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Abstract

A liquid bridge of a floating half zone consisting of liquid mercury sealed in a glass tube with nitrogen atmosphere was
used for the experiment of thermocapillary convection with a low Prandt] number liquid. A non-contacted diagnostic method
was developed to monitor the surface flow and the surface oscillation. A growing surface film (or skin) is a crucial source to
suppress thermocapillary convection, and is discussed in this paper. For the case of a mercury liquid bridge, the critical
Marangoni number was obtained as 900, and the oscillatory frequency was around 5 Hz.

1. Introduction

Marangoni convection is driven by the non-uni-
formity of the surface tension due to a temperature
or concentration gradient along the free surface of a
liquid. The liquid bridge of a floating half zone is a
typical model to simulate the surface tension driven
flow of crystal growth processes performed in a
floating zone configuration. The steady and oscilla-
tory convection of molten materials during materials
processing are considered as one of the main causes,
which may produce crystal defects and inhomo-
geneities. The convection driven by buoyancy is
greatly reduced in a microgravity environment, and
the convection driven by the surface tension gradient
becomes dominant. The ground-based experiment
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with a small typical scale is usually used to empha-
size the thermocapillary effect in comparison with
the buoyant effect and then to test the processes in
the microgravity environment.

A great number of publications have been devoted
to thermocapillary convection and its instability in
the past decades. However, most experimental works
on this area are limited to transparent liquids with a
Prandtl number around 1 or larger, see for example
Refs. [1-5]. On the other hand, unfortunately, melts
of semiconductors, metals or alloys are related to the
behavior of liquids having low Prandtl numbers,
where the Prandtl number Pr is defined as

Pr=v/k, (1.1)

and v and k are respectively the viscosity and the
thermal diffusion coefficient. Difficulties in experi-
ments of liquids with Pr < 1 include flow visualiza-
tion due to non-transparency and sensitivity of their
surface to impurities. Only a few experiments of
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thermocapillary convection with low Pr can be found
in the literature [6—13]. Jurisch used an electron
beam heating facility to study the surface tempera-
ture oscillations of oscillatory thermocapillary con-
vection in a floating Mo full zone (Pr = 0.025) and
found that the critical Marangoni number for the
onset of oscillations is 1200 and the frequency is
around 1 Hz [10,11]. Major experimental results on
the onset of oscillation for a floating full zone are
summarized in Table 1. Nakamura et al. estimated
that, in their experiments of a silicon floating zone,
the typical oscillation frequency is 0.5 Hz [13], how-
ever, the experimental Marangoni number was much
higher than the critical Marangoni number.

The experimental set-up of floating half zone
convection was designed especially for liquid bridge
experiments of low Prandt! number fluids to study
the onset of oscillation. Mercury was adopted as
experimental medium due to its liquid state at room
temperature and its chemical stability. The special
difficulty associated with the floating half zone bridge
is how to choose the material of the rods which hold
the liquid bridge. Ideally, chemically inert rods, such
as graphite or stainless steel, are preferred to avoid a
reaction with mercury. However, the wettability of
the rod material to mercury is essential to form the
bridge that means both materials should have a
certain affinity. We found no way to use those inert
rod materials because they lack the necessary affinity
with mercury. Finally copper was chosen for its
relatively low solubility in mercury and affinity with
mercury. However, it is impossible to prevent mer-
cury from the formation of amalgam. To minimize
the effect of the surface film, we have chosen lower
experimental temperatures and a shorter experimen-
tal duration.

Optical methods, that were used to measure the
critical state of the onset of oscillation for silicon oil
experiments of floating half zone convection [4,5],
could be modified for the use in the experiment of a
non-transparent medium as given in the present ex-
periment. The Marangoni number is defined as

Ma = |o7|ATI/pkv, (1.2)

where o and p are respectively the surface tension
and the density of the liquid, / and AT are respec-
tively the height and applied temperature difference
of the liquid bridge, and oy = 80 /9T. Generally, the
implication of transition from the steady flow into an
oscillatory one in the low Pr case is complicated in
comparison with the process for larger Pr number
liquids. An interesting phenomenon, that is, the lig-
uid metal covered with a surface film (skin), was
studied in the present experiment. The possibility of
a skin suppressing surface flow was also discussed
on another occasion by Schwabe et al. [14].

