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Abstract

The development of space experiment payload for studying thermocapillary convection in the liquid bridge with large Pr number
on TG-2 space laboratory as well as the experiments are presented in detail in this paper, and the objectives of the space
experiments are confirmed. The functions of the payload are analyzed, and the technical and engineering specifications are
determined. Detailed designs and experimental verifications are performed on the structure of liquid bridge columns, the method
of bubble removing in the liquid, the bridge cleaning system, the accurate control of aspect ratio and volume ratio, and the high-
sensitivity measurement of fluid temperature. Matching experiments on the ground according to space experiment properties are
carried out, 5¢cSt silicone oil is selected as the fluid medium in space experiments. And the states of liquid bridge and temperature
oscillation signals obtained from space experiments are presented at the end of this paper. Specific summarizations and discus-
sions to the experiment project on fluid science in space are conducted in this paper, which will provide a useful reference for
scientists participating space experimental research in the future.

Keywords Liquid bridge - Payload development - Experiment verification - Space experiment

Introduction

Floating zone crystal growth is an important single crystal
growth method in materials science. The model of
thermocapillary convection in the liquid bridge of half floating
zone comes from this kind of material growth system directly.
Convection, especially instable convection, is an important factor
affecting the quality of crystal growth. In ground experiments,
buoyant convection is hardly removable due to gravity, and this
kind of convection is usually unsteady. The half floating zone
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method of crystal growth still has the convection phenomenon
because of thermocapillary effect on the surface. Therefore, the
study on thermocapillary convection in the liquid bridge has a
significant meaning in practical applications.

Today, thermocapillary convection in the liquid bridge of
half floating zone has become a typical research project in mi-
crogravity fluid physics. Though, studies on thermocapillary
convection have been carried out for a long time, and various
explanations to the mechanisms of oscillation and transition
have been put forward, the instable mechanism of this flow is
still an open problem, especially the transition route is very
complicated, and further theoretical and experimental studies
are required. Since it is difficult to carry out experimental study
on large-size liquid bridges on the ground, the experiment
ranges of control parameters are limited significantly, in addi-
tion, the experiments on small-size liquid bridges make the
diagnosis very difficult, as a result, there is a big difference
between the experiment results and theoretical analysis results.
Space experimental study on this problem has a theoretical
significance to understand instability and transition processes
of thermocapillary convection in depth.

Floating zone method is an important technology for high
quality crystal growth. On the ground, the diameter of growing
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crystal is limited by gravity. With the development of space
technology, growing high quality large-size crystal under the
microgravity condition in spacecraft becomes possible due to
the significant decrease of static pressure and buoyant convec-
tion. Therefore, the floating zone method of crystal growth in
space is the most promising technology in industry, in addition, it
has a guiding effect on crystal growth with floating zone method
on the ground. However, with the weakening of gravity, some
unimportant factors acting on the fluid on the ground become
prominent in space. For example, the non-uniform temperature
distribution on free surface of floating zone will cause
thermocapillary convection driven by the surface tension gradi-
ent. The instability of this convection is an issue that must be
taken into account in crystal growth in space.

In order to understand the law of thermocapillary convec-
tion, studies on thermocapillary convection in half floating
zone (liquid bridge) have been carried out in many countries
since 1970s. In the end of 1970s, Chun and Schwabe found
almost at the same time in their experiments on
thermocapillary convection in the half floating zone liquid
bridge that (Schwabe et al. 1978; Chun and Wuest 1979),
when the temperature difference between the top and bottom
of the half floating zone was greater than a critical value, the
convection driven by surface tension gradient would lose
stability and start to oscillate. The convection oscillation will
cause the temperature oscillation, as a result, the growth
striations will appear in the growing crystal, which will
affect the crystal quality. Thereafter, with the rapid
development of space technology, there are more and more
opportunities for space experiments. As a matter of course,
understanding the oscillation mechanism of thermocapillary
convection and developing the controlling oscillation ways
have become the study focus of microgravity fluid science
in the world. In the beginning of 1980s, Smith and Davis
(1983) found that, due to the effect of temperature gradient
on the liquid-air interface of liquid layer, there would be hy-
drothermal waves propagating in the fluid if the temperature
of fluid is higher than a critical value; they believed that the

