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Oscillatory thermocapillary flow of low Prandtl number fluid in the half-floating zone
was experimentally studied under normal gravity. Measurement technique in surface
temperature of a liquid bridge of tin as a test fluid was developed. Theoretical investigation
of radiation energy from molten tin showed that PbS photo detector can measure proper
wavelength range with high radiation energy, combined with use of CaF, optical pass filter.
It was confirmed that the selected radiation thermometer had temperature resolution that was
smaller than amplitude of temperature fluctuation of oscillatory flow.

The new measuring technique made it possible to observe surface temperature
fluctuations successfully by using the ex-chamber in which CaF; optical pass filter has not
been installed. The periodic fluctuation continued approximately 100sec, then damped
gradually, suggesting that reduction in temperature dependence of surface tension be caused
by oxidation of molten surface. A temperature difference of 7.6K was observed for onset of
the periodic flow, which was almost good agreement with the numerical result with 7.1K. It
should be noted here the second bifurcation point, which has never observed yet, could be
detected by the present experiments.

Considerations for surface science of tin led us to design of unique experiment apparatus
where clean surface of molten tin was able to obtain and sustain during an experiment. Ar’
ion etching method was applied to remove residual surface oxides, and effectiveness of the
etching was confirmed by the installed ion gun that was designed for surface cleaning.
Prevention of further oxidation under vacuum condition of about 10°Pa during one
experiment was experimentally verified by in sifu measurements of surface tension of molten

tin.

Novel visualization technique (3D-UV) of flow field measurements for liquid metals
using ultrasonic transducer with high heat resistance is currently under development for the
experiments. It was concluded that the first bifurcation point could be detected precisely by
3D-UV technique with the consideration of the experimentally predicted performances such
as a resolution, a minimum size of a tracer, and a signal processing method. 3D-UV can
visualize flow field of the liquid bridge in which the aspect ratio is a range of 2.3 (a=1.5mm)
to 0.8 (a=5mm). The visualization technique requires development of unique balloon-like
tracer also. It was confirmed that the balloon tracer with good sphericity could be actually
manufactured by electroless plating of Ni over surface of Shirasu-balloon, which is an

expanded volcanic particle, subsequently by electrolysis plating of Fe.
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1. INTRODUCTION

Tt 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 simulations, 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 govermned by dimensionless parameter of Marangoni (Ma) or
Reynolds (Re) number defined as following:

|o7|ATL
L (-1,
210
Re = Ma/Pr (1-2),

where, G is temperature gradient of surface tension, AT a temperature difference between hot
and cold disks, L a characteristic length of the fluid, u dynamic viscosity, o thermal
diffusivity, and Pr Prandtl number of the fluid. In this study, a radius (a) of the liquid bridge
is used as a characteristic length because of easy comparison with the numerical works done
by Prof. Imaishi et al. (see chapter 3.1).

Thermocapillary flow would be transitioned from axisymmetric steady to 3D oscillatory
flow as the temperature difference increased. Figure 1-1 shows an overview of the transition
behavior of thermocapillary flow. In high Prandtl number fluids, it was proved that a
transition from axisymmetric to 3D oscillatory occurs beyond the onset point. On the other
hand, it was numerically predicted that thermocapillary flow in a low Prandtl number had two
transition points: that is, a flow transition from axisymmetric to 3D steady will occur at the
first bifurcation point, and a transition from 3D steady to 3D oscillatory at the second
bifurcation. The prediction needs to be proven experimentally.

Exper iment \
Numerical Analyses \

— el

i

ba number gréws

Fig. 1-1 Transition phenomena of thermocapillary flow
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Most previously documented experiments have dealt with transparent fluid of a high Pr
number in ambient temperature; it is easy to handle such a fluid and to observe its flow field.
In contrast, experiments with low Pr number fluids, which are generally molten metals and
alloys, have been few. This is due to following reasons:

(1) Low Pr number fluids are opaque. The flow field cannot be observed by means of a
visual ray.

(2) Surface of base metals is easily oxidized above its melting point. An oxidation film
suppresses thermocapillary flow.

(3) High temperature at which metals are in liquid state makes it difficult to handle.

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
Pr number of 0.01, 5.0mm in height, and unity in aspect ratio, the temperature difference at
the first and the second bifurcation point is about 1.6K and 5.3K, respectively. These values
are much smaller compared to those for high Pr number materials.

Table 1-1 summarized the previous experiments using low Pr number fluid. It should be
noted that most experiments were carried out for a purpose concerning a crystal growth
research, that is, the objectives focused on whether oscillatory flow would produce impurity
in striation during crystal growth. To date, few observations and measurements of flow and
temperature fields have been conducted in low Pr number materials.

Nakamura et al. [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 10mm in diameter. Frequency of temperature fluctuation was
0.1Hz at a temperature difference of 100K. However, the imposed temperature difference
was far from the second bifurcation point, hence, it is difficult to discuss the transition
phenomena of Marangoni flow. Han J., et al. [3] experimentally investigated
thermocapillary convection in the liguid 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 5SHz. However, since they used
copper rods to sustain the liquid bridge, a copper-mercury amalgam was formed on the free
surface, leading to free surface pollution.

] E ¥ g ¥ s 1 i ¥ ¥ ;
Direct Numerical Simulation (2nd Bifurcation Pt.) EE
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Fig. 1-2 Pr number versus critical Reynolds number in low
randt]l number
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Table 1-1 Previous experiments using low Prandt! number fluids

Year Title Author General Description iP&;er iExpeﬁment

1883 Experiment on the tharmocapillary convection of [JH. Han, WR. Hu {iquid bridge of mercury was used. Critical Ma was obtained by Joumnal of crystal growth  |1g
& mercury liquid bridge in a flosting haf zone ing surfsce def i 169(1986)128-1358

1989 The Flosting-Zone Growth of Ti3Au snd T3Pt Y. K. Chang Ti3Dt crysts! was ueed. Surface stristions was observed dus to Journst of crystel growth g

Marsngoni convection. 52(1883)827-632

1980 E?’!oatiﬂg zone growth of siticen under microgravity|A. Eyer, R. Nitsche  [Si crystal was used. Surfsce striations was observed due to Joumsl of crystal growth  lug
in @ sounding rocket Msrangoni convection. TF1{1885)173-182

1880 Transition from steady to time—dependent A Croll, R. Nitschs  1Si crystal was used. Surface striations was observed due to Proc. Vith European igHe
Blarangoni convection in partislly costed silicon tarengoni convection. Critical Ma was 100-200. Symposium on Materials
melt zone and Fluid Sciences in

. Microsvavi SA §P-298

1890 iysis of periodic non-rotetional W stristions in|M. Jurisch, W. Loser W doped Mo crystal was ussd. Diameter dependsnce of criticat Ms Jeurnsl of crystsl growth  Hig
Mo single crystals due to nonsteady was obtzined. 102(1980)214-222
thermocapilary convection

1888 Surface temperature oscillations of s fleating B, Jurisch Mo end Nb crystal wes used. Surface striation and surface Joumnal of crystal growth  {ig
zone resulting from oscitlatory thermecepifisry temparature fluctustion was measured. The frequenciss by both 102(1880)223-232
convaction messurements agreed. Elsciren besm heating facility was used.

1996 Exgerimental end numerical studies of k. Levenstam, ¥ Si crystal was used. Temperature fluctustions near fres surface weslJoumal of crystal growth  |ig
thermocapillary convection in 2 floeting zone like |Anderssen it . Temperaturs ion was sesn. Numerical 158(1868)224~230
configuration cslculstions were conducted.

1888 Thermocepillery convsction in a low—Pr msterial {M. Cheng, 8. Kou Motten i was used. Tempersture fuctuation on free surface was  |Proc. of 4th microgravity  {1g
under simulated reducsd gravity rmessured by pyromster. At Ma of §200; temperature difference of  jfluid physics & transport

50, oscillation 0.07Hz end 4K in amplitude was observed. phenomena conference,
288

1988 Thermecepillery convection in a low—Pr materisl Y. Tso, S. Kou Sdoken tn was used. Temper ion was measured by Pros. of 2nd microgravity |ig
under simulated reduced gravity conditions T/C. At temperature difference of 88K, oseillation of SHz and 1.3K fid physics & transport

in smphtuds wes observed. chenomeana conference,
188
H

1808 Temperature i d of the Merangoni flow |8, Nak , 1. olen S was used. Tempersture fluctustion nesr free surface was |Journal of Crystal Growth jlg ug
in 2 liguid bridze of moiten silicen undsr Kibiya meassured by T/C. At melting process, 0.1Hz of temp. Buctustion 138(1998) 85-94
microgravity on board the TR-IA—4 recket was observed. In 1g, 0.2Hz was cbizined.

