment was an extremely simple one inyolying
gradient freeze solidification of a gas-saturated, transparent. low entropy
of fusion material. Solidification in such materials has been found to be a
good simulation of solidification in metals (Ref. 24). During solidification,
the liquid phase becomes enriched in rejected (gaseous) splute which eventually
nucleates as a bubble at or near the solid-liquid interface. The subsequent
behavior of the bubbles was observed during the "low-gravity" coasting phase
of a sounding rocket flight by sequential photographs.

EXPERIMENTAL PROCEDURE

Apparatus

The same apparatus was employed for this flight as had been used on SPAR I.
Details of the design and aonstruction were given previously (Ref. 1). In
brief, the apparatus was a self-contained rocket-qualified unit that provided
for gradient freeze solidification of four samples contained in 10mm OD x 100mm
long pyrex tubes. A stable, linear temperature gradient was allowed to decay
during the flight, thereby causing the sample to solidify. The apparatus was
slightly modified for this flight in order to increase the starting temperature
gradient to 20°C/cm while preserying the same freezing rate (10 to 20um/s).

Progress of the experiment was recorded using a motorized 35mm camera.

® m.j
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Specimen Preparation

Carbon tetrabromide, a transparent, low entropy of fusion compound was
again chosen as the specimen material. Despite the disadvantages of CBrA. the
same material was flown again to provide a valid comparison to the SPAR I
results. Filling of the sample tubes with CBrA was effected in a manner
identical to that described earlier (Ref. 1). For this flight, all of the
specimens were saturated with nitrogen. Three of the four specimens (A, B and
C) were commercial purity (CP) CBrA, and the other (D) was zone refined (ZR)
CBrA. As an indication of the purification effected by zone refining, the
in CC1, at 417 nm

4 4
was reduced from 0.064 to 0.009. Bromine is thought to be the impurity

relative optical absorptivity of a 0.76 M solution of CBr

responsible for this coloration; its concentration was substantially reduced
by zone refining. The other major residual impurity was bromoform.

Complete details of the purification procedures and results are given else-
where (Ref. 25). This material is unusually difficult to purify because

it decomposes at its melting point. The rate of decomposition is greatly
reduced by shielding the sample from light, but it cannot be completely

suppressed.

Experimental Sequence

The intended sequence of operations for this experiment was:

to - 45 min heater on

to ~ 4 min heater off

to launch

to + 100s camera starts
to + 300s camera stops

During the 45 minute preheat periody a stable temperature gradient of
20°C/cm was established along the sample tubes with the solid-liquid inter-
face in the field of view of the camera. We chose to hegin cooling the sample
before launch because ground base experiments had shown that several minutes
were required for a stable cooling rate to be established after the heaters

were shut off.

[



RESULTS

Initial Observations

The rocket flight was successful and the apparatus functioned perfectly.
The telemetered data show that the camera began operating at to + 100s and
took pictures at a rate of 1.08 frames/s. Figure 1 is the second frame of the
flight film (t = 101s). Payload despin occurred at about 65s, and all acceler-
ations were below 10—3 g, at 78s. Between 85 and 338s no accelerations greater
than 10-4 g, were present. Preliminary observations showed that numerous small
bubbles were present in the liquid portion of specimens A, B and C; some
solidification had already taken place; cylindrical wvoids were being formed
in specimen C; and the solid-liquid interface in specimen D was more planar than
in the other specimens. Subsequent frames of the film show that the cylindrical
voids continued to grow, the small bubbles remained statiomary, and towards
the end of the flight a large bubble at the top of B moved downward along one
side, causing gentle circulation of the melt (as shown by movement of small
nearby bubbles). To aid in reconstruction of the dynamics of the flight ex-
periment, a 16mm cine film was made from the 35mm x 226 exposure flight film.