Fig. 1 The experimental
schematic for studying
temperature oscillation in liquid
bridge

thermocouple

stable thermocapillary convection in the liquid bridge of half
floating zone mentioned by Chun and Schwabe had the sim-
ilar flow structure as the two-dimensional back-flow in the
liquid layer; and they deducted that the mechanism of forming
hydrothermal waves in an infinite liquid layer would be the
same as the mechanism of oscillation instability in the half-
floating zone liquid bridge with a free surface. Smith and
Davis reckoned that the free surface deformation played a
key role in starting the instability, and the coupling of speed
and temperature field with free surface deformation led to
thermocapillary oscillation.

Ostrach et al. (Kamotani et al. 2000, 1995, 1994, 1998)
studied the stability of thermocapillary convection in the lig-
uid bridge and in the cylindrical liquid layer, and they believed
that free surface deformation was the key reason for starting
thermocapillary instability, and the time lag between surface
flow and back flow as well as the response of the velocity field
to the temperature field on the surface caused thermocapillary
oscillation. Since 2008, JAXA (Kawamura et al. 2012;
Nishino et al. 2015) has carried out three Marangoni experi-
ments in space (MEIS) to study thermocapillary convection in
liquid bridges on the international space station (ISS). Various
experimental methods have been adopted in their experi-
ments, including 3D-PTV, side-looking camera, thermal im-
ager, thermocouple sensors, and photochromic technology. In
2008, MEIS-1 was finished with the experiment medium of
S¢St silicone oil (Pr = 67), the diameter of bridge column was
30 mm, the maximum liquid bridge height was 60 mm. The
critical temperature difference of thermocapillary convection
was determined, the values of AT, and Ma,. of oscillating flow
corresponding to different aspect ratios (0.225~1.25) were
given, and the accumulation structure of particles was ob-
served. In 2009, MEIS-2 was finished with the experiment
medium of 5¢St silicone oil (Pr=67), the diameter of bridge
column was 30 mm, the maximum liquid bridge height was
60 mm. The critical temperature differences in a wider range
of aspect ratio were determined, and the surface velocity was
measured with the photochromic technology. In 2010, MEIS-
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Fig. 2 The design of experiment
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4 was finished with the experiment medium of 20cSt silicone
oil (Pr=207), the diameter of bridge column was 50 mm, the
maximum liquid bridge height was 62.5 mm. It was found that
the second harmonic frequency would appear in the tempera-
ture oscillation, and the hydrothermal wave propagating in the
radial direction from the hot end to the cold end was observed;
with the increase of Marangoni number, the oscillation mode
was the standing wave first, then the rotating wave, and finally
in the chaotic state. From the experimental object,
experimental model, and experimental methods of Japanese
space experimental studies on thermocapillary convection in
the liquid bridge, we can see that, Japan has invested
significant resources into the space experimental study on
thermocapillary convection, including space resources,
human resources, material resources, and funding resources,
which we cannot compare with.

ESA has always attached great importance to the micro-
gravity fluid research. Shevtsova et al. (2014) reported the
ESA/JAXA experiment called JEREMI planned on the ISS
in 2014. The physical problem that the cylindrical liquid