Mukai et al. [4] presented changes in surface tensions (G) and its temperature coefficient
(or) of molten silicon with changing ambient oxygen partial pressures. The values of G and
or were strongly dependent on the oxygen partial pressures ranging from 10% 0 107*MPa
and, hence, it is predicted that Marangoni flow will be affected by the partial pressure and
oxygen concentration in the melt [2]. Since the reactivity of molten tin, which is a present
test fluid of our experimental study, toward oxygen is similar to that of molten silicon, actual
values of & and Gt in our experiment chamber will be required.

Kou S., et al. [5] 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 amplitude of 4K were obtained at Marangoni number of 6200. According to the
numerical calculations by Imaishi et al. [6], frequency of surface temperature fluctuation is in
the order of 107'Hz even for much lower Marangoni numbers: 0.31Hz accompanies Ma
number of 226 (Pr=0.01, As=1.2, a=6.5mm).

Various theoretical and numerical analyses hav
Kuhlmann [7] and Chen [8] investigated transition p
They showed that thermocapillary flow transitioned from axisymmetric steady to 3D steady
flow beyond the critical Reynolds number, Re,, and investigated the influence of the aspec
ratio of the liquid bridge, heat loss from free surface, buoyancy convection, and so on. Rupp
and Muller [9], Levenstam [10], Kuhlmann [11], and Imaishi [6] conducted direct numerical

c
analyses, and found that there was the second bifurcation point at which Marangoni flow

transitioned from 3D steady to 3D oscillatory in addition to the first one mentioned above.
In a word, the critical Marangoni number has been rarely determined by an experimental
approach in low Pr number fluid successfully.

been conducted in low Pr number fluid.
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The overall purpose of the present study is to understand transition phenomena in molten
materials by means of an experimental approach and comparative study with the numerical
works in this research group. In Japanese fiscal year of 1998, we have carried out the
preliminary works which have mainly comprised selection of the fluid (i.e. molien tin) and the
sustaining material for the liquid bridge (i.e. iron), preparation of the experimental devices,
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and measurements of surface temperature fluctuation of molten tin. These are described in
the previous issue in detail [12]. However, reproducibility of the surface temperature
fluctuations obtained was insufficient. This is mainly due to low sensitivity of the installed
measurement system of surface temperature and surface oxidation of molten tin during an
experiment.

In 1999, measurement technique of surface temperature has been developed and the new
technique has made it possible to observe surface temperature fluctuations of molten tin
successfully near the second bifurcation point. Consideration concerning surface science of
tin has led us to design of unique experiment apparatus where clean surface of molten tin has
been able to obtain and sustain during an experiment. The new chamber has been
constructed with co-operative works by Sukegawa Electric Co. Ltd., and performances of the
chamber have been already confirmed. Novel visualization technique of flow field
measurements for molten tin using ultrasonic transducer with high heat resistance is currently
under development by consignment works to Toshiba Co. We can conclude that the first
bifurcation point will be detected by this technique from the experimentally predicted
performances such as a resolution, a minimum size of a tracer, and a signal processing method
by the consignment works. The visualization technique requires development of unique
balloon-like tracer also. The development is carrying out by collaboration with Kagoshima
Prefectural Institute of Industrial Technology, in which the tasks for NASDA partly consign to
NTT Advanced Technology Co. The surface tensions of molten tin in the experiment
chamber have been studied by in site measurements. This study is carrying out by
collaboration with Kyushu Institute of Rd‘m@isgy and will lead to understanding the oxygen
partial pressure dependency of ¢ and o7 of molten tin.

Many works have been done in this year, and we will be able to prove the flow transition
from 3D steady to oscillatory in low Pr number fluid in the near future.

=)

2. TEMPERATURE FLUCTUATION MEASUREMENT

rfm]

2-1. Reinvestigation of Measurement Instrument for Surface Temperature

A measurement result of surface temperature oscillation observed by thermviewer has
been reperssd in the prevzs&s report [12]. Some expemﬂen s under same conditions ¥
repeated in order to confirm the reproducibility of the observed result after that. However,
no definite temperature oscillation was observed. Exgepg for quenching oscillator
thermocapillary st by surface contamination, one of the reasons for not observin
temperature oscillation is insufficient performances of the thermviewer for detecting radiation
from cylindrical surface with very low emissivity. In addition to this reason, precise
temperature difference of the liquid bridge (Marangoni number) corresponding to data
measured by the thermviewer was unknown because recorded data was not synchronized to
temperature data of the rods. This means important information such as temperature
difference of the liquid bridge, at which oscillations have begun, and correlation between the

temperature difference and oscillating motion lacks.

Qolantinn r\E radiatinn thermnmete < invectioated ac
SCIECHIoNn O radiauon nermomeisr was uxv’woué&u«u again an

applying Japan Industrial Standard for radiation thermometer.

192

él
I
g
o]

Selection of Radiation Thermometer
Radiation energy at a constant emissivity is expressed theoretically with the following
Planck equation [13]:
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EQA,T)=e(A,T)en A7 Hexp(c,/ AT) -1} (3-1)

E W I(m® - um) : Radiation energy
£ : Emissivity
¢, = 2mhc,’ W -um'/m’

h=6.6256%x10*]-s :Planck constant

¢, =2.997925%x10°m/s : Light velocity
n : Refractive index (n=1, in vacuum)
¢, =hc,/k =1.43879x10* um-K

k =1.38054x10%] /K : Boltzmann constant

Figure 2-1 shows the detectable range of wavelength by four kinds of photo detectors (Si,
InGaAs, PbS, and HgCdTe) plotted on radiation curves of Sn calculated by above equation
(Assumed emissivity: 0.04, constant). The red line, blue line and green line show the
radiation curves of Sn at 773.15K, 723.15K, and 673.15K, respectively. This temperature
range from 673.15K to 773.15K is typical experimental range in the low Pr study. The PbS
and HgCdTe photo detectors can detect in higher radiation energy than other Si and InGaAs
photo detectors relatively. Actually, theoretical radiation energy is reduced to some extents
at a measuring port by absorption. The dotted line in wavelength range of PbS and HgCdTe
shows such reduction caused by appropriate optical pass filter. Comparisons of detectable
radiation energy (center of wavelength range) which can detect by above four kinds of photo
detectors are shown in Fig. 2-2. It is concluded that PbS photo detector can detect proper
wavelength range with high radiation energy for the low Pr experiment.

Dotted Line 6% reduction Experimental Range in low Pr experiment
(CaF; optical pass port) (673.1 5[K)~773. 15[K])
—_—t
— —f—

.“.4_ s 150 T T T 7 =
o \ —— 773 15[K]i(500°C
i : 2 Bl
| k13 15(K] 3
; M[ Can =1 A : \.F
o R
dilsl woalle i B 100 f o ‘- ; g3 . St
§1 6 1 on STy w e : L > =
Wave length| 4 m] -3 - Dotted Line 30%:reduction| §ﬂ| ¢ L
Transmission factor 8 - {oSe optical pass pon) xi / ZnSe \
(optical pass filter) g : S —— e
Vacuum Components catalogue(R-DEC) = 50 |- 1 W;\clutglhluml
L]
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Fig. 2-1 Estimation of radiation energy
detectable by available pyrometers
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Fig. 2-3 Detection sensitivity of photo detectors (PbS & HgCdTe)

In addition to above investigation, it is necessary to investigate the detection sensitivity of
photo detectors for measuring data with fine signal to noise ratio. Figure 2-3 shows the
detection sensitivity characteristics of PbS photo detector plotted with that of HgCdTe photo
detector for comparison. The PbS photo detector has sensitivity approximately ten times
higher than that of the HgCdTe if the same radiation energy is received by them [14].
Theoretically, the PbS photo detector can receive radiation energy two times higher than that
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of the HgCdTe (Fig. 2-1), hence, surface temperature data with fine signal to noise ratio is
expected by using the PbS detector.

It should be concluded, from investigation above, that PbS photo detector (IMPAC
Electronic GmbH, IP10/MBS5) is optimum measuring instrument in the low Pr experiment.

Performance Test of Radiation Thermometer

To measure surface temperature by a radiation thermometer is much advantage not to
disturb the flow field of the fluid. In particular, it is effective measurement method for small
measuring object such as the liquid bridge in the low Pr experiment. However, measuring
performance shown on operation manual of radiation thermometer can easily change because
output signal is affected sensitively on atmosphere between detector and measuring object or
surface conditions of the object. In the low Pr experiment, not the absolute temperature but
relative fluctuation component is necessary. The performance for investigating temperature
resolution under same measuring conditions was tested in order to validate the measured data.

Figure 2-4 shows the experimental arrangement for testing the radiation thermometer,
which is defined by Japan Industrial Standard: JIS C1612 (general rules for expression of the
performance of radiation thermometers). The fixed-point blackbody furnace of Zn was used
as measuring object that can keep at the constant temperature for several minutes. The
constant temperature, 692.73K, is very close to temperature level in the low Pr experiment.
Measurement system using in the low Pr experiment was also used and set quite same
sampling interval as practical experiment. Change of output signal level was measured by
inserting the reflector to optical path (blackbody - photo detector) in order to cut the radiation

Result is shown in Fig. 2-5. Resolution of radiation thermometer is identified as 0.24K
by statistical analysis of measured data. The frequency characteristic was also investigated
by FFT analysis and identified as governed by white noise (no significant frequency
characteristic).

