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Abstract: The experimental study on thermocapillary convection of low Prandtl number fluid was carried out to
understand transition behavior to oscillatory flow. The half-zone liquid bridge of molten tin was formed between
hot and cold disks in high vacuum chamber (107 Pa). The three radiation thermometers were used to measure
the free surface temperature at a different azimuthal focation at the same time. In addition, the temperature
distribution at interface between liquid bridge and cold disk was measured by using very fine thermocouples.
In order to detect the transition point and to make clear the oscillation mode more precisely, the temperature

measurement system was developed.

It could be detected that the steady thermocapillary convection changes to oscillatory under certain
condition. The observed phenomena of transition processes after the oscillatory onset were revealed by
comparing to numerical result done by Imaishi er al.. The effect of aspect ratio (L/r) on critical Marangoni
number was investigated. The critical Marangoni number decreases with increasing the aspect number. This
behavior agrees with numerical simulation done by Imaishi ef al. qualitatively except for region of smaller aspect

ration.

Since the echo signal from the tracer had the very smali bad SN ratio, in order to raise the SN ratio, signal
processing technique was examined. Consequently, the noise which originates in the shoe by the subtraction
processing technique was removable. And the SN ratio could be improved by the addition processing by
repetition measurement, and the SN ratio improved about 3 times by calculation supposing actual measurement.

The A/D converter and the system controller were manufactured in the 3D-UV measurement unit.

1. INTRODUCTION
It is well known that thermocapillary convection changes its flow motion by increasing the control
parameters such as temperature difference. In the case of liquid bridge of low Prandtl number fluid, it is
numerically predicted that an axisymmetric steady flow transit to asymmetric 3D steady flow. After that,
convection becomes oscillatory under certain condition. Namely, the thermocapillary convection of low Prandtl
number fluid go through two transition points to become an oscillatory flow. We need to understand the transition
mechanism because the oscillatory flow has an undesirable effect on the crystal growth of semiconductors by

the fioating zone methods, which lead to striations of the dopant in the crystal. The previous studies, in which a
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half zone liquid bridge have been often used as a model configuration of the floating zone, bave shown that flow
and temperature fields were governed by dimensionless parameter of Marangoni (Ma) or Reynolds (Re) number

defined as follows:

o |ATL
Ma =—1—— (1-1),
HE
Re= (1-2),
Pr

oy is a temperature gradient of surface tension, AT is a temperature difference between hot and cold disks, L is a
characteristic length of the fluid, u is dynamic viscosity, « is thermal diffusivity, and Pr is Prandtl number of the

fluid. In this study, a radius (a) of the liquid bridge is used as a characteristic length.

In higher Pr number fluids, it was experimentally proved that a transition from axisymmeiric steady
to 3D oscillatory flow occurs at a critical Marangoni number (Ma.). On the other hand, it was numerically
predicted that thermocapillary flow in a low Pr number had two transition points [1}, [2]: That is, transition
from axisymmetric to 3D steady will occur at a first bifurcation point (Ma,,), and transition from 3D steady to
oscillatory at a second one (Ma,,). The prediction needs to be experimentally proved.

A detail experiment around the bifurcation point, in which even the Ma,, is predicted to be in the order of 10"
for a Pr =0.01 liguid bridge [3], is required to prove the transition behavior of Marangoni convection. However,
many studies have been conducted at a Marangoni number that is far from the Ma,, because those have mainly

focused on a contribution to produce a high quality single crystal from a molten metal.