In this paper, a brief description of the experimen-
tal arrangement will be discussed in the next section,
and some experimental results are given in Section 3.
The last section includes discussion and conclusion.

2. Experimental procedure

The liquid bridge consisting of highly purified
mercury was adopted as the experimental medium,
and the physical properties of mercury are listed in
Table 2. The mercury was held by surface tension
between two co-axial cylindrical copper rods of d,
=3 mm in diameter. The height / of the liquid
bridge can be adjusted in the system and therefore
the aspect ratio A =1[/d,. Another geometrical pa-

Table 1

Results of floating full zone experiments

Material Pr Height Diameter (Ma), A Ref.

(mm) (mm) (Hz)

Ti;Cu - 12.0 6.0 - 0.03 [8]

Si 0.02 14.0 10.0 100-200 ~1 [9]

Mo 0.025 34 2.6 638 ~1 [10]
0.025 4.1 4.0 925 ~1 [10]
0.025 5.1 6.0 1625 ~1 [10]

Nb 0.025 4.0 6.0 1025 ~1 [11}

GaAs 0.068 7.6 6.0 400-500 ~03 [12]
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Table 2
Thermo-physical parameters of mercury at 20°C

Density p 1.355 X 10* kg/m?
Surface tension o 0.4761 N/m

Heat capacity C, 139.08 I /kg-K
Thermal conductivity k 833J/m-s-K

442X107% m? /s
1.14X 1077 m? /s

Thermal diffusivity &
Dynamical viscosity v

Prandt]l number Pr 0.0258
Expansion coefficient 8 0.182% 107 K~!
do /0T 0.19%107% N/m-K

rameter (see, for example, Ref. [15]), the volume of
the liquid bridge V, may also be selected and V/V,
is adopted as a critical parameter in the present
paper, where V,, is the volume of a exactly cylindri-
cal shape with the same aspect ratio A.

The system of the floating half zone was sealed in
a glass tube filled with highly pure N, (impurities in
it are less than 0.001%). The end surface of the
copper rods was treated with nitric acid to get a
clean surface, then the surface was rubbed against a
mercury droplet. This procedure improves the wetta-
bility of the copper surface with mercury. The upper
rod is heated by a resistance heater and the lower rod
is cooled with ice water during the experiment.
Temperatures at the end of these two rods are mea-
sured by a copper—constantan thermocouple, how-
ever, there was no thermocouple inserted into the
liquid bridge of mercury. (See Fig. 1, inside of the
copper rod there is a hole conducting the thermocou-
ples to the end wall of the rod.) According to the
depth of the end wall (d), the thermal conductivity
of copper and mercury, and the size of the mercury
bridge, we can calculate the temperature at the inter-
face between the copper rod and the mercury. The
system of the mercury floating half zone is schemati-
cally shown in Fig. I.

Non-contacted optical methods were developed
for non-transparent mediums. To detect the deforma-
tion and oscillation of the free surface, a laser beam
is aimed at the surface of the mercury liquid bridge.
The reflected light from the curved surface is pro-
jected on a screen. The resultant enlarged interfer-
ence images on the screen are monitored by a CCD
camera and recorded by a video recorder in real
time. Then, the variation of the interference patterns
associated with the configurations of the free surface
will change accordingly. In this way, even a very

Thermocouple 1 — Heater
/ N2
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liquid bridge
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Computer
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Fig. 1. Schematic diagram of the experimental system.

small deformation of the free surface can be speci-
fied in real time. A typical sample of a so obtained
interference pattern at one moment is shown in Fig.

lem
b

Fig. 2. Interference pattern associated with the free surface config-
uration.
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In order to obtain the frequency of the oscillatory
convection, a special photocell was developed. The
interference pattern varies after the onset of oscilla-
tion. In the present experiment, the oscillatory varia-
tion of the interference pattern was recorded on a
video tape, and the photocell was aimed at one of the
interference fringes and fixed in place to detect the
variations in the brightness resulting in a variation of
the output of the photocell when the fringe was
moving back and forth. The oscillation of the mer-
cury liquid bridge was obtained successfully by the
photocell.

