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ABSTRACT: In the present paper, the experimental studies on thermocapillary convection are
reviewed. The author’s interest is mainly focused on the onset of oscillatory thermocapillary convection,

the features of oscillatory flow pattern, and the critical Marangoni number related with temperature

and free surface oscillation. The coordinated measurement in a microgravity environment of a drop

shaft is also addressed.
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1 INTRODUCTION

The experiment of floating zone convection plays
an important part in the study of Thermocapillary
Convection (simplified as TC), which is one of gravity-
independent type of natural convection. The experi-
ments were carried out mostly in the ground based
laboratory, and some in the microgravity environ-
ment. It is known that only a liquid bridge of small
diameter can be utilized on the ground, and the lig-
uid bridge should be kept in a small Bond number
By = Bgl? /o < 1, which is a criterion for larger ther-
mocapillary effects in comparison with the gravity ef-
fect.

The onset of TC, the transition from the mo-
tionless state to the laminar convection state, is in-
duced by an infinite simal temperature gradient. The
first critical Marangoni number M aq is nearly equal to
zerol!l. The laminar TC may become time-dependent
(oscillatory) convection by increasing the Marangoni
number (i.e. increasing the temperature difference be-
tween the two rods of the liquid bridge) beyond a
certain critical Marangoni number Mac. It is impor-
tant to avoid such kind of transition for applications
in crystal growth in a floating zone. An unsteady
flow in the liquid phase causes a considerable dete-
rioration in the quality of grown crystal and is also
important in the non-linear fluid dynamics. The oscil-
latory TC is one of the complex hydrodynamic prob-
lems, associated with the oscillation of temperature,
velocity of the flow field and the free surface wave.
However, most previous experimental studies on the
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TC23l only use thermocouples to measure tempera-
ture, which is hardly enough to understand such com-
plex fluid dynamic process. In the present paper, the
experimental methods for the measurement of the os-
cillation in the liquid bridge related to the tempera-
ture, flow field and free surface wave are presented.
And the experimental results are further discussed.
The results by coordinated measurements in the ex-
periment of the liquid bridge in the microgravity en-
vironment of drop shaft are also addressed.

2 THE EXPERIMENTAL SYSTEM

The liquid bridge of a floating half zone in the
experiment is sketched in Fig.1(a). It consists of two
cylindrical rods. The edges of two rods are sharpened
and the waterproof barrier is coated on the surface of
the rods to prevent the experimental liquid from seep-
ing over the edges of the two rods. Two small holes are
located in each rod for installing the thermocouples
to measure the applied temperature difference AT of
the liquid bridge. The thermocouples for the mea-
surement of temperature in the flow field of the liquid
bridge are inserted into the liquid bulk through the
two small holes (¢0.25mm) on the lower rod at dif-
ferent azimuthal angles. The upper and lower rods
are usually axis-symmetrical, and have a tolerance
of 10 pm. Either the upper or the lower rod can be
moved along the z-axis by a stepping motor, which is
controlled by the PC computer to adjust the length of
the liquid column. For controlling the volume of the
liquid bridge, a feeding system operated also by the
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PC computer was designed. The heater is installed
into the upper and lower rods separately, to establish
a temperature gradient field on the liquid bridge. The
heat rate and the applied temperature difference AT
are controlled by a temperature controller and could
be present before the start of the experiment via the
PC computer. The thermocouples, used to measure
the temperature of rods and the temperature fluctua-
tion in the liquid bulk, are connected with a data ac-
quisition /switcher unit HP-34970A, and then via the
cable RS-232 linked with the PC computer. The mea-
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suring temperatures are displayed on the monitor in
real time. In the experiment, various measurements,
for example, the flow pattern, the free surface oscilla-
tion etc., can be equipped with the experimental sys-
tem, and the coordinated measurement, which means
that the multi-physical quantities can simultaneously
be measured in real time, can be made available, in
order to meet the optimal correlation for the anal-
ysis of the flow phenomena of the TC. A practical
arrangement for the experiment on ground is shown
in Fig.1(b).
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3 THE ONSET OF THE OSCILLATORY
CONVECTION

The onset of the oscillatory TC is the process
of transition from steady (laminar) TC into unsteady
(oscillatory) TC, which is generally detected by us-
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ing a thermocouple inserted into the flow field of the
liquid bridge to measure the history of temperature
fluctuation. A typical result of an experimental run
is shown in Fig.2. The temperature oscillation starts
at ATc, and the amplitudes of the temperature os-
cillation grow continuously in a certain range as AT
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Fig.2 A typical run process of temperature oscillation in flow field of a liquid bridge
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increases within a certain value. Here, AT is the crit-
ical value of the applied temperature difference, which
is related directly to the critical Marangoni number
Mac, and it is an important physical parameter in
the study of floating zone convection.