Nakamura et al. [4], [5] measured a surface temperature fluctuation with a thermocouple in a molten silicon
column of 10mm in diameter and 10mm in length, and found that a frequency of the fluctuation was 0.1Hz
at a temperature difference of 100K. However, the imposed temperature difference was far from the second
bifurcation point. Han et al. {6] experimentally investigated thermocapillary convection in a liquid bridge
of mercury. Free surface fluctuations were measured by a non-contacted diagnostic system, and they found
the Ma,,, detecting it to be 900 with a frequency around 5Hz. Quite recently, Yang and Kou [7] reported the
onset point of temperature fluctuation and its frequency (Ma,=194 and 1.1Hz) of a molten tin column by the
contacted diagnostic, ie. J-type thermocouple. However, disturbances on the flow and temperature field are
caused by a thermocouple which contacts with a fluid and a thermocouple often acts as a cold spot which makes
it a complicated temperature gradient along a free surface. It should be noted here that there is no successful
experiment to verify the transition behavior of thermocapillary flow by a non-contact diagnostic even nearby the

Ma.

The goal of present study is to understand the transition phenomena of thermocapillary flow by means of an
experimental approach and comparative study with the numerical works in this research group.

The experimental efforts began to select a fluid material for a low Pr number liquid bridge in 1998 [8].
The selected material was molten tin of which Pr number is identical with that of molten silicon (Pr =0.01).
Therefore, we can directly compare our experimental result with available experimental and numerical results

of molten silicon because the identical Pr number means to show the same fluid dynamic behavior. Moreover,
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molten tin as a test fluid has an experimental advantage in a detection of Ma,, compared to molten silicon. Since
the melting point of tin is much lower than that of silicon, there is no need to use an infrared image furnace
for melting a tin sample, which was used for a molten silicon experiment [4] and [5], and an electric heater is
applicable to melt it. Thus, it is expected that the surface temperature of a molten tin column can be measured
by a non-contact diagnostic with relatively low noise level. The high purity iron was selected as solid material
to sustain a liquid bridge because of the reason that moderate wettability and low reactivity against molten tin is

required for the solid material [8].

On the other hand, the selected test fluid has a thermodynamic disadvantage which the oxygen partial
pressure is extremely low at the equilibrium between molten tin and tin oxides (SnO and SnO,) near the
temperatures for the low Pr experiment (about 570-770K), resulting in suppressing the thermocapillary flow by
the formation of an oxide film over a surface of the melt. However, in 1999, we have successfully overcome
the difficult problem of oxidation over the tin surface [9]. Consideration concerning the surface science of tin
Jed us to design of a unique experiment apparatus where a clean surface of molten tin can be obtained by the
Ar” ion etching method and sustained under the high vacuum condition (about 10" Pa) during an experiment.
The performances of the experiment apparatus were already confirmed. In 1999, a non-contact measurement
technique of the surface temperature has been also developed to detect small amplitude of temperature fluctuation
at around the Ma,, [9]. It was also confirmed that the radiation thermometer which is equipped with the PbS

photo detector and combined with the attachments to obtain a high signal-to-noise ratio such as CaF, optical
pass filter and an isotropic graphite panel had the sufficient temperature resolution to detect the Ma,, with higl
accuracy. It was concluded that those unique considerations and devices undoubtedly lead us to a success of

detecting the transition to oscillatory flow of the low Pr fluid without any flow disturbances.

Compared with the conventional transparent fluid used for a high Pr number experiment, a low Pr number
fluid has another experimental difficulty: Tt is impossible to observe an internal flow field for opaqueness of a low
Pr fluid. In order to overcome this problem, a novel visualization technique using an ultrasonic transducer with a
high heat resistance has been experimentally studied for an internal flow field measurement since 1999 [9]. The
visualization technique alsc requires a development of a unique balloon-like tracer. A critical condition on the

Ma,, and a detail structure of oscillatory flow will be clarified by this measurement technique.