Fig. 3 The space experiment
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bridge is concentrically surrounded by an annular gas channel
has been considered and studied. A few three-dimensional
numerical codes for one- and two-phase simulations and dif-
ferent experimental setups have been developed. The numer-
ical and experimental analyses have proved that dynamic free-
surface deformation can be neglected in numerical modes if
the Reynolds number in the gas phase satisfies |Re®[<100.
Since the end of 1980s, detailed theoretical studies, numer-
ical simulations and ground experiments have been carried out
on the convection in the liquid bridge of half floating zone in
our Country (Hu et al. 2009, 1994; Hu and Tang 2013). The
physical model and mathematical model of thermocapillary
convection in the liquid bridge have been established, and
the basic characteristics of this convection have been given.
Various experimental methods have been adopted in the study
of mechanism of convection, convection oscillation, critical
condition and transition process in the small-size liquid
bridge. Basic characteristics of thermocapillary convection
in the liquid bridge at different stages were given, which had
direct relations with the aspect ratio and volume ratio of the
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liquid bridge. The fluctuating deformation on the free surface
was observed, and two transitions in the liquid bridge were
found. Both numerical and experimental studies have
obtained the subharmonic bifurcation process from laminar
flow to turbulent flow of thermocapillary convection. In
recent years, Kang et al. (2019, 2019, 2019; Zhang 2014)
carried out space experimental studies on annular
thermocapillary convection on SJ-10 recoverable satellite of
China, and obtained the oscillation characteristics, critical
conditions, transition processes, as well as transformations
between the standing wave and the travelling wave of
thermocapillary convection in space.

This paper introduces the development of payload for the
space experimental project on thermocapillary convection in
the liquid bridge carried out in the space laboratory as well as
the corresponding ground and space experimental results. The
objective of this space experiment is to study the influences of
aspect ratio, Ar=L/D, and volume ratio, Vr=V/V,, on the
critical process of thermocapillary convection in the liquid
bridge, and to discuss the second transition, and so on.

Research Methods and Experimental Plan

As a fluid mechanics system, thermocapillary convection in-
terests many researchers in its oscillation characteristics and
the whole transition process from steady flow to turbulent
flow. The experimental method is shown in Fig. 1. The upper
bridge column has a heater for heating the top of the liquid
bridge, and the heating rate is controllable. The lower bridge
column has a temperature controller to maintain the bottom of
the liquid bridge at a low temperature. The temperature on the
top column is 7= T+ AT, and the temperature on the bottom
column is 7). The un-uniform of temperature on the free sur-
face leads to the un-uniform of surface tension, which drives
thermocapillary convection. During the experimental process,
thermocouples are used to measure temperatures on the top
and bottom columns and the temperature inside the liquid
bridge. With the increase of applied temperature difference,
AT, the temperature inside the liquid bridge increases too. The
dimensionless parameter of critical Marangoni number corre-
sponding to the critical applied temperature difference, AT, is
defined as:

Fig. 4 The overall structure
diagrams of liquid bridge
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The ground experiments have proved that two transitions
occur before the convection oscillation starts (Wang et al.
2017; Wenrui et al. 1993; Zemei et al. 2002); the first transi-
tion is from the steady axisymmetric field to steady non-
axisymmetric field, and at this time, the temperatures of points
on the same circumference of the same cross section in the
liquid bridge change from equal to different; when AT ex-
ceeds a critical value AT,, that is, when the Marangoni num-
ber exceeds a critical value, the second transition occurs from
steady non-axisymmetric field to oscillation state, and the
temperature inside the liquid bridge starts to oscillate.

After the oscillation starts, in the transition process to
chaos, some phenomena such as quasi-period and period-
doubling bifurcation will occur in thermocapillary convection
(Zhu et al. 2011, 2013; Jiang et al. 2017a, b). In the space
experiments, the temperatures measured by 5 thermocouples
are used to discuss transition processes and wave relations.

The process of transition and bifurcation, as well as the
second transition in thermocapillary convection in the liquid
bridge can be obtained by measuring and analyzing tempera-
ture evolution of a point with time; by comparing oscillation
phases of various temperature points inside the liquid bridge,
the hydrothermal wave problem can be analyzed. By changing
the height of liquid bridge, L, the relationship between the
critical Marangoni number and the aspect ratio, Ar=L/D can
be analyzed; by changing the liquid volume of the liquid
bridge, V, the influence of volume ratio of the liquid bridge,
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Fig. 6 The working principle of bridge cleaning

V/Vy), (where, V) is the column volume of the liquid bridge)
on the critical oscillation can be studied. Usually, a slender
bridge (V/V,) is smaller than the demarcation value) and a fat
bridge (V/V, is larger than the demarcation value) have differ-
ent starting oscillation laws and different oscillation modes.
The volume effect of liquid bridge with a large Prandtl number
can be studied through comprehensive analysis of the fluid
temperature changes.