It is concluded that this radiation thermometer has temperature resolution that is smaller than
amplitude of temperature fluctuation at oscillatory thermocapillary flow.

\
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\
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Super cooling \.\-.
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Fig. 2-4 Experimental arrangement for testing the radiation thermometer

—124—

This document is provided by JAXA.



Repeating 10 Times

00 .
)
& e
8 ¥ . bl
§ =) g‘ B 4 ‘fﬁﬁﬁ"- '\g ﬁé\}%ﬁﬁ
|
% &0 E o
=
620 ™ o P = =
C ] Timefsec]
R o - - Y™ . - = P Example : axis magnified
Time[sec]
Measurement results (Reproducibility test)
0.5 4 -
os Reproducibility : 0.341[K]
£ s Freguency characteristics
27
E o Resolution : 0.241[K]
g . P e
Random noise
011 A
oo i ngﬂfa? %“w L\u,wmlwa g Q%L!%mi\.gégggégv%}

1] 1 4 5

Frequency [Hz]

Amplitude spectrum {applied rectangular window function)

Fig. 2-5 Performance test results of IMPAC IP10/MB35

2-2. Measurement of Surface Temperature Oscillation

The present object taking in this experimental term is to confirm the definite oscillatory
m@uuﬁgapmm y flow by measuring surface temperature fluctuation of the liquid bridge. The
diameter of the liquid bridge tested in previous experimental term to validate the
reproducibility is 10mm. However, selected diameter of the liquid bridge tested in this term
is 3mm so that the enough temperature difference as driving force should be imposed for
thermocapillary flow.

Experimental Conditions

An expeﬂmenta;s apparatus is illustrated in Eiga 2-6 {‘22}5 in which an optical pass filter
made of CaF, has not been installed. This figure also shows the attached radiation
thermometer and image of measuring area on ‘ih@ liquid bridge surface (2.2mm in diameter).
Figure 2-7 shows a CCD image of the liquid bridge b@tﬁ@@”’i a pair of upper and lower rods

formed in a vacuum condition (approximately 5x107[Pa]). The temperature difference
was it xﬁese@ by heating the upper rod at a constant power and cooling the lower rod naturally.

A time series of temperature of the upper and the lower rods measured by ahermscsuﬁies
embedded at near the end face of them and imposed temperature difference (maximum
22.0[K]) are shown in Fig. 2-8 and 2-9, respectively. The rate of heating is approximately

1 - -
2.6%x10™ [K/sec].

O’G
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CCD image of liquid bridge (Data acquisition system)

Fig. 2-7 CCD image of the liquid bridge

Results and Discussion
Figure 2-10 shows the time series of surface temperature measured by the radiation

thermometer, indicating existence of standing wave in the time of 200-300sec with very small
amplitude but with distinguishable one (its amplitude is larger than temperature resolution
of the radiation thermometer). The fluctuating component was extracted by shifting
baseline, as shown in Fig. 2-10 and 2-11, in order to observe the growth of the standing wave.
The periodic fluctuation begun after 200sec and amplitude of the fluctuation became slightly
larger than before. This periodic fluctuation continued approximately 100sec, then damped
gradually. The temperature difference of this onset of the periodic fluctuation was 7.6K,
which was near the second bifurcation point (see Section 2-3). The amplitude spectrum of
each sampling time of 100sec at 50sec intervals was obtained by FFT analysis as shown in
Fig. 2-12. It is clear that the characteristic frequency near 0.17Hz rose after 200-300sec,
and the frequency shifted toward slightly higher value as temperature difference increased.
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Fig. 2-9 Imposed temperature difference

The damping of amplitude is considered as a result of reduction of temperature coefficient
of surface tension caused by oxidation of fluid surface. The extremely thin oxidation film
covered with whole liquid bridge surface was observed by CCD image at the end of
experiment. The standing wave measured with 0.17Hz can be considered as a result of a
pulsating or/and rotating oscillation, however, to conjecture and clarify this oscillating motion
is impossible from only one-point measured data. The oscillating motion of pulsating or
rotating will be made clear near the future by multi-point measuring.

Numerical simulation under conditions just same as this experiment was performed and
reported in Section 2-3. It should be noted that Prof. Imaishi and Dr. Yasuhiro are studying
the transition behaviors of low Pr number fluids for general understanding, while we are
carrying out the simulations for interpretation of experimental results.

The experiment under different conditions was performed at same procedure. These
results are summarized in Table 2-1.
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Fig. 2-10 Temperature fluctuation measured by radiation thermometer
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Fig. 2-11 Extracted temperature fluctuation component

Periodic temperature fluctuation of the liquid bridge surface, which have been measured
near the second bifurcation point, and correlation between frequency shift of the oscillation
and the temperature difference have been never reported before in experimental works [1], [5],
[15]. In this study, we successfully measured them by using the optimum radiation
thermometer of which performances was predicted theoretically and confirmed
experimentally. More precise results of temperature fluctuation will be obtained by the
promising technique of surface temperature measurement mentioned above in conjunction
with using a new experimental chamber where clean surface of molten tin will be obtained
and sustained during an experiment (see Section 3). The parametric study changing
diameter and aspect ratio of the liquid bridge with multi-point surface temperature
measurement will be performed later. The experiment for measuring practical oxidation
effect which reduce surface tension and its temperature dependency (used in calculating
Marangoni number) as the driving force for thermocapillary flow has just begun. This is
reported in Section 2-4.
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Fig. 2-12 FFT analysis of measured temperature fluctuation
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Table 2-1 Experimental Resulits

Case i 2
As(-) | 2.23 2.5
AT(K)| 7.6 12.75
f(Hz) 0.17 0.2, 0.3
®(-) 0.115 0.135,0.20

o=2naflo

2-3, Numerical Simulations
Numerical simulation uﬂaer caa&ﬁ;eng jusl same as experiment was conducted. Purpose
. § 5—3@ vawi&fgmﬁ

of present
program was d@%i@p@@ @y P’mf@sssr Emaishi and Dr. Ya.Sghzm, ’Ef was modified by Dr.
Yasuhiro so that we could deal with transit thermal boundary conditions and dimensional data

convenient for sompaﬁsmz with experimental data directly. A size of the liquid bridge to be

t obtained ﬁv the expe

“aiyzed was specified the typical experiment case, in which radius a=1.5mm and height
h=3.35mm was employed, thus aspect ratio As=2.23, as shown in Fig. 2-7. Figure 2-13-1
shows fitting functions of temperature changes of the hot and cold iron walls imposed in the

experiment. They were buﬂié the program as thermal boundary conditions. i@mp@r&ig‘re

¢ 4%  FOT S
g raes ne 1 §p§

AGER

<
o

e

o e & P = kD
Eay TTeT
difference AT as shown nFig. Z-15-Z was induced @}’ difference of coolin

Thermophysical ;@mp@m-@s of melted tin were used as shown in Table 2-2.  All values except

&

surface tension derivative were interpolation values at arithmetic mean temperature 753K of
maximum temperature at the hot wall and minimum one at the cold wall during the
experiment.
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Table 2-2 Thermophysical Properties of Melted Tin at 753 [K]

Viscosity p=11856 x10°  [Pas]
Density 0=6.793 x10° [kg/m3]
Thermal Conductivity A=3.5437x10'  [W/mK]
Hear Capacity Cp=242x10"  [/keK]
Surface Tension Derivative G =13x107 [N/m/K]
Prandlt Number Pr =0.008

According to the experimental result, onset of temperature fluctuation was observed at
t+=198sec (AT=7.6K). In order to confirm temperature fluctuation in simulation, start time
PR Tagrlads 3 L L OEN farmi1 e ST 3 N T N S . ..Eg. R RS- N
of this calculation was set t=3580sec (AT=12.7K) when enough time had past afier onset point
obtained by the experiment. Figure 2-14-1 and 2-14-2 show temperature changes of the
walls and the temperature difference, respectively. Calculated surface temperature and
velocity compen@ms at local point of middle height of the ligquid bmage are shown in Fig.
i i temperature was chserve t“S‘izsec after

.. ;

components comparing to the results of amaﬁ%yszs with lower aspect ratio As=1. 8 csﬂéﬁsteé by