The experimental results with molten tin obtained in 2000 are significant for the thermocapillary convection
of alow Pr fluid. As predicted in the last issue [9], we have succeeded in detection of the transition to oscillatory
flow by the surface temperature measurement without any flow disturbances. The flow transition was verified
by comparison of the experimentally obtained Ma,, and frequency of surface temperature fluctuation with the
numerical results, and by a surface flow visualization experiment directly [10]. The effect of the liquid bridge
geometry on the Ma,, and oscillation frequency was further investigated and discussed [11]. The following

results are described in this study:
(1) Experimental verification of surface temperature measurement (in-house activity)

(2) Detection of transition phenomena to oscillatory flow (in-house activity)

(3) Effect of aspect ratio on the critical condition and flow structure (in-house activity)
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(4) Numerical simulation for the specific case (collaboration with Kyushu University)

(5) in-situ measurment of surface tension of the molten tin

(6) Development of measuring teéhnique of internal flow field (entrusted to. Toshiba Co. )

(7) Development of visualization tracer (collaboration with Kagoshima Prefectural Institute of Industrial

Technology and partly entrusted to NTT Advanced Technology Co.)

2. TRANSITION PHENOMENA TO OSCILLATORY
THERMOCAPILLARY FLOW OF MOLTEN TIN

2.1 Experimental Setup

The experimental apparatus is shown in Figs 2-1; 2-2, 2-3 {8,9,10]. It consists of a liquid bridge formation
part, a measurement region, a sample supplying system and a sample cleaner. The liquid bridge was formed
by sandwiching between a pair of pure iron disk (purity: 99.5%). All experiments were done in the ultra high
vacuum conditions, which were under 10°Pa, to keep clean sample surface and less heat loss of molten tin liquid
bridge. To impose the temberature difference, the lower disk was cooled by helium gas and the upper disk was
heated by an electric resistant heater. The electric heaters were not controlled by PID (Proportional, Integral and
Derivative) control to circumvent the temperature hunting phenomena. The temperature difference was gradually
increased from around OK to above the onset. An imposed AT was measured with the thermocouples embedded
at near the end face of the disks.
lower disk via the capillary portion (Imm in inner diameter) of the quartz tube where bulk oxide in the crude
fluid can be removed. For further purification, Ar” ion etching method was applied and the ion gun designed
for surface cleaning was installed in the chamber. Surface temperature of the liquid bridge was measured with a
radiation thermometer, in which PbS photo detector was installed, mounted on outside of the chamber.

The lower disk was optimized to measure the temperature field of liquid bridge as shown in Fig.2-3. The
measurement of temperature field was necessary to understand the oscillatory thermocapillary convection.
Because of the motion of temperature field was coincided with the one of oscillatory flow. It has been inserted

some ¢ 0.3 mm K-type thermocouples (TC) sheathed a stainless steel in these 0.35 mm-holes. The top of

thermocouples was adjusted the same position as lower disk plane.
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Fig. 2-1 Experimental equipment

Melt supplying
mechanism

Radiation thermometer

Top View Side View

Fig. 2-2 Schematic diagram of experimental equipment
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i
§ Thermocouple 1
RT2 (TC1)

Radiation Thermometer 1
(RT1)

(a) (b)

Fig. 2-3 Temperature measurement points
(a) Schematic diagram of tin liquid bridge and disks
(b) Lower disk surface and positions of radiation thermometers

2.2 Improvement of Experimental Techniques
(1) Purification of liquid bridge

The purity of formed liquid bridge is very important because an oxide on a free surface can change the
surface tension. Therefore the purification of supplied molten tin should be done. As mentioned above, the
experimental equipment already has a sample cleaner system, such as Ar” ion gun, high vacuum chamber, and
sample supplying capillary tube. In addition of these, a stainless steel mesh filter was installed in the capillary
tube last year. It can stain off the crude fluid, which is mainly oxide, from supplying molten tin. The capillary
tube for sample supplying system is shown in Fig.2-4. Molten tin flows from left fat to right thin parts. In
the case of no filter, a white powder-like sludge adhered on the inwall of slim part of capillary tube. On the
other hand, the mesh filter worked very efficiently, because no sludge can be found below the filter in Fig. 2-4.

Consequently, the liquid bridge could be refined.

