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Abstract

In the research presebnted herein, thermal and hydrodynamic behaviors in a low Pr
number liquid were investigated by experiment, numerical analysis, and linear stability
analysis to clarify the transition mechanism toward oscillatory thermocapillary flow. In this
section, we describe experimental studies in the half zone liquid bridge of a low Prandtl
number liquid such as Sn molten material. Temperature fluctuations on the free surface of
the liquid bridge are measured before detecting the transition point toward the oscillatory
thermocapillary flow.

Experimental equipment for observing and measuring thermocapillary flow was
comprised of a vacuum chamber, a melt supplying chamber, an in-situ observation system,
and a vacuum measurement system.

Molten tin, selected for its low melting point and low vapor pressure, provided the
specimens for these experiments. Two pure iron columns, between which little chemical
reaction will occur even when wet, were used to form and sustain the liquid bridge on ground.

Thermocapillary flows were confirmed by tracing the slug generated naturally on a free
surface, and temperatﬁre fluctuations were detected by IR imager. The minimum frequency
of temperature fluctuation was 0.56Hz on a liquid bridge of 10mm in diameter and 4.5mm in

height at a temperature difference of 20K.
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1 Introduction

It is well known that thermocapillary flow has an undesirable effect on the crystal
growth of semi-conductors by the floating zone (FZ) method, which leads to striation of the
dopant induced by oscillatory thermocapillary ﬂoW in melt.

Many experimental researches, numerical simulation, and theoretical analyses have
been conducted on thermocapillary flow in the half zone-liquid bridge, using simulated
molten material in the FZ configuration. These previous researches proved that flow and
temperature fields were governed by dimensionless parameter of Marangoni or Reynolds

number defined as following:

io—- ATa
aTr .
Ma=——— ; Marangoni number

uo

Re= Ma/ Pr ; Reynolds number

a: radius of liquid bridge, Pr: Prandtl number, AT : temperature difference

o : thermal diffusivity, p : viscosity

Thermocapillary flow would be transitioned from axisymmetric steady flow to 3D
oscillatory flow as the temperature difference increased. Figure 1-1 shows an overview of
the transition behavior of thermocapillary flow. In a high Prandtl number liquid, it was
proved that thermocapillary flow transitions from axisymmetric steady flow to 3D oscillatory
flow occur beyond the onset point. On the other hand, it was found that thermocapillary
flow in a low Prandtl number liquid had two transition points; that is, a flow transition from
axisymmetric flow to 3D steady flow occur at the first bifurcation point, and a flow transition
from 3D steady flow to 3D oscillatory flow occurs at the second bifurcation point. To date,
transition phenomena in low Prandtl number liquids have been investigated primarily by
linear stability analysis and numerical simulation.

Most previously documented experiments have dealt with transparent liquid of a high
Pr number in ambient temperature; it is easy to handle such a liquid and to observe its flow

field. vIn contrast, experiments with a low Pr number liquid have been few. This is due to
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following reasons:

(1) Low Pr number liquid is opaque. Its flow field cannot be observed in bulk by
means of a visual ray. |

(2) High temperature liquids such as metals and alloys are difficult to handle and oxidize
easily.

(3) An oxidation film suppresses thermocapillary flow.

Figure 1-2 shows the influence of the Prandtl number on the critical Reynolds number
obtained by linear stability analysis and direct numerical simulation. In the case of tin with
Prandtl number of 0.01, 5.0 mm height, and unity in aspect ratio, the temperature difference at
the first and second bifurcation point is about 1.6K and 5.3K, respectively. These values are
much smaller compared to those for high Prandtl number materials. |

Table 1-1 shows a list of previous experiments using low Prandtl number liquid. It
should be noted that most experiments were carried out for the purpose of studying crystal
growth ; that is, experiments focused on whether oscillatory flow would produce impurity in
striation during crystal growth. To date, few observations and measurements of flow and
temperature have been conducted in low Prandtl number materials.