The flow pattern of TC is useful for the analy-
sis of the oscillatory TC, which is visualized by the
method of light sheet[l. A typical flow pattern of the
stationary TC is shown in Fig.3(a) and the schematic
diagram of the liquid bridge of floating half zone in a
steady flow is shown in Fig.3(b). The features of lam-
inar TC roll are independent of the azimuthal angle.
As the applied temperature difference AT exceeds a
critical value ATc, the TC begins to oscillate. The

(a) The flow pattern
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flow pattern shows to be periodical both in space and
in time, and the motion is three-dimensional. The
oscillatory TC in a floating zone can be visualized in
an half period sequence as shown in Figs.4(a)~(c),
and described schematically in Figs.4(d)~(f). The
streamlines of the oscillatory TC on the free surface
and in a vertical cross-section of the liquid bridge are
sketched at a fixed time. The moment is depicted
when the vortices in the light sheet reach extreme po-
sitions(Fig.4(d)). The oscillatory TC is characterized
by a sinusoidal distortion of the roll cross-section. The
time dependence is caused by the propagation of this
distortion around the zone axis.
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(b) The schematic diagram of the
liquid bridge of a floating half
zone in steady (laminar) flow

Fig.3

The oscillatory TC shows some of the modes for
the symmetrical zone, as an integer number m of the
periodical roll distortions that can be developed on
the circumference of the zonel5:¢

mA = wdy

where A is the real wavelength of the instability in the
azimuthal direction. The integer m is called the mode
(or wave) number and the dy is the diameter of the
rod. It is found experimentally that the mode number
and wavelength are functions of aspect ratio A =1 /dj,
where [ is the length of the liquid bridge. The flow
pattern of the lowest mode m = 1 (as A > 0.65) is
shown in Fig.4. If the aspect ratio is decreased by
reduction of zone length [ for a constant dy, the flow
patterns for higher number m have been observed.
For zones of various diameters, the modes depend on
the aspect ratio in a unique way, and an empirical

correlation is given as
2mA = 2.2(constant) (for A <0.5)

for all zones, and it shows that the critical azimuthal
wave number increases when the aspect ratio is de-

creased. The wavelength A of the oscillation is pro-
portional to ! and independent of dg. The zone length
l seems to be the only proper characteristic number
in the description of oscillatory TC in the zones with
I < do/2. With the product mA, a constant non-
dimensional parameter of oscillatory TC is obtained,
which provides a possibility for calculating the mode
number as A is given.
number K of the developed oscillatory TC is deter-
mined as

The non-dimensional wave

K =2ml/dy =2mA <22

In all zones, the unstable TC develops a wavy struc-
ture with this wave number, as is demonstrated ex-
perimentally by the measurement of the free surface
wavel -8l

As the applied temperature difference AT is in-
creased beyond a certain value, the chaotic feature of
TC is observed, and the transition from onset of oscil-
lation to the turbulence via sub-harmonic bifurcation
was obtained by both the experimental and numerical
studies!®. The evolution of the temperature, the flow
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Fig.4 The oscillatory flow patterns in a periodic sequence (a)~(c) and qualitative
picture of oscillatory thermocapillary convection with m =1 (d)~(f)

pattern and the free surface deformation were mea-
sured, respectively. The experiments show that the
bifurcation feature is sensitive to the geometrical pa-
rameters, such as the aspect ratio, non-dimensional
volume (dynin /dg). And there are different bifurcation
features for different geometrical parameter ranges.
The periodic sub-harmonic bifurcation is obtained
from oscillatory TC with an applied temperature dif-
ference higher than the critical value. It is known that
the very complicated oscillatory structures can be ob-
served, as the driving force (i.e. the applied temper-
ature difference AT is gradually increased. The typ-
ical appearances, that might indicate chaos, are the
quasi-periodic flow state, period-doubling phenomena
and spatio-temporal intermittence, due to the non-

linearity of the system.

4 THE CRITICAL MARANGONI NUMBER

The critical value of the transition from steady
(laminar) TC into unsteady (oscillatory) TC is deter-
mined generally by measuring the onset of the ther-
mal oscillation, i.e. ATg, by the method of inserting
thermocouples into the flow field of the liquid bridge.
It is well known that the critical Marangoni num-
ber Mac is directly proportional to the critical value
of ATw. The experimental studies pointed out that
the critical Marangoni number Mag depends on a
number of parameters, such as the geometric aspect
ratiol®], the volume of the liquid bridge'), the heat-
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ing rate'!], the gravity level or g-jitter condition!'?!,
and the influence of the inserted thermocouple was
also investigated!*314.