The objectives of our space experiments are to study influ-
ences of aspect ratio and volume ratio of liquid bridge on the
critical process of thermocapillary convection, and to discuss
the second transition. In view of the above research objectives,
in the development of space experimental payload, five ther-
mocouples are laid out on the same cross section in the liquid
bridge to measure the temperature of five points under differ-
ent aspect ratios and volume ratios of the liquid bridge, to
finish the scientific objectives of this project. The volume ratio
of the liquid bridge is calculated by adding liquid accurately
with the liquid filling motor, and the aspect ratio of the liquid
bridge is determined by pulling the bridge precisely with the

Fig. 7 Installation of 5
thermocouples

bridge pulling motor. Two CCD cameras as engineering
backups are used to monitor the liquid bridge state in distant
view and close shot respectively. The image captured by dis-
tant view shows the complete state of liquid bridge, and the
image captured by close shot shows the state in the bridge
corner, as shown in Fig. 17. Besides, the images are also used
for judging whether the liquid bridge has been established,
and verifying the aspect ratio and volume ratio of the liquid
bridge.

Microgravity level is the main factor that affects the results
of space experiments. In order to minimize the influence of g-
Jitter in the TG-2 space laboratory, the microgravity level is
required to be lower than 10~ >g during space experiments.
The temperature of working environment is in the range of
10°C~35°C, and there is no humidity requirement. This pay-
load is a sealed chamber, so there is no requirement in pres-
sure, radiation and illumination.

Design and Development of The Payload

The space experimental payload of the liquid bridge is made up
of the liquid bridge and pulling system, liquid store and filling
system, bridge cleaning system, two-way temperature control
system, multi-channel temperature measuring system, light
source system, image acquisition system, and electronic control
system. The experimental setup is designed as shown in Fig. 2. In
the payload box with a volume of 340mm-150mm-400mm, the
left hand side is a sealed chamber, and inside are the liquid bridge
and pulling system (motor 2), liquid store (hydraulic cylinder)
and filling system (motor 1), bridge clearing system (cleaning
ring), temperature controller, temperature data collector, image
acquisition system (CCD 1 and CCD 2), and electronic control
system; the right hand side is not sealed, and inside are the
DCDC power supply and all the sockets.

@ Springer
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Fig. 8 The LED illumination
system and image acquisition
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The space experimental payload is shown in Fig. 3. The
experimental sample of silicone oil is stored in the hydraulic
cylinder before the start of space experiments. With the coordi-
nation work of liquid filling motor (motor 1) and the bridge
pulling motor (motor 2), the liquid filling rate and the bridge
pulling rate are controlled to establish the liquid bridge with
different aspect ratios and volume ratios. The LED light source
is used to illuminate the liquid bridge, and the CCD image
acquisition system is used to record the state of liquid bridge
during the experimental process. The upper bridge column is
heated with an electro thermal film, and the lower bridge col-
umn is cooled with Peltier element. Thermocapillary convec-
tion is formed in the liquid bridge due to the temperature dif-
ference between the upper and lower bridge columns, and the
temperature difference is controlled by the temperature control
system. Thermocouples are used to measure temperatures of 5
points on the same cross section in the liquid bridge. If the
bridge breaking happens in space experiments, the bridge clear-
ing system is started to clear the bridge columns and the liquid
bridge will be established again. The control systems in the
experimental setup are in charge of the coordination work
among all the systems to accomplish space experiments. The
whole space experiments consist of independent single experi-
ments, and the duration for each single experiment is
90~120 min. For different aspect ratios, volume ratios, and
heating modes, there could be hundreds of different

Fig. 9 Working mode
Conversions of liquid bridge
control software
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experimental conditions, and 1-5 experiments can be carried
out every day.