Nakamura and Hibiya [1], [2] measured temperature at the free surface by means of
thermocouple and flow velocity by tracking some particle movements observed by X-ray in a
molten silicon column of 10 mm in diameter. Frequency of temperature fluctuation was
0.1Hz at a temperature difference of 100K. However, the half-zone configuration was not
completed, and, thus, the heat flux was applied across the free surface as well as on the rod at
the top or bottom of the liquid bridge. Therefore, precise comparison cannot be made with
past numerical calculations.

Han J., et al. [3] experimentally investigated thermocapillary convection in the liquid
bridge of mercury. Free surface fluctuations were measured by non-contacted diagnostic
method, and they found the critical Marangoni number, detecting it to be 900 with an
oscillatory frequency around 5Hz. However, since they used copper rods to sustain the
liquid bridge, a copper-mercury amalgam was generated on the free surface, which leads to
formation of a skin and free surface pollution.

Kou S., et al. [4] measured temperature fluctuation on the free surface in molten silicon
of 13mm in diameter by pyrometer. According to their measurement, a frequency of 0.07Hz

and an amplitude of 4K were obtained at Marangoni number of 6200. According to the
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numerical results in Imaishi’s calculation, frequency of temperature fluctuation is in the order
of 10"Hz even for much lower Marangoni numbers: 0.44 Hz accompanies Marangoni number
of 226.

Various theoretical and numerical analyses have been conducted in low Pr number
liquid. Kuhlmann [5] and Chen [6] investigated transition phenomena by using linear
'stability theory. They showed that thermocapillary flow transitioned from axisymmeﬁic
steady flow to 3D steady flow beyond the critical Reynolds number Re_, and inve'stigated the
influence of the aspect ratio of the liquid bridge, heat loss from the free surface, buoyancy
convection, and so on. Rupp & Muller [7], Levenstam [8], Kuhlmann [9], and Imaishi [10]
conducted direct numerical analyses, and found that there existed second bifurcation points in
addition to the that of the above transition from 3D steady flow to oscillatory 3D flow.

Rarely has the critical Marangoni number been successfully determined by an
experimental approach in low Prandtl number liquid.

The overall purpose of the present study is to understand transition phenomena in
molten materials by means of an experimental approach. We located a low Prandt] number
liquid among molten metal and solid materials being capable of sustaining a liquid bridge on
the ground. We constructed experimental equipment for observing and measuring
thefmocapillary flow, which was comprised of a vacuum chamber, a melt supplying chamber,
and various systems for measurement. Thermocapillary flow was confirmed by observing
slug movement on the free surface, and surface temperature fluctuation was detected by an IR
imager. The minimum frequency of temperature fluctuation was 0.56Hz on the liquid bridge

with a 10mm diameter and a height of 4.5mm at a temperature difference of 20K.
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2 Selection of low Prandtl number liquid and rod material

We investigated low Prandtl number liquids among molten metals to select a source of
specimens for the experiments. A low melting point is preferable because temperature
conditions can be easily controlled and maintained. To prevent oxidation of the free surface
and heat loss from the free surface, the liquid bridge is preferably formed in a vacuum
condition. Therefore, the vapor pressure of the liquid must be very low in order to minimize
loss of volume due to vaporization.

Table 2-1 shows the investigated thermal properties of various liquid metals [11], [12].
We selected molten tin as liquid bridge material because its melting point is relatively low and
1ts vapor pressure is extremely low.

Molten lead-bismuth alloy, which has been considered for a coolant of a Fast Breeder
Reactor, was also selected because its melting point, 398.7K, is low; and its thermal properties
have been thoroughly investigated. Table 2-2 shows the previously investigated thermal

properties of molten eutectic lead-bismuth alloy [12], [13]. A notable advantage of this
liquid is the low temperature coefficient of its surface tension, do /dT=4.0x10"N/m/K

(do /dT =70x10°N/m/K in molteh tin). This means that the temperature difference at
the first and second bifurcation points is relatively larger: AT, =6.7K, AT., =169K.