(i) without filter (i) with 0.1 mm mesh filter

Fig. 2-4 Improvement of sample supplying tube
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2.3 Improvement of temperature measurement system

In case of low Prandtl thermocapillary flow, the temperature change or fluctuations at transition points is very
small (eg. 0.01 K for the first transition, 0.1 K for the second transition). Therefore, the sensitivity of temperature
measurement system must be high. As mentioned, thermocouples and radiation thermometers are used to detect
the temperature field of a liquid bridge. However, a temperature resolution of radiation thermometer used in
this experiment is about 0.3 K. It is not enough to detect fluctuations. So, we used several thermocouples.
Output signal from thermocouples is very tenuous in this case. E-type thermocouples that could produce
relatively large thermal electromotive force were employed. In this experiment higher temperature resolution
is important rather than absolute temperature. Such weak electromotive force of thermocouples was amplified.
The voltage corresponding to thermocouple was produced by the DC signal generator (DC-SG). The signal
from thermocouple was input to DC amplifier with the signal of DC-SG differentially in order to remove DC
component. This signal was increased to 5 x 10* times amplitude. The frequency of temperature fluctuation was
estimated in order of several Hertz. So the low-pass filter was used to reduce the higher frequency noise. The
signals were digitized by A/D converter and stored in PC. The schematic diagram of temperature measurement

system is shown in Fig. 2-5. The temperature resolution of less than 0.01 K achieved by using this measurement

system.
Radiation Thermometer
% Resolution 0.5K > _ AD
" | converter
Sealed equipped compensating lead wire
ol — _ 16bit
F DC Amplifier 4m Low-pass filter Max 200kS/s
Max X 50000 ———P | Cutoff frequency 20Hz —>
Low-pass filter ~heR oo
Cutoff frequency 10Hz 5 ; v
12dBJoct Sealed equipped twisted pair wire
i L Data st
Thermocouple| DC standard Noise reduction l G o

E type power source FFT processing g

Ungrounded E

Sheath ¢ 0.3mm

Wire ¢ 0.05mm

Detection capability Very:gand conditiens
No (-48dB/oct)LPF : 0.1~0.01
with LPF : 0.005K

Fig. 2-5 Schematic diagram of temperature measurement system

2.4 Observation of first transition

Fig. 2-6 shows time variations of temperature which were measured by three thermocouples located in cold
disk. Temperature suddenly jumped around 1510 s. Since there could not be any oscillatory behavior after the
temperature jump, this seems to be the first transition point which have been predicted by numerical simulation.

In this case, aspect ratio of liquid bridge was 1.8, a temperature difference, AT, was 1.7 K, and Marangoni
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number was 11. From the relation between thermocouple position and temperature change, the mode structure
seems to be unity and the cold spot located in the center of liquid bridge near cold disk moved to peripheral

region as shown in Fig. 2-7.
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Fig. 2-6 Time variation of temperature at first transition point

TC2
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Fig. 2-7 Schematic of mode structure and movement of cold spot near cold disk

2.5 Transition process of oscillatory flow

It was estimated by numerical simulation that several transitions occur after the onset of oscillatory flow. We
divided each region as shown in Fig. 2-8. The onset of oscillation is called the second critical Maragoni number
Ma,, or Ma,,,. The transitions after Ma,, , were named Ma,;, and Ma,,; sequentially. In previous experiment,
Ma,, , could not detect because its signals was very small. Improvement of temperature measurement method
provides us precise observation of just onset point.