Professor Imaishi et al. [18]. FFT analysis of the surface temperature revealed temperature
fluctuation had two compoﬁeﬁts of £=0.6 and 1.0H=z as shown in Fig 2-15-3. They were

larger than value £=0.17Hz obtained by the experiment (Fig. 2-12). The difference could be
due to large AT imposed at start time rather than difference in aspect ratio.
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Fig. 2-14-1 Temperature changes of the iron walls Fig. 2-14-2 Temperature difference
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It was considered that state of fluctuation was different whether calculation started
before onset point or not. We estimated onset point in numerical simulation in order to
start calculation before fluctuation, showing considerable calculation time to investigate time
interval containing onset point obtained by the experiment. Therefore following method
was adopted: changes of boundary temperatures were accelerated 10 times of the actual
changes as shown in Fig. 2-16-1 and 2-16-2, hence start time was set t=180.0sec (AT=6.9K).
By using such conditions, calculation time was saved for wide range of AT=6.9 to 12.0K.
Figure 2-17-1 and 2-17-2 shows fluctuations of surface temperature and velocities,
respectively. It was considered onset point existed at t=181.4sec (AT=7.4K). As a result of
this analysis, onset point was almost same as the experimental result although changing
rates of the Dboundary temperatures were accelerated. Onset point of
t=180.0+10(180.0-181.4)=194.0sec was estimated in actual changes of the boundary
temperatures.
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Fig. 2-15-1 Fluctuation of surface temperature Fig. 2-15-2 Fluctuations of surface velocities
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Fig. 2-15-3 FFT analysis of temperature fluctuation
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A simulation was conducted again in the actual boundary conditions to obtain surface
temperature tuation data. Figure 2-18-1 shows fluctuation of surface temperature
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, a peak of amplitude was appeared at £=2.6Hz by FFT
aﬁaiyszs, Th@ results ois tained by the simulation and the experiment were summarized in
Table 2-3. Temperature difference AT at onset point was in good agreement with the
experimental result, however, frequency f was @s&m&tsd 15 times larger than the experiment.
Difference in f will be investigated by Professor Imaishi et al. and us as future work. Asa
result of a series of simulations, we obtained knowledge that state of temperature fluctuation
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is different by an initial AT and a heating rate imposed to a specimen. It should be
considered in planing of experimental conditions and analysis of a result. ‘

Table 2-3 Comparison Resulf of Simulation with Experimental Resuk
<Pr=0.08,As=2.235>

Simulation Experimet
Temperature
Difference at onset 7.1 7.6
ATIK]
2.6 0.17

Frequency f[Hz]

2-4, In Situ Measurement of Surface Tension

Moukai et al. [4] presented changes in surface tensions (G) and its temperature coefficient
(o1) of molten silicon with changing ambient oxygen partial pressures. The values of ¢ and
or were strongly dependent on the oxygen partial pressures ranging from 107 to 107*MPa.
Since driving force of Marangoni convection is surface tension gradient along free surface of
a fluid and the reactivity of molten tin toward oxygen is similar to that of molten silicon,
actual values of ¢ and Gt in our experiment chamber should be measured. Moreover, such
values wﬁé’i be useful for verifying performances of a new experiment chamber (see Section
3-3). In this year, experimental setup and preliminary measurements were carried out with
the new chamber for the low Pr experiment (see Fig. 3-3) and an apparatus of Kyushu
Institute of Technology (KIT). Research procedure, the apparatus, and the method are given
in this report. Only one figure was presented in Section 3-3 (Fig. 3-6), details of the results
will be published in the next issue. ‘

KIT NASDA

Evaluation of oxidation affection Measurement under equal conditions
/ j £ w / @ _gg
i Measurement of —— Measurement of =
| o ol | ot
‘ T3Y guﬁ? i . ‘} 1 w T § @“S 1

; using low Pr expernimental
» Controlled Py, . ©
apparatus.

. ° Equal temperature range ., )

E

- ////
o] c;c;? i

‘\ / Estimation of P,

.. JfD
Estimation of accurate é;g—

Fig. 2-19 Research procedure of surface tension by in situ measurement
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Most important information is actual values of ¢ and or of molten tin during a low Pr
experiment; hence surface tensions should be measured in sifu. Since it is difficult to
measure oxygen partial pressure (Poy) in a vacuum chamber precisely, we can obtain the
surface tensions at a certain Poy (x Pa) and given temperatures (T, K) by in sife measurements.
The unknown partial pressure of x Pa can estimate by measurements of surface tensions at
carefully controlled 3302 and the given temperatures of T, K by using the apparatus where Poy
can control below 1072 MPa under Ar gas flow at the total pressure of 0.1MPa [17]. And
then, systematic measurements using the above apparatus can obtain actual values of ¢ and ot
at any Pop and temperatures, and will lead to systematic understanding of surface tension
behavior in the group VI molten metals. Figure 2-19 shows research procedure mentioned
above.

Figure 2-20 shows the experimental setup for in situ measurement. Tin droplet of Smm
in diameter was formed on o-Al,O3 substrate, of which diameter and thickness was 28 and
4mm, respectively, mounted on the heater unit of the lower disk for sustaining the liquid
bridge. The droplet temperature was measured by a thermocouple embedded at near surface
of the substrate. Surface tension values were obtained by improved sessile drop method [4],
[17]. Analysis methods were the same as the methods for measurement of molten silicon,
however, measurement conditions such as employed temperatures and atmosphere, use of a
light source, and a size of the droplet and steel ball as a reference were optimized for
measurement of molten tin. The apparatus of KIT is shown in Fig. 2-21, where some
modifications of the apparatus were carried out for use of an electric heater and a light source.
0-Al, O3 substrate and grade of reagent tin were just same as the materials used for the in situ
measurements.

Preliminary results by the in sify measurements are described in Section 3-3, where
effectiveness of Ar’ ion etching method for surface cleaning of tin is successfully presented
by changes of surface tensions. In next year, detail experiments will be performed for
obtaining actual values of ¢ and o7 at any Po; and i@mp@ramr@s in the low Pr experiment
chamber. Influence of contamination of molten tin by iron, which is a raw material
sustained the liquid bridge, on & and o1 will be also investigated by using a substrate of which
a part of surface is filled by iron.

3 Pat) B LA
%&{ jﬂ@ drop on the Check points

% ALG; substrate /] Shutter Sp@@é }
=Iris |
¥ 2 ,,_hé.:, i
I FLag _mgg }
| *Magnification ratio|

Camers

\:Optical distortion

QOutlines
{Minute frembling}

Ste@\ Ba E ®S[mm} Tin drop ¢ Q[mm{
(1/15, 4) (1/125, f4)

Fig. 2-20 Experimental setup for in situ measurement
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3. PERFORMANCES OF NEW EXPERIMENT CHAMBER

3-1. Surface Scientific Considerations of Molten Tin

Since driving force of Marangoni convection is surface tension gradient along free
surface of a fluid, it is very important to produce a clean surface and maintain it through a
course of an experiment. This means necessity of technique for removal of oxides from a
crude fluid and prevention of further oxidation in an experimental study with low Pr number
fluids. A throat-capillary method, by which oxides was stripped out at a capillary portion as
described earlier [12], was effective for removal of bulk oxides in molten tin. However,
there was small amount of residual surface oxides only by the throat-capillary method, and
free surface was being covered with oxide film of tin during a course of an experiment at a
vacuum degree of 10~Pa, resulting in insufficient reproducibility of the results [12)].

I 4 T i I

4 : il
[XIO ] 25 B S‘\.“‘\ _—Omin,
— I " w?}:mm 1l Oxide film (Sn0,, Sn0)
i 31,00 1 ——3min. 9
& R T ]
Z sl e 1 A Tin
5 ‘! -
3 O A 4—— Fe substrate
0.3 Specimen
2 489 486 483 480

Binding energy[eV]

Fig.3-1 XPS spectra on the droplet surface of tin (4mm in diameter)
Each spectrum was obtained after Ar* ion sputtering.
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Effectiveness of Ar' ion etching method has been investigated for removal of the residual
surface oxides. Surface composition of a tin droplet in the solid state, combined with depth
profile of components by Ar' ion etching, was examined by X-ray photoelectron spectroscopy
(XPS). Figure 3-1 shows XPS spectrum of the tin droplet (semi-sphere of 4mm in diameter)
which was heat-treated at 673K, then cooled to room temperature, under a vacuum condition
(10%Pa). The XPS intensity assigned to SnO; was comparative the intensity assigned to
metallic Sn on the surface of the droplet. However, after etching for 7min, only metallic Sn
was observed at XPS sensitivity. The vacuum degree of 107%Pa strongly suggested formation
of a relatively thick film of SnO, during the heat-treatment of the droplet.  Therefore, it can
conclude that the residual surface oxides of the tin droplet, which is a real shape of a sample
to be etched in a new chamber, will be removed effectively. Moreover, the sputtering yield
ratio of SnO,/Sn/Fe is equal to 4.1/1.7/1 under the same conditions [18],[19]. Itis expected
that selective etching of surface tin oxides will proceed with negligible damage of surface of
the iron rod that sustains the liquid bridge of tin.