Growth and Morphology of Voids

Figures 2 and 3 are a sequence of photographs of specimens B and C,
respectively. They show how solidification proceeded during the low-gravity
interval. The figures show that gas bubbles were generated at the solid-liquid
interface and were incorporated into the solid in the form of voids. There
is no evidence of pushing of bubbles by the interface. The voids in specimens
A, B, and C were cylindrical in shape. The growth direction of the voids
was upward and sharply inclined toward the center of the specimen. The locus
of the inner ends of the voids defines the solid-liquid interface, which
appears to have been roughly hemispherical and concave towards the liquid.
Bubbles nucleated repeatedly, apparently near the periphery of the sample.
Transmission optical micrographs of specimens A, B, and C show that the
cylindrical voids have uneven surfaces and usually being at a small (approximately
0.05 to 0.1 mm diameter) faceted, roughly spherical void (Ref. 26). Some

small spherical voids were also present that did not give rise to cylindrical

4
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voids. From stereoscopic observation, it can be seen that the voids are
totally enclosed by CBrA. Many of them are situated at a small distance
(approximately 0.1 mm) in from the outer (cylindrical) surface of the sample.

The fourth specimen, D, does not show the same inclined cylindrical woid
morphology. Some large voids with a generally spherical morphology were grown
in. They are, however, much less distinct that the spherical voids observed in
SPAR I. It is also evident in Fig. 1 that the interface of specimen D was more
planar and more distinct that the interface of the other three specimens.
Specimens A, B, and C had a more extensive mushy zone than specimen D. This

is a consequence of the higher purity of specimen D.

Several voids were also observed in specimens grown during ground base
simulation experiments before the flight. These vonids were of a cylindrical
morphology with the axis of the cylinder parallel to the growth direction
(upward). Small spherical voids were occasionally observed during laboratory
simulations, but, in general, cylindrical voids predominated. The number
of voids present was small. These observations also held true for the ZR

material.

During ground base simulation experiments bubbles were periodically nucleated
at the solid-liquid interface. They remained there and grew larger until they
reached a critical size of approximatley 0.5 to 1 mm, whereupon they detached
from the interface, floated upward, and dissolved in the melt or came to rest
at the top of the sample tube. Most of the ga; which was evolved at the
solid-liquid interface escaped in this manner. Thus, the total volume of
voids grown into the ground base simulation specimens was far less than that
in the flight specimens. This observation was confirmed by X-radiography of
the flight and ground base specimens.

Bubble Phenomena

As a consequence of the dendritic nature and concave shape of the solid-
liquid interface, it is difficult to resolve details of the bubble-interface
interaction. However, from close inspection of the photographs and microscopic
observations of the low-g processed specimens, it seems that large scale, long

distance (= 1 mm) pushing of bubbles did not occur. Evidence for pushing



would have been direct observation of bubble motion at the interface or

observation of a band of bubbles at the end of the low-g processed material.

A great number of small bubbles were present in the liquid portion of the
specimens. There were approximately 400 small (approximately 0.1 mm diameter)
bubbles in specimen A, 75 in specimen B, 300 in specimen C, and none in specimer
D at the beginning of filming. Also visible toward the top of the viewing
slot was the lower portion of a large (approximately 4 mm diameter) bubble in
specimens B and D. Examination of Figs. 2 and 3 shows that most of the
bubbles appear to have been stationary throughout the experiment, but increased
in size. Close examination using transparent overlays and repeated viewing
of the 16 mm film confirms that none of the bubbles in A, C, and D moved.
Motion of the order of 0.1 mm would have been detected. Significant bubble
motion occurred, however, in specimen B, as can be seen in Fig. 2. The
direction of bubble motion in B was complex, and the motions occurred in two
stages. During the interval between t + 100 and t + 160s, the lower edge of
the large bubble moved downwerd by 0.5 mm. The small bubbles in the center of
the liquid region also moved downward, but some small bubbles moved upward
and others moved sideways. The small bubbles only moved approximately 0.2 mm.
Almost no bubble motion occurred between 160 and 260s, but at 260s the lower
edge of the large bubble began to move downward again. The small bubbles also
moved: Those in the center of the field of view followed a curved trajectory
downward and to the right; those at the top, very near to the large bubble,
moved upwards. The large bubble moved 1.3 mm, and the small bubbles moved be-
tween 0.3 and 1.1 mm. When viewing this motion speeded up by a factor of 24
on the cine film, one has the distinct impression that the small bubbles were
swept along in a fluid flow that was driven by the motion of the large bubble.