An oscillatory transition was detected with larger temperature difference after an occurrence of first
transition. The temperature fluctuation measured by thermocouple is shown in Fig. 2-9. At first, relatively

higher frequency fluctuation with a frequency f= 1.2 Hz appeared at Ma, = 43 (see Fig. 2-9 (i)). The amplitude
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of this fluctuation was about 0.1 Kp-p (Peak to Peak). It was considered that this transition was the second
critical point since the frequency was same order of numerical result which was 2.5 Hz. In this case, Mac2-2
could not detected. In Fig. 2-9 (ii), (iii), the lower and middle frequency fluctnations were depicted in case of
As=1.2. The lower frequency with /' = 0.02 Hz and an amplitude 0.4 Kp-p appeared at Ma = 82 (Ma,,,). The
middle frequency with f = 0.3 Hz and an amplitude 0.08 Kp-p appeared at Ma = 125 (Ma,,5). The frequencies
by numerical simulation were 0.04 Hz and 0.25 Hz respectively. Therefore, we believe that the transition process

was detected very precisely.

Ma,  Ma,, Ma,, Ma,, Ma,
Region A B C D E X
2D i i i
State 3D Osg;ilatory Osciliatory Os.CIEIatory Turbulent
steady steady (Hifreq.) {Low freq.) {Mid freq.)

N

- & ik\g%
AA e j%fﬁ, Ej %lw %

T e VvV

Fig. 2-8  Estimated transition process
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Fig. 2-9 Detected temperature fluctuation

(1) Experimental conditions

The disk diameters from 3.0mm to 7.0mm were used in order to covering liquid column with aspect ratio (As:
height/radius) from 0.8 up to 2.2. This range almost corresponds to calculated range of numerical simulation by
Imaishi ef al. [13]. Heights of the liquid column were adjusted in from 1.5 mm to 4.5 mm at all the experimental
cases, minimizing the dynamic bond number Bd (Bd<1).
pgBL Ra

Or " Ma

Bd =
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where p, is density, g gravitational acceleration, § volumetric expansion coefficient, o temperature gradient of
surface tension, L the height of the liquid column and Ra is Rayleigh number. However the static bond number
B, is larger than unity, volume ratio or diameter ratio (D/D,,,,), surface shape is almost straight,
2
ogrl
By = —=—

9}
In every case, temperature difference (A7) was imposed at certain changing rate. In some cases, AT was

reduced after transition in order to measure surface temperature behavior when damping. Since the control of
changing rate of AT (dAT/dt) is very difficult, there were some widths on them. Influence of ramping rate of
temperature difference, dAT/dt on transition was discussed in previous report. The dAT/dt ranging from 0.4 to 2.1

K/min has no influence in the critical Marangoni number. Therefore we conirolled the dAT/dt around 0.5 K/min.

(2) Ma, as a function of aspect ratio

In order to make clear the influence of aspect ratio on Ma.,, the onset of oscillatory thermocapillary flow
using liquid columns with As from about 0.8 to 2.2 are investigated. In the case of experimental work in this
case, Ma,, is determined by the temperature difference at the onset of low frequency oscillation. It seems
reasonable because the Ma,, at the second transition point was slightly 10 % higher than the first point.

The Ma,, as a function of As, which was experimentally and numerically obtained by Imaishi er al. [13],
are shown in Fig. 2-10. The estimated oscillation mode is also described in this figure. The experimental Ma.,
in the range of As higher than about 1.2 well corresponds to numerical one. The experimental Ma,, increases
with decreasing of As monotonically. In contrast, the numerical Ma,, has a peak at As = 1.2 and the one slightly
decreases when As in the range of 1.0 = As = 1.2 decreases. The experimental results showed that the Ma,, (As
= 1.3), which was obtained using the liquid column with relative large radius and the one lied on relative low
Marangoni number, was obtained by the experimental conditions at small dAT/dt. We will make clear the reason
why the experimental critical Marangoni number in the smaller aspect region differs from the numerical result in

near future.
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Fig.2-10  Dependence of Marangoni number on aspeci ratio
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3. DEVELOPMENT OF 3B-UV AND TRACER PARTICLE
3.1 Development of 3D-UV

In 1999, a test for evaluating delectability of LiNbQO; (LN) transducer was performed at room temperature
using a drilled glass target, which simulated balloon tracers in molten tin. It was predicted that a detectable
minimum diameter of tracer was 100-200 um [9].