Dissociation pressure of oxygen in the following equilibrium,
SnQO; (solid) = Sn (liquidy + O (G-

is the order of 107°°Pa at a temperature level of the low Pr Marangoni experiments, 673K, [20].
The oxygen partial pressure (Poz) of 107%Pa is an impossible level in a vacuum system with a
present technology. Considering less heat loss from free surface of the melt by radiation, the
vacuum condition has an advantage for carrying out the low Pr experiments, thus, we should
investigate a prevention method of further oxidation not by equilibrium consideration but by
kinetic aspects. Surface science of molten tin in vacuum conditions, combined with surface
tension measurements, was studied by Auger electron spectroscopy (AES) [21]. Asseenin
Fig. 3-2, no contamination of molten tin surface by oxygen and no decrease in the measured
surface tension values were found up to an oxygen exposure of 217 and 1.6x10* in Langmuir

e Sl j P4y §

Tl
o é—o—%% o I/L O, exposure (L) P, (Pa)

I 003 2.17x102 4x10°

&
. H
| 0.18  1.60x104 5x10°2
<@, -
9.03 <0.18 iL: exposure to gas corresponding to
& e FE monolayer adsorption,
B e s o oo (o dse ey ki (1L=1.33x10"*Paxlsec)

Data from R. Sangiorgi, ¢t al., Surface Science,

vol. 202 (1988) 509.
In low Pr experiment,

Time for one experiment: about 2 h
(assumption: Sn — Sn oxides, Ea=20kcal/mol)

I/Ls, Po Possible exposure time

s 3(227 at 22(}5 a’;éggf V Specification of vacuum
° X ° == aograa: D =106

003 1106 oh 04k degree: P=10-%Pa order

0.18 1x10-6 592h 29h

Fig. 3-2 Effects of oxygen exposure on oxidation of tin surface
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unit,

respectively, at around 560K (1L=1.33x10"Pa's; corresponding to monolayer

adsorption). The oxygen exposure of 217L corresponds to an exposure at Poy of 1x107Pa
for 80h at 560K and at Pa, of 1x107Pa for 3.9h at 673K by assuming that activation energy
for the oxidation of molten tin reaction be 84kJ/mol. Since required time for one experiment
in the low Pr study is about 2h, negligible alteration in surface tension will occur during a
course of an experiment, leading to reliable and reproducible experimental data. It is
concluded that prevention of further oxidation of molten tin will be possible in a vacuum
chamber at a total pressure level of 10°Pa during one experiment.

3-2. Design and Specification of New Chamber

The new chamber mainly designed for obtaining required total pressure level of 10°Pa
discussed in Section 3-1. The design was also included other required improvements
extracted through experimental operation using the ex-chamber that was described in the
previous issue [12]. These were molten tin supplying mechanism, temperature control
mechanism of the liquid bridge, number and location of port for measurements, and panel
material for lowering stray light from the chamber wall. The all improvements were carried
out by minimum modification of the ex-chamber and equipment that has already installed.

Figure 3-3 shows the outline of structure and improvement points of the new chamber.
The main features were as follows:
+ . . . 3 e . .
(1) The Ar" ion-etching gun, which was designed for surface cleaning and commercially

available from VG Microtech, was newly installed at the parietal of the chamber.  This
etching gun aims the tin droplet on top of lower rod which can rotate in order to eich
whole surface of tin. ‘

(2) Performance of evacuation was aftained to reduce the evacuation resistance by

4
H
X

SN R

3) The cooling mechanism for lower rod operated by He gas was newly installed in order

widening the piping diameter and the evacuating area by which the gate-valve was
installed between the main chamber and the sub-chamber for melt supplying
mechanism.

ITT~

to impose controlled temperature difference against the liquid bridge.
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Fig. 3-3 Structure and main features of the new chamber
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(4) Isotropic graphite pretreated with an acid was selected as the panel material for
lowering stray light because of its low outgassing rate [22]. The panel had detachable
mechanism from the chamber wall.

3-3. Performances of New Chamber

The measured performance of evacuation and Ar" ion etching are shown below. Figure
3-4 shows a performance of evacuation. The total pressure was reached level of 10”Pa,
which is close to required level, for only 15min after evacuation started. Once the chamber
degassed at around 570K (the chamber wall temperature was about 370K), the total pressure
level of 10°Pa was obtained under same experimental conditions, Thus, the required
vacuum degree was confirmed.

Fig ure 3-5 shows a change of O-atom ion concentration in the Ar" ion etching process of
the droplet of solid tin. The total pressure was about 4x10™*Pa during the etching and
accelerating voltage of Ar' ion was 5kV. In order to etch all surface of the semi-spherical
shape, the sample was manually rotated to 7/4 radian after etching a given surface of the
droplet for 3 to Smin, followed by the same efching processes (total etching time: 24 to 40
min). The concentration of O-atom, which is given as an ionic current, was measured by
Quadruple Mass Specirometer (QMS) that has been already installed in the experiment
chamber. It was clearly shown that high sensitive monitoring of the etching process was
possible with QMS.

Surface tension values before and after the etching of tin droplet was measured at 530K in
order to estimate the effect of the etching on removal of residual surface oxides. Surface
tensions were measured by the sessile drop method, and the measurements were carried out
by collaboration with Prof. Mukai and Dr. Yuan of Kyushu Institute of Technology. The
surface tension value was increased about 2% by the etching, strongly suggesting
effectiveness of the etching for the surface cleaning. Figure 3-6 shows change in the surface
tension values with time at 613K, However, the measured values were constant at around
504mN/m within an experimental error for the time of 55min. It was concluded that there
was no appreciable surface oxidation of molten tin at a total pressure level of 10°Pa durin
one Marangoni experiment.
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Fig. 3-4 Measured evacuation performance (before degassing)
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4, DEVELOPMENT MEASURING TECHNIQUE OF FLOW FIELD

4-1. General Aspects and Principles of Measuring Techrigue

Since the flow fields are not in accord with the temperature fields and the fluids are easily
contaminated and/or oxidized by circumstances and probes, non-contact measurement of flow
fields is very important for an experimental study of Marangoni flows. One of the available
techniques is based on the principle by which the Doppler shift of an ultrasonic wave
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reflected from moving particles suspended in the fluid is detected [23]. However, this
technique provides information essentially about a one-dimensional velocity vector. An
X-ray visualization system has been developed for three-dimensional observation of flow
fields in molten silicon [2]. Since this technique requires that relatively large particles be
suspended, the spatial resolution is not sufficient, especially for observation of the transition.
To date, there is no applicable technique by which the flow fields are able to observe
three-dimensionally with high spatial resolution for wide variety of liquid metals.

Novel visualization technique (3D-UV) of flow field measurements for liquid metals
using ultrasonic transducer with high heat resistance is currently under development [24].
3D-UV technique has potential for three-dimensional observation of flow fields with high
spatial resolution. This section presents experimentally predicted performances of 3D-UV
such as a resolution, a minimum size of a tracer, a signal processing method, and so on.
3D-UV requires development of unique balloon-like tracer. Design of the tracer and
development of elemental technique for manufacturing the tracer is presented also.

Basic concept of 3D-UV is illustrated in Fig. 4-1. A number of the transducers, which
are a single crystal of LiNbO3 (LN), with Curie temperature of 1470K are attached over one
of the pair at a certain distance from the interface between the rod and the liquid bridge
because directivity of ultrasonic (US) beam makes wide. A principle of 3D-UV is as
follows:

(A) The US beam transmitted from one transducer is reflected over a surface of a moving

tracer suspended in the melt,

{B‘- T‘g@ﬁ, the echo beam @af@ be received by the plural transducers simultaneously,

?g to three-dimensional detection of a position U'? the {racer,

iree=-gunensigna Vi & PUSiavis 22 &5

(C) Finally, the process (A) aﬁd (B) are repeated with a high frequency (a transmitting
transducer is also scanned), resulting in visualization of a flow field of the melt.

Ugper rod (Fe) —&

juid Bridge ofSn
{ézamei&z‘ 10-3mm)

Hest resistance; »
Freguency: 1040 2 if Hz

Diameter: <Z2mm

Material : LiNbQ,, Cune temp. 1470 K

Fig. 4-1 Basic concept of novel three-dimensional ultrasonic
visualization technique of flow field for liquid metals
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4-2. Materials and Method

It is difficult to conduct an experiment for prediction of the performances in molten tin
because the surface of the melt is easily oxidized in an atmospheric condition. Therefore, a
model material for the rod and the fluid was used for the development of 3D-UV. Selection
of the model material was based on its acoustic characteristics such as acoustic impedance (7),
transmittance (T), and reflectance (R).  Definition of these values is as follows:

Z=p-c ‘ ; : (4-1),
rg;_ﬁznz_z\z (4-2),
(Zl +2Z,)

R=+1-T (4-3),

where, o is a density and c is an acoustic velocity. Table 4-1 shows the materials used in this
work. The conventional PZT transducer (lead zirconate titanate) was used only for a
preliminary experiment.