It seems to be a necessary step to check whether
there is a skin growing on the mercury surface.
Dusts, impurities or even pieces of growing skin
absorbed on the mercury surface can be observed by
the present optical method, although the free surface
looked quite bright and smooth with the naked eye.
The onset of oscillation will obviously be con-
strained by the skin, and may be observed when the
skin is broken. Generally, two critical Marangoni
numbers (Ma)} and (Ma)_ can be defined respec-
tively by the transition process from the steady to the
oscillatory state associated with increasing applied
temperature difference and the one from oscillatory
to steady state associated with decreasing applied
temperature difference [16]. The values of these two
critical Marangoni numbers are different in general,
but are close for the transparent medium experi-
ments. It seems that the Marangoni number (Ma)_
would make more sense for the liquid with a wrapped
skin. The properties and influence of the skin will be
discussed in detail elsewhere.

Dusts or impurities may play the role of tracers to
display the surface flow. With the aid of illumination
of a He—Ne laser, movements of these ‘‘tracers’’ can
clearly be seen by a microscopic facility. The surface
flow pattern depends jointly on the thermocapillary
convection, the temperature profile at the surface and
the structure and composition of the skin. The high
surface energy of mercury enriches impurities on the
surface, resulting in a surface film which obstructs
the surface flow. The impurities include copper—
mercury amalgam and, probably, oxidic mercury
because oxygen can not be absolutely excluded in
this system. This skin growing process can be ob-
served by the transition of the tracers from moving
to rest.

3. Results

After clean mercury (without any pollutant or skin
on the surface) is injected into the gap between the
two rods, the liquid bridge is formed. When a tem-
perature difference is imposed between the two rods,
the surface flow can be seen by watching the move-
ments of the ‘‘tracers’’. With an increase of the
applied temperature difference, the tracer flow speeds
up at the beginning and then slows down, and even-
tually the mobility of the surface vanishes within a
period ranging from a couple of minutes to ten
minutes depending on the applied temperature. This
phenomenon seems to be related to the formation of
a thin film (or skin) on the surface. A similar phe-
nomenon that a “‘dirt-film’’ suppressed the surface
flow was also observed experimentally by Schwabe
et al. [14]. Their experimental medium was n-tetra-
cosane C,,Hs, with Pr =49 and they found that the
free surface was covered with a dirt-film and the
fluid was motionless for all the AT’ below AT = 60
K. Only after the AT reached 60 K the dirt-film
ruptured and the surface flow became possible.

After several experiments we put all used mercury
together and carefully separated the surface film
from the bulk mercury. An atomic emission spectro-
scope (Jarrell-Ash III Type, Fisher Scientific Com-
pany, US) was used to semi-quantitatively determine
the impurity contents of the film. The result showed
that this film has about several thousandths of copper
(in addition to its main composition mercury) that
implies that copper—mercury amalgam may be the
main impurity. When the temperature of the mercury
liquid bridge is high, the film is formed quickly
because the higher temperature will accelerate the
reaction of mercury with the copper rods.

The oscillation associated with a certain applied
temperature difference and without surface mobility
was observed in the mercury liquid bridge of the
floating half zone. Experiments were performed for
different typical parameters. A typical evolution of
the oscillation with variation of applied temperature
difference for the case of A=1/d,=0.6 and V/V,
= 0.814 is shown in Fig. 3, where the solid and the
broken line are associated respectively with the oscil-
latory and steady states and the square mark means
the moment of onset or offset of oscillation. It can be
seen that there is a relative high value of (Ma) at



J.H. Han et al. / Journal of Crystal Growth 169 (1996) 129-135

133

PR Y U S TN N SO0 TS S G

temperature difference (°C)
3
(W]

10.0

2.9 2.0 4.0 6.0

RN R R AR AR AN AR R R B R AR AAANSSERERR SRR R RRE NS TYTYTrTreY

T T
19.9 12.0

time (minute)

Fig. 3. Process associated with onset and offset of oscillation during the evolution of the applied temperature difference. (The broken line
represents a steady state and the solid line corresponds to an oscillatory state.)

