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Nomenclature

C,  =heat capacity of melt, kJ/kg-K

D, =diameter of bubble, m

Gr  =Grashof number, gaf3h*/v?

h =thickness of layer of liquid, m

k =thermal conductivity of liquid, W/m-K

? =length of layer of liquid, from hot wall to cold wall,
m

Pr = Prandtl number, »/x

q =rate of heat loss from cell, W/mzl

Ra, =horizontal Rayleigh number, a3gh*/kv

T =temperature at point in liquid, K

|4 =velocity of movement of melt due to buoyancy and
surface tension, m/s

V,  =velocity of movement of bubble under influence of
AT, m/s
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y . =vertical distance from bottom of liquid to any point,
m

o =coefficient of thermal expansion of liquid,
(9 tnp/aT), K!

B8 =longitudinal temperature gradient, K/m

% =surface tension between liquid and gas, N/m

K =thermal diffusivity, k/pC,, m?/s

i =dynamic viscosity, kg/m-s

v = kinematic viscosity, m2/s

0 =density of melt, kg/m?3

HE objective of this work was to develop a technique for

ascertaining thermocapillary movement of gas bubbles in
a liquid. Gas bubbles have been found to be incorporated
much more often in space-processed materials than in those
processed on Earth.! The behavior of gas bubbles is ex-
pected to be especially important in containerless processing
of glasses in orbit. Although buoyancy would no longer
provide appreciable migration rates, gas bubbles are predicted
to move in a temperature gradient due to the dependence of
surface tension on temperature, with a velocity equal to 78
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Thus one might expect that if 3y/87#0, a bubble in a liquid
would always move in an imposed temperature gradient.
However, surfactants may prevent the bubble from moving,
as apparently happened in SPAR experiments on molten
CBr,. % Volatile constituents may also cause movement in
the opposite direction. 10-12

For flight experiments, some method is required to pretest
the qualitative behavior of a gas bubble. We have chosen to
use horizontal tubes or layers. Unfortunately, experiments
done on Earth are complicated not only by the buoyant rise of
the bubble but also by natural convection of the liquid itself.
With a bubble in a tube or sheet, the prime concern is that any
bulk movement of the liquid be much slower than the ex-
pected bubble movement. Fortunately there are existing
theoretical results on similar systems, namely flat sheets of
liquid with vertical end walls at different temperatures. We
expect these to be approximtely true for our experimental
arrangements, and Eq. (1) to provide an order-of-magnitude
estimate for thermocapillary bubble movement rates in a
horizontal channel or tube.

In the derivation of Eq. (1), it was assumed that steady-
state conditions are valid, that the properties are constant,
that there are no interactions with system boundaries or other
bubbles, and that the liquid is pure.” Since in real situations
these conditions are not satisfied, we seek here only
semiquantitative tests of the usefulness of proposed ex-
perimental techniques.

Theory

It may be shown that the bubble always moves slower than
the liquid if the upper surface is free.!?* Thus the liquid film
must be enclosed on all sides. At the upper and lower
horizontal surfaces, two types of boundary conditions on the
temperature field are typically used to represent limiting
cases. In one case, the boundaries are assumed to be insulated
so that the normal heat flux through them is set equal to zero.
In the other extreme, the temperature field is prescribed as
being linear from one end of the channel to the other. This
latter case is commonly referred to as that of “‘conducting”’
boundaries. In both cases, the parallel flow velocity field in
the liquid film in a region away from the end walls (for a
constant axial temperature gradient 8) is given by 1417:
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for £/h>3.5%x10-% Ra,. The maximum value of V in the
upper part of the channel is reached at y=0.79, with the
movement in a direction opposite to that of the ther-
mocapillary migration of the bubble for dy/d7<0. The
relative movement rates are thus

| 0.032 agh’p
1D, (-8 y/0T)
3)

Maximum axial velocity in liquid l
bubble movement rate

Let us estimate the ratio of film movement to bubble
movement for typical properties of molten glass in a thick cell
(a=10"*/K, 8v/0T=—-0.06 mN/m-K) p=3000 kg/m3,
D, =1mm, h=10 mm). From Eq. (3) we find that the liquid
would move about 50% faster than the bubble. For a thin
film, say with D, =0.1 mm and A=1 mm, we find that
bubbles move 64 times faster.

For water, on the other hand, a 10-mm-thick cell with 1-
mm-diam bubbles gives a bubble movement rate twice that of
the bulk convection. While not entirely satisfactory, suc-
cessful screening could be carried out in such a thick cell.
Nevertheless, thin cells are clearly more advantageous.

There is another concern with layers of liquid, i.e., that
multiple cells or instabilities may develop. A linear stability
analysis has been performed by Hart 4 in the extreme cases of
conducting and insulating horizontal boundaries. Hart
assumes the basic flow to be given by Eq. (2) and indicates
that this is true when Gr=800 £/h with the Grashof number
defined by Gr=gafh*/v?. Hart’s stability analysis indicates
that the critical Grashof number Gr, for the onset of in-
stability depends strongly on the Prandtl number of the fluid
and on the nature of the boundary conditions at the
horizontal surfaces. In the case of conducting boundaries,
when the critical Grashof number is plotted against the
Prandtl number for Pr31 (liquids), the neutral stability
curves exhibit a negative slope. That is, for large Prandtl
number fluids such as glasses, the critical Grashof number is
very small (e.g., for Pr~100, Gr.~ 100). In the case of in-
sulating boundaries, Hart presents a neutral stability curve
for longitudinal modes which indicates that Gr,. -increases
steeply with increasing Prandtl number for liquids. Un-
fortunately, due to computational restrictions, results for
transverse modes (which become unstable at lower Gr.) are
presented only for Pr<0.02. Based on Hart’s results, it would
appear that insulating boundaries are desirable to prevent the
onset of instabilities.