Now we considered the properties of the solid material, which sustains the liquid
bridge, in terms of the chemical reactivity of thé liquid against the solid. 'Slighf chemical
reactivity against the solid is required to obtain a stable liquid bridge. However, extreme
chemical reactivity may lead to formation of an alloy melt between the liquid and the solid,
and to changes in the thermal properties of the liquid during an experiment. We investigated
for a solid that had proper wettability against molten tin with reference to the phase diagram.
Figure 2-1 shows the phase diagrams of tin against copper and iron. The copper-tin diagram
shows that the gradient of 1iquidus is gentle at the copper rich region and the atomic ratio of
the liquid phase is about 8% at 773K, leading to the formation of an alloy between copper. and
tin. In contfast, the gradient of liquidus, as shown in the tin-iron phase diagram, is very
sharp. Therefore, it was expected that the wettability of iron against molten tin was
sufficient, and that negligible alloy formation would occur during an experiment. Based on
these observations, we selected iron as the solid material to sustain the liquid bridge of molten

tin.
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3 Measurement of wettability

It is required that wettability between the liquid and the rod material should be

sufficient to form a stable liquid bridge. The wettability is considered to depend on

temperature because the chemical activity of the liquid against the rod material will be higher

with increase in temperature. Therefore, we investigated the effect of temperature on

wettability. We utilized the growing drop method, as shown in Fig. 3-1. Melt is formed in
the BN cylinder by the heat from a halogen lamp, and discharged through a pinhole 0.5mm in
diameter.

First, we investigated the wettability of molten tin against solid iron. Figure 3-2
shows the temperature dependence of the contact angle immediately after forming a tin
droplet. This figure shows that the contact aﬁgle decreases with temperature. It is
suggested that the reactivity of molten tin is higher with increasing temperature. Formation
of a stable liquid bridge requires that the contact angle be less than 90deg. Figure 3-2
suggests that temperature during the experiment should be greater than 673K.

Next, we measured the contact angle of molten lead-bismuth alloy against sold iron.
Figure 3-3 shows the temperature dependence of the contact angle immediately after forming
a droplet of molten lead-bismuth alloy. The contact angle is larger than that of molten tin at
the same temperature; this suggests that a temperature of 773K or more is required for a
contact angle of at least 90deg. However, it was difficult to maintain pressure of even 10°
torr at 773K due to vaporization of molten lead-bismuth alloy, which indicates that the
volume of the liquid bridge of molten lead-bismuth alloy. decreased under this temperature
condition. Therefore, we investigated wettability against other solid candidates.

Figure 3-4 shows température dependence of the contact angle of molten lead-bismuth
alloy against solid copper. It is found that the contact angle is smaller than that of solid iron,

and it is expected that a stable liquid bridge is formed at the temperature of 573K or more.

This document is provided by JAXA.




CCD camera

Pr
P
"""
.
pra
se

’

" |Base( ¢ 0.5mm x 3t)

——Cylinder

Contact Angle [deg]

160 |
120 |

80 |

Figure 3-1. Growing drop method

T L ¥ L] ¥ L] L] T E) T L L] 1 LI | 1 ] T T ¥ 1 T L] 1 L) 1} T ¥ T

By,

40 |

ol

1 1 L 1 i1 i i ] L L 1 i ] 1 3

1 1 3 1

200 250 300 350 400 450 500 550

Temperature [degrees centigrade]
Figure 3-2. Temperature dependent of wettability

(Liquid: molten tin, Solid: iron)

This document is provided by JAXA.



1 T T i ! T T 1 ] ‘! 1 ] J L ¥ 1 T ¥ ' L] L) L L] ]
160 |- .. : @@ Time O[min]l-—
o8 : : ]
-8 ; . §
— 120 . .
5 , ) ]
c : : - ]
< 80 - L] e -
O I . : I 1
2 ]
é GO Lot ]
0 i 3 1 ] 1 ; 1 1 1 1 ; 1 i 1 i i ¥ 1 [ L ; L A1 | Il )
100 200 300 400 500 600
Temperature [degrees centigrade]
Figure 3-3. Temperature dependent of wettability
(Liquid: molten lead-bismuth alloy, Solid: iron)
160

N
o

Contact Angle [dg_g]
©
S

T R I R RS- I (R
Temperature [degrees centigrade]

A 1

Figure 3-4. Temperature dependent of wettability

(Liquid: molten lead-bismuth alloy, Solid: copper)

This document is provided by JAXA.