The liquid bridge and the bridge pulling system consists of
the upper bridge column, the lower bridge column and the
motor 2, as shown in Figs. 2 and 3. The diagrams of bridge
columns are shown in Fig. 4, where, the left is the lower bridge
column and the right is the upper bridge column,and the di-
ameter of bridge columns is 20 mm. It is an important feature
under microgravity that liquid crawls along the solid surface.
In space experiments, in order to establish the liquid bridge,
effective measures should be taken to prevent the liquid from
crawling along bridge columns. Two methods have been de-
signed, one is adopting sharp wedges on the surface edges of
bridge columns, and the other is applying anti-climbing liquid
below the sharp wedges. These two methods have a good
effect to prevent the experiment medium, silicone oil, from
crawling along solid surfaces. There are oil guide slots on the
bridge columns. The lipophilic medium is filled in the oil
guide slots extending to the bases of bridge columns. The base
of the lower bridge column is connected to a wall of the pay-
load box, and the wall is also covered with lipophilic medium.
Once the liquid bridge is broken in space experiments, the
silicone oil will flow along the lipophilic medium in the oil
guide slots to the bases of bridge columns as well as to the wall
of the payload box. Therefore, a large amount of silicone oil
will be collected in the lipophilic medium, and a little of

payload electrification

data injection to start
space experiment

normal
standby mode working mode

data injection to
reset payload
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Fig. 10 The bridge cleaning
process

silicone oil left on the bridge columns will be wiped clean by
the bridge cleaner. In the experiments, the position of the
lower bridge column is fixed, and the liquid bridge is
established by using motor 2 to control the position of the
upper bridge column. The bridge pulling motor (motor 2)
and the liquid filling motor (motor 1) are controlled by DSP,
and the control steps are decided by the predetermined condi-
tions of experiments. DSP controls the solenoid valve and
opens the liquid filling channel, and then starts the liquid
filling motor; in the meantime, DSP controls the bridge
pulling motor to move up slowly, forming the liquid bridge
gradually. Different aspect ratios of the liquid bridge, H/D,
can be realized by controlling the pulled displacement. The
bridge columns are made of copper, and the liquid filling hole
is in the center of the lower bridge column. On the lower
bridge column, there are 5 small holes for arranging and
inserting thermocouples. The upper bridge column is heated
with an electrothermal film to be the hot end of liquid bridge,
and the lower bridge column is cooled with Peltier element to
be the cold end of liquid bridge, and at this time, the system of
thermocapillary convection in the liquid bridge has been
formed. During the process of establishing the liquid bridge,

Fig. 11 Results of bubble
escaping and dissolution. a #=
30 min. b #= 60 min. ¢ #=90 min

slow and stable operation and keeping the upper and lower
bridge columns coaxial are the key factors to guarantee the
success of experiments, therefore, the upper bridge column is
connected to the high precision stepping motor directly.

The liquid store and filling system consists of the hydraulic
cylinder, motor 1 and solenoid valve, as shown in Fig. 5. The
experiment medium is stored in the hydraulic cylinder before
the beginning of experiments; in the experiments, stepping
motor 1 pushes the piston of cylinder to fill the experimental
fluid medium, silicone oil, into the space between the upper
and lower bridge columns to form the liquid bridge. Different
volume ratios of the liquid bridge, V/V), can be realized by
controlling the liquid filling amount.

The liquid bridge is established by adding the experimental
liquid, silicone oil, into the space between the upper and lower
bridge columns to form a liquid column, and the surface of
liquid column is the liquid free surface, which is kept by the
surface tension of liquid. During the experimental process, all
kinds of factors can lead to the bridge breaking to happen. In
the normal ground experiments, the bridge columns are al-
ways cleaned with alcohol. However, due to the limitation
of space experimental condition, a proper bridge cleaning