Table 4-2 shows acoustic characteristics of the materials used in this work and the low Pr
experiment for the Marangoni study. The values of T and R were calculated by the
equations {(4-2) and (4-3), respectively. Clearly, a glass plate and a hole are a good model for
the fluid and the tracer, respectively, because of the same acoustic characteristics between
them. This means high correlation can be expected between predicted performances from
this work and true ones in the low Pr experiments. An experiment cell for this work was
illustrated in Fig. 4-2. The hole was obtained by drilling the glass plate. Unfortunately,
drilling a hole of 100um was impossible, thus a hole of 300um was a minimum tracer model.
Depth of 12mm in the glass plate corresponds to depth of about 5mm in the liquid bridge of
tin based on acoustic velocity ratio of both media. Glycerin paste was used as a couplant
between the rod and the glass plate. An echo signal from the hole (T7) was observed between
an echo from the first interface (§) and an echo from the second one (5).

Table 4-1 Materials used in this work

Transducer (status} | Frequency | Temp. | Bonding | Rodmodel | Fluid model
(MHz) (K} method

PZT (preliminary) 2 i adhesion | acrylic resin water
LiNbBO, (target} 10-20 tt. adhesion | Fe, Ti, steel glass plate
Y At} ftorogat) N S0 ’?‘73 enlidansing T otepl Slace niate
| 2 80 UU3 {lﬂési} fU=LU i SUIUCT Eﬂg @ M 1iwivz g 5£c§33 p{ 189

Table 4-2 Acoustic characteristics of the materials used

Low Pr experiment This work
L. Z(x10% T o Z(x10% T
viaterial 4 Viaterial
Material - gimis) (o) | MR gamis) (w)
Fluid Sn 17.6 . | Glass. s -
plate
Rod (1} Fe 46.2 79.9 | Fe, steel 46 74
Rod (2) Ti 27.1 92
Tracer D | £ <042 R>95 | Hole  4x10% R~100
balloon
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LN transducer

metallic block

glass with
some holes

Fig. 4-2 Cell for model experiments using
the glass plate with some holes (0.3-
1.0mm in diameter, 2-10mm in depth)

1.20

L]
oo
L]

0.40 |

Intensity of Echo Signal (V)

Ti Fe SK
Sustaining Material

Fig. 4-3 Echo intensity changes with changing a rod
material to sustain the liquid bridge of Sn

1ity signal from S was measured with three materials for the rod. If the
echo intensity from S is high, the US beam in the fluid will be intense, leading to a clear echo
1 sl s
alb £ DELL

1 from 7. In this experiment, the LN transducers attached by an epoxy resin were used
f@:ﬁ: h@ room temperature measurements. The results are shown in Fig. 4-3, where SK is a
sort of steel classified by Japanese Industrial Standard. The high intensity of the echo was
obtained with Ti-rod and SK-rod, especially at frequency of 20MHz, whereas the intensity
was drastically damped with Fe-rod. Microstructure of each rod materials was observed
cross-sectionally by scanning electron microscope (SEM). As shown in Fig. 4-4, maximum

crystallite size was about 50, 200, and 2um for Ti, Fe, and SK steel, respectively. Since
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wavelength of US is about 300um in these metals, it is concluded that US beam was scattered
in the large grain boundary of Fe, leading to extremely damping the intensity. The growth to
large crystals of Fe in pure iron was unavoidable without additives such as P or B compounds.
Therefore, Ti or SK was suitable as the rod material, of which a surface should be coated by
Fe.

=
il

ariogd

,_,
P o

¥

Fig. 4-4 Cross-sectional observation of the rod materials by

scanning electron microscope. Maximum crystallite size is

about 50, 200, and 2um for Ti, Fe, and SK, respectively.

4-3. Prediction of Performances

If one moves the LN transducer over the glass plate horizontally, a distance between LN
and one hole (T) changes, whereas distances between LN and S, and also LN and B are
constant. Therefore, a locus like an arc will be observed only in the echo signal from T
when US beam has a wide directional angle with sufficient strength. And such US beam can
leads to high spatial resolution of the tracer position because an echo from the tracer can be
received by a number of transducers.

Harmonic of T

o ;._,?“ ?

AR
Fof ' & w4

Fig. 4-5 Observation of echo signal locus at
frequency of 10MHz
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Three echo signal loci from three holes with the different depth (7,-,) were successfully
observed between the fixed echo at the receiving time of around 7us (S) and same one at
around 11us (B) as shown in Fig. 4-5. The LN transducer attached over the rod by the epoxy
resin was operated at frequency of 10MHz and was moved in a position every Imm pitch in
this experiment. The echo signal was recorded after 16 times integrating the received echo
and calculating a difference between the echo and the background noise. In general, higher
frequency leads to a narrower directional angle because of its high transmitting property.
However, operating at 20MHz made clearer the locus as seen in Fig. 4-6. The directional
angle was about 16 and 18° for 10 and 20MHz, respectively. This is attributable to higher
S/N ratio, i.e. more intense US beam, operating at 20MHz. In conclusion, it was strongly
suggested that high-resolution US images could be obtained in molten tin by aperture
synthesis method [25] operating at 20MHz.

The echo intensity changed with changing a size of the LN transducer. The observed
echo was extremely weak when LN of Imm-square was used. Using a 2mm-square crystal
is valid to obtain a wide directional angle and sufficient strength of US beam. Since a spatial
resolution for an azimuthal position of the tracer (Rg) depends on a number of transducers
which can receive the echo, the present results can not predict the precise value of Ra.
Instead of the precise value, we can predict that the minimum value of Rg is close to one half
of the selected LN size, ie. about Imm, in case only one transducer can receive the echo.
Actually, the results shown in Fig. 4-5 and 4-6 clearly suggest that multi-receiving-system can
be designed, therefore, an actual value of Rg will be a certain value between Imm and the
tracer size.
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(A) 10MHz (B) 20MHz

Fig. 4-6 Echo locus from the hole T,_; at frequency of (A)

10MHz and (B) 20MiHz. Directional angle is about 16
and 18° for 10 and 20MHz, respectively.
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Fig. 4-7 Echo intensity changes with changing a
diameter of the hole at a constant depth of
6mm (7, ). Soldered LN transducer was
used for high temperature experiments.
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Influence of a diameter of the hole on the intensity of the echo from T was examined.
An example of the results using Ti-rod is shown in Fig. 4-7, where the diameter of the hole
was expressed as “¢ x mm.” From this experiment, the soldered LN transducer was used for
the high temperature experiments (773K). An aluminum alloy was used as solder. After
soldering, the LN transducer was pre-treated at high temperature in an atmospheric condition
for about two weeks. The echo signal was recorded after 16 times integrating the received
echo and calculating a difference between the echo and the background noise. The echo
intensity decreased with decreasing the diameter of the hole, and the same tendency in the
intensity was observed using another rod. From these results, we can predict intensity of the
echo from the hole of 0.1mm in diameter, which was not able to drill, as described below.

All experimental values of the echo intensity using various rod materials and the holes
(0.3, 0.5, and 1.0mm in diameter) were plotted against the hole diameter as shown in Fig. 4-8,
where the echo intensity was expressed as a relative intensity to the intensity recorded using
the hole of 0.5mm. The solid line shows that linear correlation between the relative intensity
and the hole diameter can observe at the constant depth of 6mm. By the solid line, the
relative intensity of the echo from the hole of 0.1 and 0.2mm can be predicted as seen in Fig.
4-8.

- (d=6mm)
= 10
= SKD (steel
i
% oL K@) /iR
Q \\,‘gy i .
= — (3lass &
R ¥
g-10f% X
% °°9° Ti
=
8 -20
2 Predicted intensity
=8
& -30
' 0.1 02 03 05 1.0

Hole diameter (T, ) (tnm)

Fig. 4-8 Relationship between the relative echo
intensity and the hole diameter at the depth

of 6mm
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Fig. 4-9 Prediction of echo intensity from
hole with a diameter of 0.1 and 0.2mm a’@
any depth

The echo intensity, which was recorded from the hole of 1.0mm in diameter at 2-10mm in
depth with Ti-rod, was damped with the depth of the hole as shown in Fi ig. 4-9. The echo
intensity from the hole of 2mm depth was too strong to amplify the signal linearly, resulting
in saturation in the output intensity. Therefore, all data can be adequately approximated by
the solid line as shown in Fig. 4-9. Figure 4-8 shows that the predicted difference between
the echo intensity from the 1.0mm hole and from the 0.2mm hole is about ~9dB at the depth
of 6mm. Also, we can predict the intensity for the 0.1mm hole will decrease about ~12dB.
The dashed lines in Fig. 4-9 were obtained by shifting the solid line by —9dB and —12dB,
respectively, Ee&dﬁg to the predicted echo intensity from the 0.2 and 0.1mm hole at aﬁy depth.
h@ lower limit of detection of a signal was about —65dB SX?@EE‘E@E‘E”Q&EE}J by the present
processing method described above. Therefore, it Ag concluded that the minimum diameter
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Large crystal (Smm square) was soldered over the metallic block surface, subsequently cut
into 2mm-square one. Usmg a large crystal resu h@ﬁ in precise soldering of LN; thus the
echo signal from S of the glass plate was more intense (aboui 6dB) by using the
quadri-LN-system than the smgi@ -LN-system as seen in Fig. 4-11. However, the echo
intensity decreased about 2dB in molten tin at 723K than the same one observed with the
glass piaj:g Therefore, it is concluded that the echo intensity in molten tin will be zmpmve@
Thi
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’s_ racer of 0.15mm in diameter will be able to d@a@c‘i at 4mm in depth of the ligui
bridge of Sn, leading to satisfactory experimental conditions for the flow visualization in
which the aspe@‘é: ratio (As) will be a range 0f 2.3 (a=1.5mm) to 0.8 (a=5mm).
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_ LN crystal (5mm square) _