In 2000, a test for evaluating sensitivity of transducer at high temperature conditions same as actual
thermocapillary experiment was performed in molten tin. High spatial resolution was obtained in the direction of
wave propagation. Numerical simulation was performed in order to check visualization performance of ongoing
sensor-design. It was confirmed that tracers in molten tin liquid bridge could be visualized [17].

In 2001, the transducer with 3 X 3 LN element was made and checked its sensitivity. The sensor was verified
the stability after heat treatment up to 500 °C which is same as actual thermocapillary experiment. The frequency
band of oscillator was selected to get the clear echo signal. The optimal frequency was 6 to 14 MHz wide-band. [18].

In 2002, the Fe-Ni/SB plating practical tracer was manufactured and coexistence nature with melted tin
was checked in actual thermocapillary condition. By C-scan probe measurement, the ultrasonic echo from the

particle in tin [19].

3.1.1 Study of the signal processing technique

The Fe and Ni plated Shirasu-ballons (Fe-Ni/SB) which is the tracer particle used by this 3D-UV system is
very small. Therefore, the reflective echo signal measured is a very low level. Moreover, a shoe is attached in the
transducer in order to protect an LN element to the molten tin. While the echo measured with a shoe declines,
the sound noise by the inside reflection of a shoe is added. For realization of 3D-UV system, it becomes very
important to acquire the echo signal from the tracer by sufficient the signal to noise (SN) ratio. Then, the signal
processing technique for extracting the echo signal was studied.

Tim ol ot

An example of the echo from the imitation tracer in molten tin in the 1999 fiscal year (hollow stainless stee

Pt

ball) is shown in Fig.3-1. The imitation tracer was moved in molten tin and the echo was measured. Fig.3-1
showed time series data and average value. In this result, the echo is hidden by the noise and distinction of it is

clearly impossible.

The echo corresponding to
movement of a tracer

Hese 1090 cws.(J

Fig.3-1 The echo from the tracer obtained Fig.3-2 The result of subtraction processing
by the test using molten tin
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Therefore, it is necessary to raise SN ratio by signal processing, and to extract the echo. The result which
removed the noise from the shoe by signal processing is shown in Fig.3-2. Subtraction processing of the noise
was carried out from the echo, and the SN ratio was raised. The average value of the echo of much measurement
was made into the noise resulting from the shoe.

Next, the improvement effect in the SN ratio by other techniques was examined. The speed of the
ultrasonic wave used for 3D-UV is very high-speed compared with the move speed of the tracer. Then, if much
measurement with a short repetition cycle is performed and addition processing is carried out, improvement in
the SN ratio will be attained. In repetition measurement, a difference arises in the echo waveform measured by
movement of the tracer for every measurement. Then, the numerical simulation considered the influence of echo
signal change. In calculation, the tracer echo waveform was created using the sin wave of two cycles, and the
imitation noise was created from the random number. And addition processing of the 100 data which mixed and
made the echo and the noise was carried out. Moreover, it was assumed that analog-to-digital (A/D) conversion
was carried out 1/10 cycle of the cycle T of the ultrasonic wave. When the echo is the SN ratio equal 0, the result
calculated as that in which the echo waveform carried out time change is shown in Fig. 3-3. In Fig. 3-3, if time
change of the echo becomes large, the improvement effect in the SN ratio of addition processing will decrease.
Thereby, the scope of the improvement effect in the SN ratio by addition processing became clear. The case
where it applied to an actual examination was considered. If the repetition cycles of transmission and reception
of the ultrasonic wave were assumed to be 100 usec, the total measurement time will be set to 0.01 sec. And if
the maximum speed of SB tracer was assumed to be 50 mm/sec, time change of the echo signal will be set to
about 0.4 psec. Since the frequency of the ultrasonic wave to be used is SMHz, time change of this echo signal
is equivalent to 2T. Improvement in about 3 of the SN ratio is expectable from Fig. 3-3 with addition processing.