The diameters of several bubbles in specimen B were measured every tenth
frame. Typical results are plotted in Fig. 4, with a least squares straight
line fit to the data. 1In general, the bubble diameters increased linearly
with time and doubled in the 200s of observation. Bubble diameters were not
measured in specimens A and C, but had the same qualitative behavior. This
behavior is in contrast to that of SPAR I in which bubbles were observed to
disappear during the first 100s.
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DISCUSSION

There are several important aspects of these results. Among them are the
greater void density observed in samples solidified in the absence of gravity;
the observation that an initial temperature gradient of 20°C/cm did not cause
bubbles to detach from the interface or migrate through the liquid; and the fact
that significant bubble pushing by the interface did not occur. These results
reinforce the similar observations that were made on SPAR I with an initial
temperature gradient of 5°C/cm (Ref. 1). In addition, several laboratory
simulations and theoretical calculations were made in order to assist in
interpreting these data, as described below.

Some question exists about the effect of rocket despin at 65s on the pre-
launch temperature gradient in the liquid portion of the sample tubes. Per-
haps the abrupt deceleration (3.5 to 0.2 rev/s in 0.5s) caused fluid motion
vigorous enough to level the temperature gradient and hence remove the driving
force for thermocapillary motion. Circumstantial evidence tends to discount
this possibility (as discussed in Ref. 1); however, laboratory simulations were
made to measure the extent of the effect. The flight a, -aratus containing twe
specimen tubes with six thermistors each in intimate contact with the hot
liquid was spun and despun. Results from these tests showed that spin-up
caused temperature shifts to occur in the liquid, but that these changes were
largely recovered upon despin (Ref. 27). The maximum effect observed was a
25% reduction of the 20°C/cm gradient to about 15°C/cm. As discussed more
fully earlier (Ref. 27), one might expect a greater change to occur in an
actual rocket flight because despin would take place in the abse:ce of a sta-
bilizing, vertical acceleration (gravity). However, the results of these tests
clearly show that despin does not cause turbulent mixing to occur, but,
rather, preserves the density stratification. However, the despin does reorient
the direction of the stratification (i.e., density/temperature gradient).

This is thought to be the reason why the growth interface 1s concave toward

the liquid in the flight experiment, whereas it was found to be flat in ground
base simulation. In sum, therefore, the effect of despin is to reduce somewhat
and reorient the temperature gradient in the liquid portion of the sample; t'.
initial temperature gradient is not eliminated by despin.



Void Morphology and Density

Gravitational forces did not appear to affect the void morphology in spec~
imens A, B and C from this flight. Cylindrical voids were observed in both
laboratory simulations and the flight experiment. Likewise, all of the specimens
from SPAR 1 displayed spherical void morphology whether processed in the
laboratory or in a weightless environment. The exception to this observation
is specimen D for SPAR III, This zone-refined material produced only one or
two vertical cylindrical voids when processed in the laboratory, but spherical
voids were grown in during flight. Previous woi« in this area has related
void morphology to freezing rate (Refs. 9, 12, 14, 16, 17) concentration of
dissolved gas (Refs. 11-14, 16) external pressure (Ref. 12), and convection
(Ref. 18). It is generzlly held that with all other parameters constant,
low freezing rates lead to bubble pushing; intermediate freezing rates give
cylindrical voids; and high freezing rates produce spherical voids (Ref. 9).

If the rate of gas evolution at the interface depends on the solidification rate,
then this simple picture is no longer valid (Ref. 17). The critical velocity
for bubble pushing varies from system to system and has not been widely studied,
but is thought to be farily low, approximately 5 um/s for a planar interface
(Ref. 8). A comparison of our flight and ground base results shows that the

void morphology seems to be more affected by a change in temperature gradient,

G, than by a change in growth rate R, i.e., spherical voids observed with

G = 5°C/cm, R = 2.5 to 14 ym/s, cylindrical voids observed at G = 20°C/cm,

R =10 to 25 um/s. It seems therefore, that G, the temperature gradient in the
liquid, is a potent factor in determining void morphology in CBra.