If the cell loses heat to the surroundings, a temperature
minimum can occur, leading to a flow reversal (doubly cir-
culating flow). 3 For uniform heat flux ¢ from a free surface
with zero surface stress, this is predicted to occur for
g >2khG/L. Interestingly, in Ref. 18 this result is derived from
an analysis which ignores convective heat transfer and treats
simple one-dimensional conduction.

Experimental

From the foregoing we expect a horizontal cell to be useful
for screening for thermocapillary bubble movement provided
Eq. (3) gives a result significantly less than one and that the
heat loss g from the cell is less than 2khB/f. Three ex-
perimental variations on this concept were employed and are
briefly described.

Horizontal Sheets of Molten Glass Heated From Below

Heat was provided by passage of electric current through a
horizontal platinum sheet, cut with a taper in order to
generate a temperature gradient on the order of 30 K/mm. !°
Initial experiments were performed with a thin layer of molten
glass containing many small bubbles on the top of the
platinum sheet. No cover was used. Zirconia particles were
added as a tracer for bulk motion. The anticipated circulation
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in the presence of a free surface was observed. Thus, all
subsequent experiments were performed with a silica cover
slip containing an inverted channel about 0.5 mm deep.

Bubbles in 85 PbO-15 SiO,, 85 PbO-7.5 B,0; — 7.5 Si0,,
and 79 PbO-11 B,0;-8 SiO, — 2Al,0, melts were observed to
move slowly in the ‘“‘wrong’’ direction, i.e., away from the
heat source. At first this was thought to be indicative of an
error in our experimental technique, but later it was found
that these systems exhibit a surface tension that increases with
increasing temperature?*—a very unusual phenomenon.
Experiments done with molten borax gave semiquantitative
agreement with Eq. (1), i.e., the bubbles moved faster as the
bubble diameters increased and as the viscosity decreased
(temperature increased). Bubbles tended to rise due to
buoyancy, but not severely because of the vertical tem-
perature gradient which partially counteracted buoyancy.
Bubbles with diameters approaching the channel thickness
(0.5 mm) moved slower than one would expect by ex-
trapolation of velocities for smaller bubbles, clearly due to
wall effects. A few bubbles appeared to stick to the silica walls
and did not move.

A few experiments were also performed with molten glass
contained in 0.5 mm 1D silica capillary turbes on the platinum
strips. However, it was more difficult to view the bubbles in
this case, and molten glass had to be placed outside the
capillary to bring about reasonable thermal contact with the
platinum strips.

Table 1 Behavior of bubbles in organic melts contained
in horizontal tubes heated at the ends

Compound Bubble behavior

CBr, (all grades) Generally immobile, with occasional

slight erratic movement

Moved to cold end at 3=0.1 K/mm:
Indicative of preferential evaporation
of one component (probably cam-
phene, which is quite volatile)

Moved to hot end at 8=0.3 K/mm

Commercial (very impure)
camphene

Zone refined camphene
(still rather impure)

Commercial succinonitrile

Distilled and zone refined
succinonitrile (very pure)

Generally immobile

Very mobile to hot end at all §.
Maximum V), ~ 1.3 mm/s

Table 2 Behavior of bubbles in organic melts contained
in horizontal tubes and heated with a soldering iron

Compound Bubble behavior

Zone refined biphenyl Followed soldering iron at first but
stopped after a few minutes (indicates
thermal degradation or oxidation to

produce surfactant)
Commercial succinonitrile Immobile
Commercial camphene Followed iron readily

Commercial borneol No apparent movement, but results

uncertain  because of rapid
evaporation of melt
CBr, A few bubbles moved slowly toward

iron, but most immobile

Dow Corning No. 200 Moved readily toward iron

silicone oil
Commercial Salol (phenyl Slight tendency to move toward
salicylate) iron

Commercial naphthalene Immobile
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Organic Melts in Horizontal Tubes

Pyrex tubes 10 mm i.d. x 10 mm long were partially filled
with organic compounds and sealed under a moderate
vacuum, insufficient to remove all gas. Each tube was placed
in a slot in an aluminum block. The block was horizontal and
had heaters at both ends. The organic compound was melted
with both heaters at the same temperature. A 5-10 mm
longx2-4 mm deep bubble formed and was centered by
mechanical leveling of the tube (as with a carpenter’s level).
The temperature of one heater was then increased and bubble
behavior observed. In these experiments the tube diameter
was really too large and some bulk convection undoubtedly
occurred. Nevertheless, the experiments were useful for
screening, with the results summarized in Table 1. Note the
substantial effects of sample purity on bubble migration
behavior.

In a still simpler test, originally suggested by Young et al.,”
air bubbles at about 1 atm were introduced into organic melts
in horizontal tubes. A temperature gradient was applied by
means of a hot soldering iron touched to the top of the tube.
If the bubbles moved toward the iron, the iron was moved
slowly down the tube. The results summarized in Table 2 were
obtained.
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