Moreover, if the repetition cycle of transmission and reception of the ultrasonic wave is shortened, it will become

possible to raise the SN ratio further.

SN
ratio [-] 4

Gap width of time [T]

Fig.3-3 Relation between the improvement value in the SN ratio by addition processing,
and the time fluctuation value of data
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Furthermore, in order to strengthen the ultrasonic echo, the tracer of large size of 300-500 um was

developed. The echo intensity of the large size target that performed signal processing is shown in Fig. 3-4.

Large size SB target Definition of symbol description
with signal processing Upper :Sensor type (SType:A~E)
\ * Lower :Target type (S:solid, H:hollow, G:grass)
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sensor head /Echo level of sensor head

Fig.3-4 Prediction of echo intensity of SB
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3.1.2 Development for 3D-UV Measuring Unit

Ongoing design of 3D-UV measuring unit is briefly described in this section. The concepiual diagram of
a 3D-UV measurement unit is shown in Fig. 3-5. The 3x3 element transducer with a frequency of 10MHz,
transmitting and receiving amplifier units are already make ending. This fiscal year made the A/D converter and
the system controller.

The signal processing unit made in the Fig. 3-6 is shown. The A/D converter considers as eight channels
corresponding to the multi-element transducer, a sampling bit is 12 bits, a sampling frequency is 100MHz, and
a loading memory per channel is 64 M bytes. The system controller has the function to perform continuation
extraction of measurement data, and transmission to the external personal computer of extraction data, and
data transmission speed is 1 Gbit/sec (effective value: about 0.5 Gbit/sec) in a theoretical value. Equalization
processing is processed at high speed by FPGA (Field Programmable Gate Array) on A/D converter boards. Data

is transmitted and saved at PC. After subtraction processing, the image of the tracer corresponding to the flow

pattern is created by synthetic aperture processing.

Amp.and Pulsar %
boards rack

e e |

A/D board rck

A/D converter
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for Receiver
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L A s e
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Transducer
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{Channel)

T x8 !
i E?Channel) g! ! :
! | é .
E— gl
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Emsoaens

PC (Control, Signal
processing,
Visualization)

Fig.3-5 Signal processing unit diagram
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Amp.and Pulsar boards rack A/D boards rack

Fig.3-6 Photo. of signal processing unit

4. CONCLUSION
(1) The experimental study on thermocapillary convection of low Prandtl number fluid was carried out to
understand transition behavior to oscillatory flow. The half-zone liquid bridge of molten tin was formed
between hot and cold disks in high vacuum chamber (107 Pa). The three radiation thermometers were used
to measure the free surface temperature at a different azimuthal location at the same time. In addition, the
temperature distribution at interface between liquid bridge and cold disk was measured by using very fine
thermocouples. In order to detect the transition point and to make clear the oscillation mode more precisely,

the temperature measurement system was developed..

(2) It could be detected that the steady thermocapillary convection changes to oscillatory under certain
condition. The observed phenomena of transition processes after the oscillatory onset were revealed by
comparing to numerical result done by Imaishi er al.. The effect of aspect ratio (L/r) on critical Marangoni
number was investigated. The critical Marangoni number decreases with increasing the aspect number. This
behavior agrees with numerical simulation done by Imaishi er al. qualitatively except for region of smaller

aspect ration.

(3) Since the echo signal from the tracer had the very small bad SN ratio, in order to raise the SN ratio, signal
processing technique was examined. Consequently, the noise which originates in the shoe by the subtraction
processing technique was removable. And the SN ratio could be improved by the addition processing
by repetition measurement, and the SN ratio improved about 3 times by calculation supposing actual
measurement. The A/D converter and the system controller were manufactured in the 3D-UV measurement

unit.
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