Our results also show that, in general, the gravity level had little
effect on void morphology except for the zone refined material processed on
SPAR III (specimen D). The major difference between this sample and the others
is a narrower mushy zone. The interface is still dendritic since it was not
possible to reduce the impurity content below the minimum for constitutional
supercooling, but the thickness of the dendritic zone was considerably reduced.
One might speculate that a gas bubble confined to an interdendritic channel
and forced upward by buoyancy is more likely to develop into a cylindrical
rather than spherical void, but our data are too sparse to allow an under-
standing of the effect.
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The greater number of voids observed during low gravity solidification on
SPAR I and SPAR IIT might be simply explained. If the same quantity of gas
were evolved and the same number of bubbles nucleated irrespective of
gravitational forces, then one expects more voids in the low-g specimens
because of the lack of buoyancy forces. The buoyancy forces detach bubbles
from the interface and sweep them out of the liquid. However, the absence of
gravity can also lead to an enhanced nucleation rate because of the reduced
hydrostatic head (Ref. ). This effect may be significant in heterogenous
nucleation and is routinely exploited in molten metal degas~ing operations (Ref.
10). An enhanced nucleation rate could explain the extremely large number of
voids observed in A, B, and C of SPAR III. In particular, Fig. 3 shows that
many voids originated at bubbles which were nucleated shortly aft_r solidifi-
cation began. Measurements of void length and knowledge of the growth rate
show that the voids first appeared at t, + 70s, which coincides with
establishment of low gravity. Also, it was observed that the voids in the
low-gravity specimens were nucleated repeatedly and at many locations along
the interface, whereas in one-g a far smaller total number of gas bubbles
are nucleated. Further, the large number of bubbles in the liquid portion

may also be evidence of enhanced nulceation in low-gravity as mentioned below.

Bubble Growth and Motion

The fortuitous presence of so many small bubbles in the liquid portions
of A, B, and C is useful for the purpose of this experiment, but raises a question
about their origin. They must have been generated sometime in the 100s
interval between launch and the start of picture taking. Three possible
explanations are as follows: (a) the bubbles were released by the solid while
being melted back by the spinning liquid and subsequently dispersed by fluid
flow; (b) the bubbles were nucleated spontaneously due to the reduction of
hydrostatic head upon attainment of low-gravity; or (c) the bubbles were
nucleated by : particular vibrational frequency of the rocket motor. It is
thought that (a) is unlikely since there were an extremely large number of
bubbles, they were uniformly distributed throughout the liquid, and they were
not situated on the tube wall as might be expected if they were dispersed
by despin. It is not possible to distinguish between (b) and (c).



The existence of these small bubbles and their subsequent growth shows
that they were in equilibrium with the liquid. In ground base experiments the
opposite situation waé observed, i.e., some bubbles released by the growing
solid were seen to dissolve in the liquid during their rise to the top. The
low-gravity behavior may have occurred because of the cooling of an initially
saturated liquid or it may be a gravity related effect. Larson (Ref. 28) has
shown that the reduction in hydrostatic head which occurs under gravity-free
conditions can be accounted for by considering a reduced pressure regime in the
P~-T-X equilibrium diagram. When this is done, a liquid + gas two-phase
equilibrium region can be encountered. Thus, a single phase liquid can, upon
reduction of the applied pressure or hydrostatic head, transform to a
liquid and gas mixture. Reduc.ion in the hydrostatic head in order to allow
gas phase formation is common practice in degassing of molten metals (Ref. 10).
Variations in the total internal pressure from ampoule to ampoule and variations
in the temperature in different locations in the liquid could then give rise
to the observed variations in bubble densities. Bubbles never nucleated in the

liquid during one-gravity simulation tests.

Growth of the bubbles during low-gravity occurred with a linear dependence
of the radius on time (Fig. 4). If the growth had been controlled by diffusion
through the liquid, a % dependence should have been observed; however, a linear
growth law is to be expected in the case of Intertacial control of mass trans-
port (Ref. 29). Interfacial control of the movement of dissolved gases into
bubbles is often observed in steelmaking when surface active impurities are
present (Ref. 30). The situation during the rocket experiment is complicated
by the continuous cooling of the melt which changes the supersaturation thereby

altering the growth kinetics.