4 Experimental device

The experimental apparatus was comprised mainly of a vacuum chamber, vibration
proof table, melt supplying chamber, and systems for measurement. Diameter of the vacuum
chamber was about 200mm, with a height of 400mm. Figure 4-1 shows the experimental
apparatus and Fig. 4-2 shows the melt supplying chamber. The melt supplying chamber was
63.5mm in diameter and 290mm in height. The vibration proof table has a mechanism to
isolate vibrations, which affect free surface fluctuation and flow in melt. The size of this
table was 1000mm x 1500mm x 800m1h.

The liquid bridge was formed in a vacuum chamber to prevent oxidation on the free
surface, since oxidation film suppresses thermocapillary flow. In addition, nonevaporable
getters (Japan Getters Incorporated HS405), which absorb residual oxide and vapor water,
were installed near the liquid bridge. |

Molten tin was supplied from the melt supplying chamber. This chamber consists of
cylindrical containers with an electric heater and a pair of quartz containers; with the
upper/lower container connected by a quartz throat and quartz capillary (see Fig. 4-2). Solid
tin shot was inserted in the upper quartz container and melted by electric heater. The slug,
i.e. tin oxides, was scratched at the quartz throat while molten tin drops moved down toward
the lower quartz container by gravitational force. In addition, the slug adheres to the inner
surface of the quartz capillary. Molten tin with a very small quantity of slugs was supplied
to the vacuum chamber throughout these processes.

The liquid bridge is held between a pair of iron rods. These rods are heated by electric
heater. The power of each rod heater is controlled independently, and the temperature of
each rod is set up by PID controller. | ' ‘

The high reflectivity of the tin surface demands special attention to reduce radiation
energy reflected on the surrounding objects. Because the rod heaters raise the temperature
on the chamber wall by radiation, the chamber wall is cooled down by a water cooler. At the
same time, cylindrical reflection panels are installed around the rod heaters to protect them
from the radiated heat flux. In addition, the reflectivity of the inner chamber wall was
reduced to prevent the reflection of heat flux on chamber wall. The inner chamber wall was
coated with black paint.

Figure 4-3 shows the systems for measurement. Temperature fields on the surface of

the liquid bridge are obtained by infrared thermal imaging radiometer (IR imager,
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Inframetrics Inc. Model 760), and temperature in iron rods and ambient temperature are both
measured by a K-type thermocouple. Temperature field is measured through a transparent
Zn-Se window 8-12 4 m in wave length.

An optical heterddyne displacement meter (Photon Probe, Inc. HV-350) detected
surface deformations of the liquid bridge. These data are accumulated in a personal

computer via A/D converter, and analyzed simultaneously by data processing software.
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S Formation of the stable liquid bridge

We investigated the dimensions of the liquid bridge, which we can form under ground
gravity conditions. We calculated the meniscus of the liquid bridge considering gravitational
force. Figure 5-1 shows a system of coordinates for calculating the meniscus of the liquid

bridge. Governing equations include the following:

Balance between pressure difference and surface tension
1 1
p - p=0| —+ — ) 51
P (R LR ) G-D
p :static pressure  p, : referenced static pressure R ,R, : main curvature

o : surface tension]

Sum of main curvature is given as follows:

_1_+_1_=+(ﬁ+l£"i) (5.2)
ds rds '

Rl RZ h

r,s,z, B : coordinating system, see Fig. 5-1.
Local pressure is due to gravitational force,

grad(p)=—pgrad(gz) (5.3)

g gravitational acceleration
We obtain the differential equation from equations (5-1) to (5-3), and calculated these
equations by the finite differential method.