the beginning. The reason of this high value comes
probably from the influence of the skin, which tends
to obstruct the onset of oscillation. After the skin is
broken, the oscillation keeps on until a much lower
applied temperature difference (AT). or (Ma)_ . The
(Ma); corresponding to the above mentioned sample
is about 1700. Even after the skin was broken, the
feature of the surface, such as 9o /97T, could possibly
be affected by other pollutants because of the high
sensitivity of the surface. All of these contribute
uncertainties to the experiment. Several experiments
were performed with a little different geometric pa-
rameters, and gave different critical Marangoni num-
bers. The existence of the skin would tend to in-
crease the (AT)_, and thus the lowest (Ma)_ would
be a more reasonable estimation because of mini-
mum skin disturbance. In the present experiment it
gives

(Ma), = 900.

There are theoretical suggestions on the critical
Marangoni number for the case of a cylindrical
liquid bridge, V /V, =1, in a microgravity environ-
ment. The conditions of ground-based experiments
cannot be satisfied to the standard of theoretical
models, however, the comparison may be worth-
while. The results of the present paper agree in order
of magnitude with that of the numerical simulation
for a silicon floating zone [17], but are different in

order of magnitude from the linear analyses of insta-
bility [18].

The oscillation process of the surface is shown in
Fig. 4, obtained by the photocell measurement of the
brightness variation of the interference fringes, which
gave voltage outputs varying with time. Fig. 5 is the
frequency spectrum analysis of Fig. 4, which shows
a main frequency of

fm = 5Hz.

(3.2)

However, from the oscillation process shown in Figs.
4 and 5 we can see that the frequency is not a
constant, but spreads in the range of 5 to 10 Hz. The
frequency obtained in this experiment is higher than
that given in Refs. [8-11].

oulput (v)

-g.01 i
t
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Fig. 4. Oscillatory profile of the photocell output associated with
free surface oscillation for a longer period.
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Fig. 5. Frequency spectrum of the oscillation associated with Fig.
4.

An estimation of the main frequency was given
by dimension analyses as [4]

fo=(v+x)/1? (3.3)
and it gives f. = 1.4 Hz which agrees in order of
magnitude with the experimental result (3.2).

4. Discussion and conclusion

Thermocapillary convection in a mercury liquid
bridge of a floating half zone is studied experimen-
tally. In the literature, only a few experiments of
liquid bridges with small Prandtl number fluids are
described and they are all limited to the full floating
zone arrangement. Probably the present paper is the
first one to discuss experimentally the thermocapil-
lary convection and its oscillatory feature for the
model of a floating half zone formed by a low
Prandtl number liquid.

In the present work non-contacted measurements
were used successfully to monitor the free surface
variation. The oscillatory frequency in the present
experiment is one order of magnitude higher than the
one in Ref. [13], where the frequency was measured
by an inserted thermocouple and the experimental
Marangoni number was much higher than the critical
Marangoni number. It was pointed out that an in-
serted thermocouple will influence the heat transfer
and therefore the oscillatory feature in the silicon oil
liquid bridge of a half floating zone [4], and it could
be expected that the influence will be more serious
in the liquid bridge of metals such as mercury.

Therefore, the non-contacted diagnostic method is
more favorable in the experiment of thermocapillary
convection, especially with small Prandtl number
liquids.

The surface film often appears in the floating
zone experiments for smaller Prandtl number liquids,
and the critical Marangoni number will be much
larger for the case with a global film in comparison
with the case of a broken film. It seems that the
critical Marangoni number given by the offset of
oscillation is rather reasonable to describe the transi-
tion state. It looks like the oscillations came around
the locations where the skin was broken during the
onset process of oscillation, and the periodicity of
this oscillations seems not to be a perfect sine type
probably because of the influence of pieces of the
skin. In comparison with high Prandtl number lig-
uids, the frequency of the oscillation is higher due to
the larger value of the thermal diffusion coefficient.
It seems that more attention should be paid to the
analyses of surface concentration and impurities in
future research. As mentioned above, this kind of
experiment involves special difficulties mainly con-
nected to formation of a surface film which causes
uncertain factors in the experimental process. A rea-
sonable inference of the present experiment is that
the uncertainties related to the skin or pollution to
the surface of the liquid bridge would be a general
problem for thermocapillary convection of low Pr
liquids.
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