The absence of any uniform, thermally driven bubble motion in the liquid
portion of our specimens 1is consistent with the initial observations made on
SPAR I. We are nct able to ascribe this immobility to the lack of gravity
vecause we think thot a sufficient quantity of impurity was present to con-
taminate the bubble surface and arrest the flow. Earlier suppositions (Ref. 1)
that thc bubbles were Immobilized by being in contact with the ‘ube wall have

been discounted because of the observation of nonuniform bubble motion in

10
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specimen B. The bubbles were free to move. In addition, the flight film shows
that the advancing interface obscured the bubbles. Therefore the bubbles were
on the far side of the interface and couldn't have been against the nearer

tube wall. 1In addition, the surfaces of the returned samples were smooth with
no surface voids, i.e., all of the bubbles were totally enclosed by CBr4.

Other doubts about the absence of a temperature gradient in the liquid (Ref. 1)
have been allayed by the spin table simulations mentioned above and in Ref. 27.

To investigate the effect of impurities on the thermal migration of bubbles,
a series of simple laboratory tests were performed. These experiments are
described more fully in Ref. 31, but mainly consisted of obs2rving the effect
of a temperature gradient on a bubble trapped in a horizontal tube. Pyrex
sample tubes, 10 mm diameter by 100 mm long, were incompletely filled with
various low-entropy of fusion organic materials. They were placed in the heat
leveler block, turned to a horizontal position, melted, and brought to a stable,
isothermal condition. The vapor bubble, 5-10 mm long by a 2-4 mm deep, which
was present in the tube, was then brought to the center of the tube by mechanically
leveling the heat leveler block (similar to the action of a carpenter's level).
After static equilibrium was assured, the temperature of one end of the sample
tube was raised by increasing power to one set of heaters, and the behavior
of the bubble was monitored. In CBrA (melting point, T = 91°C, vapor
pressure, Pm = 46 torr) the bubbles were generally immobile and their
migration behavior was erratic and inconclusive. For commercial purity
camphene (Tm = 51°C, Pm = 20 torr), we observed consistent migration of the
cold end at low values of AT/AX (= 1°C/cm) and subsequent migration to the hot
end when AT/AX reached = 3°C/cm. For partially purified camphene (5 pass zone
refined), the bubbles were much less mobile than the CP material, but
eventually moved to the hot end at high AT/AX. Bubbles in commercial purity
succinonitrile ('1‘m = 58°C, Pm = 0,1 torr) were generally immobile, but
bubbles in succinonitrile of extremely high purity (supplied by M. Glicksman)
were very mobile and consistently migrated to tae hot end as soon as any
temperature gradient was imposed. These ground base experiments were subject
to the effects of buoyancy driven convection, and therefore the interpretation
of observations of migration to the cold end of the tube is not unequivocal

(see Ref. 31), but it is reasonable to conclude that impurities play a potent

11



role in determining the response of bubbles to thermal gradients and that the
bubbles in our flight experiments with CP and ZR CBrA were subject to the influence
of such impurities.

The observation of nonuniform bubble and fluid motion in sample B is puzzl-
ing. It seems clear that the downward motion of the large bubble caused
displacement of fluid which in turn caused the smaller bubbles to move. The
most likely driving force for the motion of the large bubble is surface tension,
but the bubble moved from hot to cold. This is similar to some of the ground
base observations mentioned above and is also reminiscent of observations of the
motion of two phase inclusions in salc crystals, which also go from hot to cold
(Ref. 32 and 33). The mechanism in that case was complex, involving evaporation
and condensation. Alternatively, surface active impurities whose absorption
is thermally activated can cause the temperature dependence of the surface
tension to change sign (Refs. 34-36); this would result in a reversal of the
predicted direction ot motion. One of these mechanisms or modifications
thereof might explain the motion of the large bubble. Alternatively, nonuniform
wetting of the glass wall might have caused the motion. Bubble coalescence
could not be the driving force becanse the observed motion was relatively uniform
and low velocity, rather than abrupt and rapid. Likewise, shrinkage due to
solidification and conling could be expected to account for a maximum uniform
downward motion of about (0,04) (6 mm) = 0.24 mm. The motion observed in sample
B was much greater. Similarly, downward motion of the liquid is sometimes
observed during directional solidification of plastic crystals; this is thought
to be caused by aspiration of the melt into cracks and cavities which occur
during cooling of the solid. This mechanism should, however, lead to a relatively

uniform downward motion of liquid.