Figure 5-2 shows the meniscus of molten tin to be 10mm in diameter and 5 and 10mm
in height. A meniscus with 10mm in height has a significant distortion, and predicted that
this liquid bridge would demonstrate difficulty sustaining a stable shape. On the other hand,
we saw a slight distortion of the meniscus with Smm in height. This liquid bridge would be
expected to remain stable.

Figure 5-3 shows the meniscus of molten lead-bismuth alloy 10mm in diameter and 2.5

and Smm in height. We find that a meniscus with 5mm in height has a significant distortion,
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and that a meniscus with 2.5mm in height nearly exhibits a slight shape. The liquid bridge
2.5mm in height would be expected to remain stable.

Figure 5-4 shows a liquid bridge formed under ground gravity conditions. We
changed the height of the liquid bridge in order to investigate stability at a range of heights,

and found that a stable liquid bridge is obtained in each case.
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Figure 5-1. Calculation for meniscus of liquid bridge
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Figure 5-2. Meniscus of molten tin
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Figure 5-3. Meniscus of molten lead-bismuth alloy
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Figure 5-4. Liquid bridge formed under ground gravity condition
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6 Confirmation of Thermocapillary flow

We attempted to confirm thermocapillary flow by tracing a slug generated on the free
surface. Figure 6-1 shows the movement of slugs on the free surface. Here, the degree of
the vacuum is in the order of 10° Pa, the temperature of the upper and lower rods was 520K
and 500K, respectively. The liquid bridge was 10mm in diameter and 8mm in height. We
observed downward movement of the slug on the free surface. Since the density of the slug
is less than that of the molten liquid, the slug will rise in the absence of downward flow. No
buoyancy convection occurs since the temperature at the upper rod is higher than that at the
lower rod, and the free surface is thermally insulated. Based on these observations,
downward movement of a slug at liquid column surface implies that surface flow occurs due
to thermocapillary effect. Under these conditions described above, we consider that

thermocapillary effect generates this movement.
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7 Measurement of temperature fluctuation at free surface

We measured the temperature at the free surface by infrared thermal imaging
radiometer (IR Imager). Figure 7-1 shows the temperature field on the free surface obtained
by IR imager. This figure indicates that, comparatively, the temperature in the white region
is high and that in the black region low. The upper and lower iron rods are covered by
.aluminum foil with low emissivity to reduce the radiant energy. 'We observed that the
surface of the iron rod is at a low temperature. Because we did not calibrate the temperature
field based on emissivity on the free surface, temperature values indicated in this figure are
proportional to radiant energy at the local point.

We expected that the isothermal temperature was almost parallel to that of the surface
of the iron rod, given that the temperature field is mainly governed by thermal conduction.
However, we found that the temperature in the middle area is lower than that at the left/right
edge areas. This difference is caused by the directional spectral emissivity at the free surface
of molten tin. A general description of directional spectral emissivity on polished metal is

shown as Fig. 7-2. Spectral emissivity grows with the angle # measured from the normal

of surface in 6 <80[deg], and sharply decreases in 68 < 90{deg]. In the liquid bridge, p

at a local point on the free surface grows from the center toward the edge. Thus, radiant
energy from the free surface grows toward the edge of the liquid bridge. That is, we
observed that the temperature on the free surface increases toward the edge of the liquid
bridge.

We could not obtain a reasonable temperature field, though we could detect temperature
fluctuation on the free surface in a portion of the middle area of the liquid bridge.

Figure 7-3 shows temperature fluctuation and FFT analysis of temperature fluctuation
at a local point on the free surface. In this case, temperature difference is 20K and the liquid
bridge is 10mm in diameter and 4.1mm in height. We observed sinusoidal temperature
fluctuation and found two major peaks, 2.8 and 5.6Hz, in FFT analysis. This demonstrates
‘period doubling’, which is frequently observed as the transition behavior from laminar flow
to turbulent flow.

Figure 7-4 shows photographs of temperature fluctuation on the free surface. Figure
7-5 is a diagram illustrating isothermal fluctuation on the free surface. Because we did not

obtain a reasonable temperature field, we cannot clarify the physical meaning of this
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fluctuation. Temperature fluctuation on free surface requires further investigation.