The coordinated measurement is one of the use-
ful and important methods in the research of TC in
the floating zone. The relationship of the temperature
and free surface oscillation in the onset process was
established experimentally[5). The experimental re-
sult shows that the onset of the free surface oscillation
comes earlier than that of the temperature oscilla-

tion, and the offset of the oscillation for a free surface
comes later than that of the temperature at a proper
heating. A typical experimental result is shown in
Fig.5. Obviously, the critical Marangoni number de-
fined by the critical temperature MacT will be larger
than that defined by the temperature of onset free
surface oscillation Maca. An empirical formula from
the experiments for the liquid bridge of dyin /do = 0.8,
at a normal heating rate is given as

MacT = (1 + 0.07)MCLCA
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Fig.5 The onset processes of
free surface radii (Ar)

The critical Marangoni number defined by onset of
temperature oscillatory has been studied for more
than two decades. Many theoretical models were
based on the assumption that the free surface was
not deformed and not oscillated. However, the free
surface oscillation is really an important physical pa-
rameter which is more sensitive as defined by the crit-
ical Marangoni number than that defined by the tem-
perature oscillation. The temperature oscillation and
free surface variation satisfy the perturbation condi-
tion, and the ratios of their oscillatory components
to their mean components are 10~ — 10~2 and 103
in order of magnitude, respectively. However, the ra-
tio of velocity oscillation to its mean value is 1 in
order of magnitude. So, the transition process is a
strong non-linear problem, although the temperature
and free surface are small in perturbation. It seems
that after the free surface is firstly excited into an
oscillation, there needs to be a relatively longer time
delay for exciting the temperature oscillation in the
liquid bridge, because of the small amplitude of the
free surface oscillation in order of magnitude.

The oscillatory features of TC depend on the
dissipative behavior of the system, which is related

t/s

temperature (T') in flow field and
of a liquid bridge

to the gravity level. The systems of a half-floating
zone convection in 1-g and micro-g may have differ-
ent dissipative features. Gravity effect may induce
convection, and lead the system towards more disor-
der in comparison with the system in micro-g. This
means that the critical Marangoni number Mac on
the ground may probably be smaller than that in a
micro-g condition. Some space experiments showed
that the critical Marangoni number was at least one
order of magnitude larger in the micro-g state than
that on the 1-g condition'®. It must be pointed out
that the liquid bridge in a micro-g experiment can be
of a relatively larger scale. Furthermore, the small
bond number By <« 1 requires that the scale of the
liquid bridge must be as small as a few millimeters for
the experiments on the ground. It implied that the
comparison on the critical values between the state
of 1-g and micro-g will be better with a small liquid
bridge of a few millimeters, which can be measured
experimentally based on both states, 1-g and micro-g.
Therefore, the experiments in the microgravity envi-
ronment of the drop shaft were carried outl!7-18]. It is
known that the microgravity period time of the drop
experiment is too short to study the onset process
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of the oscillation. The experiments were designed to
check indirectly the critical state of the onset oscilla-
tion. The applied temperature difference in 1-g state,
before the dropping on the ground, was adjusted to be
very close to the critical value, either a bit larger or a
bit smaller, and then the response in the microgravity
environment was studied. The experimental result of
the transition from the oscillation, close to the critical
state in 1-g, into the non-oscillatory state in micro-g
for a slender liquid bridge is shown in Fig.6. An oppo-
site result was also obtained for a wide liquid bridge
as shown in Fig.7, the transition from non-oscillation
state, close to the critical state in 1-g, into the oscilla-
tory state in the micro-g condition. The experimental
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Fig.6 Near the critical point(AT is 1°C above the
ATc) in l-g condition (in the time of 20s to 0)
from oscillation transited into non-oscillation in
micro-g condition (in the time of 0 to 10s) for a
slender liquid bridge
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Fig.7 Near the critical point(AT is 1°C smaller than
ATc) in l-g condition (in the time of —20s to
0) from non-oscillatory state transited into os-
cillation in micro-g condition (in the time of 0
to 10s) for a wide liquid bridge
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results show that the microgravity response of the os-
cillation depends on the geometrical parameters, such
as the volume of the liquid bridge, especially. A com-
parison is made for the liquid bridges with the same
geometrical parameters, which satisfy the condition
of small Bond number in both 1-g and micro-g condi-
tions.

5 CONCLUSION

The development of spacecraft application in
material preparation promotes the research on ther-
mocapillary convection, in particular, on the onset
of oscillation. The laboratory experiment is an al-
ternative significant approach in revealing implied es-
sentials and shedding light on mechanism of induced
convection relevant to the crystal growth in semicon-
ductor industry. The evolution of oscillatory TC is a
complicated process associated with flow, heat trans-
fer and free surface deformation. The critical param-
eters, the oscillatory modes and free surface defor-
mation are important factors for understanding the
mechanism of convection onset process. The coordi-
nated experiment is proved to be a useful method in
the study of thermocapillary convection in the half
floating zone.
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