@ Springer



15 Page 8 of 14

Microgravity Sci. Technol. (2021) 33: 15

60 45 34 - - .
L Irmperllurt of the Bottom Rod = Temperature of the Bottom Rod
Environment Temperature Environment Temperature 32 /_—/,—\
3 10 g .
= Temperature of the Top Rod Temperature of the Top Rod
50 9 &30
9 =~ ==
= N
g 8 §28
s, s =
£ - £ 2
§ 2
3 s g
E 30 E 55 3 24 — T‘Emperllurv of the Bottom Rod
- Environment Temperature
= s Temperature of the Top Rod
20 20 20
0 2000 4000 6000 0 2000 4000 6000 0 1000 2000 3000 4000
Timels Timels Timels
a b c
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system need to design. The bridge cleaning system consists of
the cleaning ring, lipophilic medium, oil guide slots, and mo-
tor 3, and the working principle of bridge cleaning is shown in
Fig. 6. There are oil guide slots on the bridge columns, and the
lipophilic medium is filled in the oil guide slots. Once the
bridge breaking happens in space experiments, the silicone
oil will flow into the oil guide slots along the bridge column,
and a little leftover of silicone oil around the bridge column
will be wiped clean with the cleaning ring that is driven by
motor 3. This method solved the problem of bridge cleaning
very well in space experiments.

In space experiments, there are 8 thermocouples in the
thermocapillary convection system. Two of them measure
the temperature of the cold side and the hot side respectively
as feedback signals for PID closed-loop control. The other 6
thermocouples are used to measure the internal temperature
oscillations of the fluid.

The two-way temperature control system is made up of the
electrothermal film, Peltier element, temperature controller
and thermocouples. The heating mode and heating rate can
be set by the controller. To control temperatures on the upper
and lower columns of the liquid bridge, the upper bridge col-
umn is heated with an electrothermal film, and the lower
bridge column is cooled with Peltier element, to establish
the temperature difference required between the upper and
lower ends of the liquid bridge. The temperature control sys-
tem uses PID closed-loop control algorithm to realize the real
time acquisition and control of temperature. The stability of
temperature control can reach +0.5°C.

The multi-channel temperature measuring system is made
up of 6 thermocouples and the temperature collector. It is

Table 1 The parameters of silicone oil

Silicon oil Viscosity coefficient Surface tension coefficient

KF96- v(25°) -10 °m?/s 0(25°) 10 *N/m
KF96-2 2 183
KF96-5 5 19.7
KF96-10 10 20.1

@ Springer

designed as an open-loop mode, that is, the input signal will
not be affected by the output signal. So, the measurement
results of thermocouples will not affect the temperature con-
trol system during experiments. Multi-channel unpackaged
thermocouples are used to measure temperatures inside the
fluid of liquid bridge. 5 thermocouples are inserted into the
fluid through 5 small holes on the lower bridge column and
arranged at 5 locations with different azimuth angles (0°, 90°,
180°, 225° and 270°) on the same cross section, shown as in
Fig. 7. And the environment temperature is measured by the
sixth thermocouple. The electrical signals of thermocouples
are amplified and converted into temperature values, which
are sent to the controller for data collecting and storing. The
sampling rate is 20 Hz, the consistency of measurement is
better than 0.5%, and the sensitivity of temperature measure-
ment is £0.03°C. In space experiments, the establishment of
the temperature difference between the upper and lower brid-
ges is the most critical. In order to ensure the reliability of the
experiment, PID controls are applied by using two thermocou-
ple signals as feedbacks to control the temperature difference
between the upper and lower bridge columns. The sampling
rate of these two thermocouples is 2 Hz, the consistency is
better than 0.5%, and the stability of temperature control is +

0.5°C.