Measurements under conditions similar to those above were carried dut on another day.
In this case, the height of the liquid bridge was 4.5mm. Other conditions were equivalent to
those in previous measurements. Figure 7-6 shows temperature fluctuation and FFT analysis
of temperature fluctuation at a local point on the free surface. We found three major peaks
in FFT analysis of temperature fluctuations on the free surface, at frequencies of 0.56, 1.7,
and 2.5Hz. We also observed surface fluctuation under these conditions. This fluctuation
was recognized by observing the vibration of a light source reflected on the free surface. We
obtained a value for the surface fluctuation by analyzing the brightness of the light source.
Figure 7-6 shows FFT analysis of surface fluctuation. We can see two major peaks, at 1.5
and 3.2Hz, respectively. There is no apparent relationship between temperature and surface
fluctuation.

Additional measurements were conducted to confirm the reproducibility of results of
temperature fluctuation. In this case, the height of the liquid bridge was 4.7mm, and
temperature difference was 10K. Figure 7-7 indicates temperature fluctuation and FFT
analysis of temperature fluctuation at a local point on the free surface. We found two major
peaks in FFT analysis of temperature fluctuations on the free surféce, at frequencies of 0.71
and 2.5Hz, respectively.

Table 7-1 shows the influence of the height of the liquid bridge on the frequency of
temperature fluctuation obtained from our experiments. We did not find a clear tendency in
the data presented in this table, and the reproducibility of frequency of temperature
fluctuations may not be guaranteed. This is due to oxidation on the free surface of the liquid
bridge. Figure 7-8 shows the transition of conditions on the free surface with time. Here,
the degree of the vacuum is in the order of 10° Pa. We observed that the free surface is
shiny immediately after forming the liquid bridge, though a thin film gradually covered the
free surface. This film, generated by the oxidation that occurs on the free surface,
suppresses thermocapillary flow. Further, this oxidation film may reduce the reproducibility
of experimental results. Since dissociation pressure is extremely low in molten tin, it is
impossible to prevent the oxidation perfectly under the vacuum conditions generated by a
vacuum pump. Future experimentation should address the technical problem of extending
the duration for which the free surface is not covered with oxidation film.

Comparing our results with those from direct numerical simulation by Prof. Imaishi
[10], Table 7-2 shows the minimum frequency by FFT analysis of temperature fluctuation

obtained by the present experiments and those obtained by direct numerical simulation. The
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difference between minimum fréquencies obtained by the present experiment and- those
obtained by direct numerical simulation is 27%. We suppose that this difference arises from
inaccuracies in the experimental results related to the oxidation film. Reproducibility of

experimental data must be improved, and more precise data obtained.
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Figure 7-1. Temperature field on the free surface
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Figure 7. Directional spectral emissivity of polished metal
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Liquid Bridge
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Figure 7-3. Temperature fluctuation on the free surface
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Table 7-1. Experimental results of temperature fluctuation on the free surface

Diameter Height [mm)] Minimum frequency of
[mm)] temperature fluctuation [Hz]
10,0 41 | 2.8
4.5 0.56
4.7 0.71

Table 7-2. Comparison between experimental results and direct numerical simulation

Experimental Results Direct Numerical
Simulation
Present Imaishi’s Calculation
Prandtl Number Pr 0.0086 0.01
Aspect Ratio As 0.9 1.2
Marangoni Number Ma 224 226
Minimum Frequency of 0.56 0.44
Temperature Fluctuation
~108—
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8. Open problem
- 8-1  Further purification to remove residual surface oxides and prevention of oxidation

A method of further purification is required to remove residual surface tin oxides,
and a method of preventing oxidation of molten tin during such experiments should be
developed in order to allow reproducibility of experimental data. Further, the
development of these techniques may extend the duration of the clean surface of molten
tin, thus enabling observation of the transition to oscillatory flow.