The forces imposed by nonuniform surface tension increase as the size of
the bubble increases; therefore, larger bubbles should move before smaller
ones. In view of our laboratory observations of erratic bubble migration
behavior in CBra, it is perhaps not surprising that we saw bubble migration
in only one of the four samples and that the bubble moved in the "wrong"
direction. In retrospect, however, a sample material in which bubbles show a
consistent and predictable response to thermal gradients would have been more

satisfactory.

12
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Subsequent to these observations, the film of SPAR I was reviewed at
high speed. It was noticed that the abrupt coalescence of two large bubbles
at the interface of one sgecimen caused a smaller bubble in the liquid to move
a stort distance (approximately 0.2 mm). Thus, we have another event in which
the motion of a large bubble caused fluid flow and hence pushed neighboring
sns .1 bubbles —- although the driving force in this instance was obviously
coillescence. These observations document a source of fluid flow in low-gravity;
nawely, fluid motion due to bubble coalescence or due to the motion of large
bubbles.

Since bubbles did not migrate through the liquid phase, it is unlikely
tha: they would have been pulled off the solid-liquid interface by the thermal
graiient. A calculation was made of the conditions under which thermocapillary
forces would have been sufficiently strong to cause departure (Ref. 37). The
results of this calculation show that, for the conditions present on SPAR III,
the bubble diameter would have had to exceed 40 mm for departure in low-g as
conmpared to 0.5 mm for departure in one-g. Alternatively, increasing the
.emperature gradient to 100°C/cm would have caused departure of a 2 mm bubble
in low-g. These calculations did not take into account any impurity effects.
These results indicate that thermal gradients may be of limited utility in low-

g avity bubble management schemes.
SUMMARY

1. Specimens of nitrogen-saturated CBrA contained a larger total volume of
trapped gas bubbles when solidified in a low-gravity environment. This

is attributed to the absence of buoyancy forces.

2. In genersl. a larger number of trapped bubbles were present in the
low-gr /ity specimens. This is indicative of easier bubble nucleation

in .ow-gravity.

3. The morphology of grown-in voids (trapped bubbles) was found to be
dej endent upon *the applied temperature gradient. A temperature gradient
of 20°C/cw resulted in cylindircal voids, whereas a gradient of

5°C/cm resulted in spherical voids, all other things being equal.

13
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The void morphology was dependent on gravity in the case of zone

refiined material only.

An initial temperature gradient of 20°C/cm did not cause bubbles to
detach from a liquid-solid interface or to migrate to the hot end in
liquid CB14 in low-gravity. Variable or inconsistant bubble migration

behavior is to be expected for impure materials.

Solidification interfaces in CBr4 were not able to cause long distance

(greater than 1.0 mm) pushing of bubbles in low-gravity.

Motion or coalescence of bubbles can cause significant fluid flow in

weightless liquids.
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Fig. 1 Appearance of the specimens at 101s after lift-off. The specimens
are designated A through D from left to right. The lower, bright
portions are solid and the upper, dark portions are liquid. Fiducial

grooves ia the heat leveler block are spaced 10 mm center to center.
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Fig. 2

SPECIMEN C

122 142

162 182 202

222 242

Montage photograph of the growth of specimen B during SPAR 111,
The time from lift-off is shown above each view.
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SPECIMEN B

102 132 102

Fig 3 Montage photograph of the growth of specimen C during SPAR IIT.
Same conditions as Fig. 2
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Fig. 4 Bubble diameters as a function of time, specimen B, SPAR III.
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