The LED illumination system and the image acquisition
system are shown in Fig. 8. The 5-mm Round White Series
LEDs (C513A) produced by CREE, Inc. of USA are used for
illumination. They are made with an advanced optical-grade
epoxy offering superior high-temperature and high moisture-
resistance performance, and they provide extremely stable
light output over long periods of time. 3 LEDs are in parallel
connection for the redundant backup, cooperating with the
image system. The power supply of LED is 5V, and the power
is about 1.1W. The image acquisition system consists of two
CCD cameras and the image recorder for videos of close shot
and distant view respectively, and the video format is
D1(720 x 576)@251ps. The video image per frame and each
JPEG picture are bound to corresponding timestamp informa-
tion, which are used to decide the appearance of liquid bridge
and verify various experimental parameters. After digital com-
pression by the image card, video signals are sent to the
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Table2 Matching experiments with 2¢St silicone oil

No. H Ar Vr PD vy 14 v PS AT, Ma,
mm L/D VIV, mm cm e’ mL mm °C

1 3.0 0.15 0.80 0 0.9420 0.7536 0.7536 0.6000 15.07 25,380
2 3.0 0.15 0.90 0 0.9420 0.8478 0.0942 0.0750 15.68 26,409
3 3.5 0.175 0.80 0.5 1.0990 0.8792 0.0314 0.0250 9.44 18,548
4 35 0.175 0.90 0 1.0990 0.9891 0.1099 0.0875 10.17 19,978
5 4.0 0.20 0.80 0.5 1.2560 1.0048 0.0157 0.0125 8.78 19,708
6 4.0 0.20 0.90 0 1.2560 1.1304 0.1256 0.1000 9.61 21,577
7 4.0 0.20 0.70 0 1.2560 0.8792 -0.2512 -0.2000 10.96 24,616
8 35 0.175 0.70 -0.5 1.0990 0.7693 -0.1099 -0.0875 19.27 37,863
9 3.0 0.15 0.70 -0.5 0.9420 0.6594 -0.1099 -0.0875 16.19 31,807

controller (data size: 2Mbps). The images provide great con-
venience for the experiments, as we can see the actual condi-
tions of the liquid bridge clearly. The image system obtains
video streams with CCD cameras, and outputs standard PAL/
NTSC video signals. The video streams output from CCD
cameras are compressed by the video compression unit and
then transferred in packets, supporting 8B10B encoded video
stream output with the video data rate less than 3Mbps.

The electronic control system provides conversion func-
tions for power supply from 29V to 5V and from 29V to
12V respectively; it conducts motor control, temperature con-
trol, temperature signal collection, video signal acquisition,
and so on; the collected and package processed data is sent
to the scientific experiment management unit through serial
main line for down transmission; the electronic control system
parses and executes commands of data injection, judges ex-
periment progress of the liquid bridge, and stops the experi-
ment automatically to finish the controlling of the whole ex-
periment process. The main control software of the liquid
bridge payload is cured into the internal FLASH of
SMIJ320F2812, which is real time embedded software. The
software system of the liquid bridge payload has 4 working
modes when operating in orbit: normal working mode, stand-
by mode, open-loop operating mode in sensor fault, and self-
inspection mode. The working mode will be selected by data

injection. The conversion relationships between working
modes are shown in Fig. 9.
Scientific technical specifications of space experiments:
1) Experiment medium: 5c¢St silicone oil.
2) Diameter of liquid bridge: 20 mm.
3) Aspect ratio: 0.20~1.10 variable.
4) Volume ratio: 0.50~1.10 variable.
5) Heating rate: adjustable.
6) Sensitivity of temperature measurement: +0.03°C.
7) Maximum temperature difference: 55.00°C.
8) Stability of temperature control: 0.50°C.
9) Video image: 2 CCDs.

Engineering technical specifications of space experiments:

1) Average power: 42W Operating time: 90 ~ 120 min/
operation.

2) Peak power: 60W Operating time: 5 ~ 10 min/operation.

3) External dimension of experiment box: 340mmx
150mmx400mm.

4) Weight: 13+0.2 kg.

5) Experimental environment: 10°C ~ 35°C.

6) The amount of valid data for down transmission in a
single experiment: 3.8 G Bytes.

7) Real time transmission rate of valid data to the scientific
experiment management unit: 4 M bps.