T - Ptelectrode. T

Ti foil
(0.1mm thickness)
Solder (Ag base)

Ti block P Steel block

Fig. 4-10 Preparation method of multi-transducer-system
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Fig. 4-11 Improvement of echo intensity

by using “quadri-LN-system”

Since a positive region of US waveform will digitize for the signal processing, an axial
position of the tracer will have a maximum error of one half of wavelength of US in the melt.
The wavelength of US operating at frequency of 20MHz is about 120pm in molten tin, thus a
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spatial resolution for an axial position of the tracer (R,) can be predicted to be about 60um.
The predicted value of R, is reasonable because 60pm is smaller than the detectable minimum

size of the tracer (200-100um).

4-4, Detection of the First Bifurcation

The result of the numerical simulation of the liquid bridge with Pr=0.01, Ma=50, and
As=1.0 [26] can convert a dimensional-plot for easy comparison with the experimental results.
Figure 4-12 shows changes in the dimensional surface velocities (u; and ue) with
non-dimensional time (1) at around the first bifurcation, where u, and ue mean an axial and
azimuthal velocity, respectively. Since a sampling rate of 3D-UV is designed in the order of
10s, an axial and azimuthal velocity resolution would be less than an axial and azimuthal
position resolution (R, and Re) predicted above, respectively. The flow transitions at the
first bifurcation can detect with high precision by the 3D-UV technique as shown in Fig. 4-12.
Therefore, it is concluded that the 3D-UV technique has advantages for three- dimensional
observation of flow fields of the liquid bridge than the conventional ones [2], [23], especially
for studying the transition phsneﬁ@na of M@mng@m convection, and that 3B=W should be

developed further. -
The present studies were conducted for the ground-based experiments. For a pz,o

experiment, further miniaturization of the transmitting and receiving unit of US a
measuring instrument should be developed.
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Fig. 4-12 Changes in dimensional velocities with
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4-5. ﬁ@%‘é@pm%é of Tracer

- Wt Tai
For obtaining high signal to noise ratio, a tracer for 3D-UV needs to have hz,@, reflectance

of US beam. Since the target value of the reflectance is up to 95%, as seen in afiﬁe 4 2,
acoustic impedance of a tracer should be less than 0.4x10° kg/m?/s by the equations (4-2) and
(4-3). Considering the equation (4-1), this impedance value is only attainable to make a
tracer balloon-like structure because acoustic velocity is about 2,570m/s in molten tin and
bubbles are not able to suspend in the melt under normal gravity. Now, we propose a very
unique feature of the balloon tracer that can be actually manufactured.

<
i
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The balloon tracer should have following characteristics: high thermal stability, high
wettability and low reactivity against molten tin, and high sphericity in a shape. The high
wettability and low reactivity requires an iron shell on which the fracer contacts with the melt.
However, welding a thin plate of iron is not feasible for manufacturing the balloon, of which
the target diameter is 0.15mm as discussed in Section 4-3, because a special tool for handling
and processing a thin plate should be developed for manufacturing the small balloon. It is
most feasible way for manufacturing the tracer that surface of an available porous or
balloon-like raw material is modified by an iron layer. Such raw materials are listed and
compared gqualitatively in Table 4-3. Selection of Shirasu-balicon (SB), which is an
expanded volcanic particle, as the raw material is reasonable because SB shows high thermal
stability and is available with near target diameter [27].

Table 4-3 Qualitative evaluation of balloons and porous materials

Sphericity | Available Capability to| Heat Total
size (Lm) maintain its | resistance| evaluation
void inmelt | at 773K
porous SiO, O 1-150, O X O X
porous glass O 100~500, X ? A X
Shirasu-balloon| A\ 10~1000, O O O O
pearlite X >150, X X O X
glass balloon O 10~100, O O 53 &
ALO, bubble X ? ? O X
TiO, balloon O 30~50, X ? O X
Shirasu: gia- Y Vsicaﬁis fragment distributed in southern Kyushu,
also named Haku
Since density of the tracer has to be close to that of molten tin (about 6.9x10° kg/m’ at
673K) for a ground-based experiment, uxckness of an iron layer should be 30-40um. In

general, thickness of a film that can be grown by sputtering is only few microns. Therefore,
surface modification of SB should carried out by plating Gf Fe. Since SB shows excellent
electric insulation and electroless plating of Fe is impossible, the plating should be conducted
as following processes:

Ist: Electroless plating of Ni (Ni/SB)

T2t L YT DA T L AATI— O WD L ETDS 2— L ALT A AN
NI" + HPOy + 5300 — N1+ HPOy” +2H0 {4-4)
2nd: Electrolysis plating of Fe (Fe'Ni/SB)

2+ — N

Fe' +2e” — Fe (4-5)
By simple calculation, overall features of the tracer (about 150um in diameter) will be as
follows: diameter of SB is 90-100um and thickness of plating layers of Ni and Fe are

10-15pm and 10-20um, respectively.

Elemental techniques that should be developed are a method to improve sphericity of SB
and plating conditions to obtain flat surface of Ni and Fe. In 1999, we have mainly studied
development of the plating techniques. Since using a small particle of SB (i.e. 90-100um)
makes it difficult to handle the particles for the plating and to analyze a plating layer,
1000um-class SB, which is produced as an expanded perlite by Fuyolite Co. Ltd. and named

—149—

This document is provided by JAXA.



“Fuyolite #1”, was used for the development. Sphericity of Fuyolite #1 was not good; thus
flatness of the plating layer has been often affected by shape of Fuyolite #1 itself. However,
cross-sectional observations by optical microscope (OM) and scanning electron microscope
(SEM) have enabled us to resolve whether the flatness has been affected by the shape of
Fuyolite #1 itself or not. Sphericity of 100um-class SB have improved to some extent by
preliminary experiments, however, details of the results will be published in the next issue.

The trial experiment was conducted for electroless plating of Ni over the 1000pum-class
SB as shown in Fig. 4-13 (“Ni/SB #1,” hereafter). In thlS experiment, a plating solution
(NiSO4 aqueous solution) and a reducing agent for Ni** (NaH,PO;) were 51mu1taneously
added dropwise to SB dispersed mechanically in water, in which molar ratio of H,PO;" /Ni**
was kept constant at three. The equation (4-4) is an equimolar reaction, hence, the degree of
excess of H,PO, ™ in a reaction vessel will become larger in the course of the plating, resulting
in accumulation of unreacted H,PO, in the plating layer by physical adsorption. SEM
images clearly showed that columnar crystal growth took place whole period of the reaction.
Elemental analyses of the plating layer by Auger electron spectroscopy (AES) revealed that
nickel oxide(s) of Snm in thickness existed on the surface and high concentration of Na in the
bulk.

Electrolysis plating of Fe was carried out over Ni/SB #1 sample by using FeSO4, H,SO4,
and H3BO; electrolyte and a basket-type galvanic cell (Fig. 4-15). However, no plating took
place over Ni surface of the sample.

r‘ﬁi‘mp Plating solution of Ni
- +
i 1 Reducing agent for Ni?*
aq- -soln. |
Conditions Columnar crystal
|s $ pH: 7.5
S~—71 | Temp.338K
SB— H,PO,7/ Ni**: 3 Analysis of plating layer
(molar ratio) P/Ni/Na=1/10/17 (bulk)
>
Compounds: Na-P. Ni-P,
Ni-O (~5nm depth).
Ni (=2nm in depth)

Time

Fig. 4-13 Trial experiment of electroless plating of Ni over 1000um-class SB
Plating solution and reducing agent were simultaneously added.

It is well known that columnar crystal growth often take place under high concentration
of H,PO, and passivity of Ni-oxide film increase w1th content of H,PO,. Therefore, the
feeding method of the plating and reducing agent of Ni** should be improved for lowering the
concentration of HoPO,. However, secondary surface oxidation is unavoidable for Ni/SB
because nickel is a base metal and Ni/SB has to handle for the next process, the plating of Fe.
And high conductivity is required for electrolysis plating; thus, corrosive property should be
increased by addition of hydrochloric acid (HCI) to the electrolyte of Fe plating.