The throat-capillary method shown in Fig. 4-2 is effective for removal of bulk
oxides in molten tin. In order to remove residual surface oxides (seen as a white island
in Fig. 7-1), we investigated the application of the Ar" ion etching method by using an
ion gun designed for surface cleaning. Under the same conditions, the spattering yield
of SnO, is 2.4 times larger than that of metallic Sn, and the yield of Sn is 1.7 times
larger than that of metallic Fe [14], [15]; thus, in our system, it is expected that selective
etching of surface tin oxides will proceed.

" A high degree of cleanliness in the vacuum chamber is required for prevention of
further oxidation of the free surface of molten tin. A quadrupole mass spectrometer
with very high sensitivity was installed for monitoring partial pressure of O, and H,0 in
order to detect trace amounts lost through leaks in the vacuum chamber. A purification
system of Ar or H, was also installed in order to obtain these gases with ultra high
purity. The atmospheric pressure of Ar or H, can be conducted by using this system
for prevention of further oxidation of tin.

Future research will include study of the effects of adsorbed oxygen on surface
tension and its temperature dependence because it is markedly difficult to remove
adsorbed oxygen completely. In addition, we will examine a quantitative analytical

method of adsorbed oxygen.

8-2 Measurement of the temperature field at the free surface
We could not successfully obtain the temperature field on the free surface by
means of the IR imager due to low and directional emissivity of molten tin. We
consider that it may be possible to calibrate the observed temperature field by
determining the directional emissivity of molten tin prior to measuring the temperature

field. However, accurate measurement of directional spectral emissivity of molten tin
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presents many difficult technical problems, and the calibrated temperature field will
have significant errors. Therefore, we consider measurement of several local
temperatures simultaneously by means of optical fiber type radiation thermometers.
By this method, the wave number concerning temperatufe fluctuation could be

anticipated by phase differences between each output signal of the thermometer.

8-3 Measurement of flow field in the liquid bridge

Measurement of flow fields is very important for experimental study with low
Prandtl number fluids because the velocity vector is not in accord with the isotherms.
In general, low Prandtl number fluids are opaque, so only a few techniques are
applicable for the measurement of flow fields. One of the available techniques is
based on the principle by which the Doppler shift of an ultrasonic wave reflected from
moving particles suspended in the fluid is detected [16]; however, this technique
provides information essentially about a one-dimensional velocity vector. Recently, an
X-ray visualization system has been developed for three-dimensional observation of
flow fields in molten silicon [2]. This technique requires that relatively large particles
be suspended in the fluid, so the spatial resolution is relatively low, especially for
observation of transition to oscillatory flow. ‘

A visualization method using ultrasonic echo signals reflected from moving
particles has potential for three-dimensional observation of flow fields with high spatial
resolution. As seen in Fig. 8-1, the proposed probe features a multi-piezoelectric
vibrator system with a very high Curie temperature. The principle of the method is
based on the visual inspection technique under sodium in the experimental Fast Breeder
Reactor, but further development to miniaturize the vibrator and to operate at a higher
frequency is recommended. Preliminary studies are now underway for the prediction

of spatial and time resolution for the measurement of the liquid bridge of tin.
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Figure 8-1. Proposed probe for three-dimensional visualization method using ultrasonic

echo signals

—111-

This document is provided by JAXA.




9. Conclusions
- Temperature fluctuations on the free surface of the molten liquid bridge are measured
before detecting the transition point toward oscillatory thermocapillary flow.

We selected molten tin as the liquid substance with a low Prandt]l number because of its
low melting point and low vapor pressure, and selected pure iron as the holding rod of the
liquid bridge based on the measurement results of its wettability.

Thermocapillary flow was confirmed by tracing the slug generated on the free surface
- under conditions of oxidation, and temperature fluctuations were measured by IR imager.
The minimum frequency of temperature fluctuation was 0.56Hz on the liquid bridge of 10mm
in diameter and 4.5mm in height at a temperature difference of 20K. However, we did not
find a clear tendency or reproducibility concerning the relationship between the height of the
liquid bridge and the frequency of temperature fluctuation, which is seemed to be due to these
difficulties are caused by oxidation film on the free surface. In future experiments, we
intend to address the technical problem of extending the duration for which the free surface is

not covered with oxidation film.
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