Figure 4-14 shows the improved method for the plating of Ni. The 1000um-class SB
was dispersed in NiSO4 aqueous solution (0.095mol/l) and only the reducing agent
(NaH,PO,) were added dropwise to the reaction vessel at a constant pH of 6 (“Ni/SB #2,”
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hereafter). The overall molar ratio of H,PO, /Ni** was also three, however, it was easily
inferred from the dropping method that the real ratio in the vessel approached zero in the
initial period of the plating. SEM images clearly showed that layer by layer growth of Ni
crystal proceeded almost whole period of the reaction and thickness of the plating layer was
about 10-20pum. The columnar crystal was observed only on the surface of Ni/SB #2. This
was attributable to high concentration of H,PO,™ in the final period of the plating; thus, no
columnar growth will be able to attain by further improvement of the feeding conditions,
leading to flat surface of Ni/SB.  AES analyses of the plating layer revealed that thickness of
Ni-oxide(s) film decreased to 1.6nm and metallic Ni also existed on the surface.

The improved method for the plating of Fe is shown in Fig. 4-15. For increasing
corrosive property, a mixed electrolyte of FeSO4 and FeCl, (9/1 in molar ratio) was used in
mixed acidic medium of HC] and H3BO3 (pH<2.0). Moreover, a number of the brass balls
(2mm in diameter) were added to the basket-type galvanic cell, in which the ratio of the balls
to the particles of Ni/SB #2 was about 5/1, for improvement of contact efficiency of Ni/SB #2
with the electrode. As a result, the electrolysis plating of Fe successfully proceeded over Ni
surface in the cell rotating at 10rpm for 20-30min (“Fe-Ni/SB #1,” hereafter). SEM images
clearly showed that flat surface of Fe was obtained over Ni/SB #2 particle with the flat
surface of Ni, whereas hill-like growth took place on the surface columnar crystal of Ni/SB #2.
A particle having some pores on the surface was also seen. AES analyses of the plating
layer revealed that thickness of surface oxide, which existed as FeO, was about 0.2um and
metallic iron shell was obtained with high purity (>99%) and 10-20pum in thickness in the
bulk as seen in Figs. 4-15 and 4-16. Although there was inter-particle ununiformity of
thickness and surface morphology of Fe plating layer, the ununiformity will be improved by
improvement of the feeding conditions for the electroless plating and by further development
of the electrolysis conditions in which rate of electrolysis can control.

r pH. temp.

Reducing agent for Ni-‘j

NaOH Ly
ag-soln. :
Conditions Growing %
pH: 6.0 layer by layer 4
2 e Temp.: 348K
o ‘;' oo S H,PO,”/ Ni**: 3
o :"fg W%E‘. o (overall ratio)
Plating solution of Ni
Analysis of plating layer Compounds: Na-P (possibly NallPO),)
P/Ni/Na=2/8/~0 (bulk) Ni-O (- 1.6nm depth)
P/Ni/Na/0O=2/10/3/3 (surface) Ni (also on surface)

Fig. 4-14 Improved method for electroless plating of Ni
Only reducing agent was added.
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Ni/SB Conditions
pH: <2.0

Electrolysis: 5V, 4A, 20-30min

Brass ball i

Successful addition of corrosive

property in electrolyte and
increasing efficiency of

= 5
electrolysis

I c 2 \
: i Flat surface

" m
Surface columnar crystal of Ni

Analysis of plating layer
99% (bulk) Compounds: FeO (~0.2um depth)
Fe

Plating solution of Fe
eSO, /IeCl,=9/1 (molar ratio)
HCI+H,BO,

Void ¢ l-

Pore

Fe:

Fe/O=45/53 (surface)

Fig. 4-15 Apparatus, conditions, and results of eletrolysis plating of Fe over Ni/SB

The conventional foaming conditions for manufacturing SB, of which sphericity is not
good, are as follows: temperature range is 1250-1350K, a contact time about 0.025sec, and an
apparatus sand-medium fluidized bed furnace [28]. A trial production of SB was carried out
at 1520K and the contact time of 0.3sec in an electric furnace, and sphericity of SB was
improved significantly. Therefore, improvement of sphericity of SB will be able to attain
under such mild foaming conditions.

From above results, we confirm that the balloon tracer that has good sphericity can be
actually manufactured by the electroless plating of Ni, subsequently by the electrolysis plating
of Fe. First progress in 2000 will be conducted for obtaining Fe-Ni/SB, which has flat
surface of each plating layers, by using the 1000pum-class SB. The elemental techniques will
be applied to the target size of the tracer, in which 100um-class SB will be used as the raw
material, in next development.

—152—

This document is provided by JAXA.
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Fig. 4-16 AES analysis of FeeNi/SB #1 sample

5. CONCLUSIONS
The following conclusions were obtained from the present experimental studies.

(1) Measurement technigue of surface temperature d@?@%@p@é Theoretical radiation

SNEIgY wWas calculated at a constant é—:ug_}ségv'gw for reinvesti %QUU’A of radiation thermometer.

PbS photo detector can detect proper wavelength range (2.0~2.8um) with high radiation
energy, combined with use of CaF s ﬁﬁﬁp%? pass ‘?’E?@ﬂ“ for the low Pr Pyﬂa‘r‘w}eﬂ? Moreover,
the PbS photo detector has sensitivity appmx:am&eiy ten times higher than that of the HgCdTe
which was the selected detector for previous measuring system. It was som,‘éudeé that PbS
photo detector (IMPAC Electronic GmbH, [P10/MBS5) was optimum measuring instrument
and surface temperature data with fine signal to noise ratic was expected by this system.
The selected radiation thermometer had temperature resolution that was smaller than
amplitude of temperature fluctuation at oscillatory thermocapillary flow by applying Japan
Industrial Standard for radiation thermometer.

(2) The new measuring technique made it possible to observe surface temperature
fluctuations of molten tin successfully near the second bifurcation point by using the
ex-chamber in which CaF, optical pass filter has not been installed. The time series of
surface temperature measured by the radiation thermometer indicated existence of standing
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wave with very small amplitude but with distinguishable one. Amplitude of the fluctuation
was larger than temperature resolution of the thermometer. The periodic fluctuation
continued approximately 100sec, then damped gradually, suggesting that reduction of
temperature - coefficient of surface tension be caused by oxidation of fluid surface.
Numerical simulation under conditions just same as the experiment showed that the calculated
temperature difference (7.1K) at onset point was in good agreement with the experimental
result (7.6K), while the calculated frequency (2.6Hz) was estimated 15 times larger than the
experiment (0.17Hz). More precise results of temperature fluctuation with multi-point
temperature measurements will be obtained by the promising technique of surface
temperature measurement in conjunction with using a new experimental chamber where clean
surface of molten tin is obtained and sustained during an experiment. ~Surface tensions of
molten tin in the new chamber were studied by in sife measurements.  Research procedure,
an experimental setup, and a method were presented.

(3) Considerations concerning surface science of tin led us to design of unique experiment
apparatus where clean surface of molten tin could obtain and sustain during an @xp@ﬂm@m
The unique features of the apparatus are to obtain clean surface of molten tin %y the Ar” ion
etching method and to sustain the clean surface under high vacuum condition (107 %pa).

Effectiveness of the apparatus for obtaining and sustaining clean surface was confirmed by in
situ surface tension measurements and real images of the liquid bridge of tin. The
multi-windows of the chamber were able to measure surface temperature fluctuations at
different points of the liquid bridge simultaneously, leading to observing oscillation behavior
by Marangoni flow.

(4) Performances of novel visualization technique (3D-UV) of flow field measurements for
liquid metals using ultrasonic transducer with high heat resistance were experimentally
predicted. The experiments were conducted with model materials based on the acoustic
sh&z‘a@i@rﬁséécs, The predicted performances were as follows: the spatial resolution for an
axial position of a tracer was about 60um, the minimum spatial resolution for an azimuthal
position of a tracer 1000um, the detectable minimum diameter of the tracer in molten tin
150pum, and ap@ﬁm‘@ synthesis method feasible. 3D-UV can visualize flow field of the
liquid bridge in which the aspect ratio is a range of

£

atryis redls 2io mv‘:mnm

JRPRS. S ; 1 peoarsle I H + 3

comparative study with the numerical result by Prof. Imaishi et al., it was conclu that th
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flow transitions at the first bifurcation could detect with high precision by the 3D-UV

(5) The visualization technique required development of unique balloon-like tracer.
Shirasu-balloon, which is an expanded volcanic particle, is used as the raw material for the
tracer and coated with iron shell. Elemental techniques that should be developed were a
method to improve sphericity of Shirasu-balloon and plating conditions to obtain flat surface
of Ni and Fe, and these were experimentally developed. It was confirmed that the tracer that
has g@@é Sﬁh@nmiy could be actual Iy manufactured by electroless plating of Ni over

Shirasu-balloon surface, subsequently by elecirolysis plating of Fe. Overall features of the
tracer (about 150um in diameter) will be as follows: diameter of Shirasu-balloon is 90-100um
and thickness of plating layers of Ni and Fe are 10-15pum and 10-20pm, respectively.
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