Fig. 13 Temperature oscillation 34
signals with 2¢St silicone oil
(Heating rate R.,=0.3 /min,
Ttar=0 min)
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Fig. 14 Tangent bifurcations with
1/3f and 2/3f (Heating rate
Riem=0.3 /min, Ty,=0 min)
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8) External data interface: RS422.

9) Analog remote measurement: 2 lines.
10) Digital remote measurement: 8 bytes.
11) Temperature monitoring point: 1 line.

Experimental Verification on Payload
Functions

Experiment of Bridge Cleaning and Reestablishing

The experimental verification of bridge cleaning function is
shown in Fig. 10. In space experiments, the CCD needs to
capture pictures of large liquid bridge, however, only short
liquid bridge can be established on the ground, so the liquid
bridge in Fig. 10 is at the bottom of pictures. Motor 1 pulls the
piston of hydraulic cylinder to suck liquid, which makes the
established bridge broken; then motor 3 drives the bridge
cleaner to wipe the bridge columns and remove residual lig-
uid, ensuring the wedge of bridge column clean and effective-
ly preventing liquid climbing during the reestablishment of
liquid bridge; at last, motor 1 pushes the piston of hydraulic
cylinder to fill liquid for reestablishing the liquid bridge. The
reestablishing process of liquid bridge is observed. The result
shows that the experiment of bridge cleaning and
reestablishing is successful.

Experiment of Bubble Removing

The gas content in the silicone oil of experiment medium is
very high, and it is possible that bubbles appear in the liquid

6120 0 1200 2400 3600 4800 6000 7200

Timels

bridge during the process of establishing the liquid bridge in
space experiments. Once bubbles appear in the liquid bridge,
the experimental operation of removing bubbles must be
started. The bubbles in the liquid bridge are removed by ap-
plying temperature oscillation. As the mechanism of remov-
ing bubbles through temperature oscillation is complicated,
there is not any related engineering experience that we can
learn from. In the ground experiments, the transparent sap-
phire is used as the upper bridge column, and the bubble
removing process can be observed through the bridge column.
A series of bubble removing experiments have been per-
formed according to bubble removing modes. By generalizing
experiment experience, we found that there are two effective
methods of bubble removing: (1) bubble dissolution in the
liquid bridge; (2) bubble escaping from the free surface of
liquid bridge. Bubble dissolution occurs in the temperature
falling stage; bubble escaping occurs mostly in the tempera-
ture rising stage, and the higher the heating rate, as well as the
greater the temperature difference, the easier the bubble escap-
ing. Since the two methods of bubble removing bubble
escaping and bubble dissolution are operated in the tem-
perature falling stage and temperature rising stage respective-
ly, the process of bubble removing is an alternating process of
these two methods, on the other hand, some small bubbles in
the liquid bridge are also in the moving state by following the
fluid due to convection in the liquid bridge. Figure 11 shows
the results of bubble removing by both of the two methods
interaction, where, Fig. 11a shows the presence of multiple
bubbles in the liquid bridge, and Fig. 11b and ¢ show the
results of decreased number and decreased size of bubbles.
In space experiments, if bubbles are found in the liquid, the
temperature control mode for bubble removing will be set to
remove bubbles. So, there are three sequences for each sub

Fig. 15 Beat phenomenon o 25
(Heating rate Re,=0.3 /min, < ! N
Tstar=0 min) -é A
= 0.5 .'.E'
S SR
S 2
S 0 g
& = |k
~
i 0.5 ™05
S 5
S i
0 - el iR
4020 4080 4140 4200 4260 4320 4380 0 1200 2400 3600 4800 6000

Timels

@ Springer

Timels



Microgravity Sci. Technol. (2021) 33: 15

Page 110f 14 15

Fig. 16 The period-doubling
bifurcation with 1/2f (Heating rate
Ricy=0.3 /min, T,=0 min)
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mode of bubble removing to realize temperature differences of
3,6,and 9 respectively, with a fast changing rate of temper-
ature, 1 /min.

Experiment of Temperature Control

The temperature difference in the liquid bridge is built by
heating the upper bridge column with an electrothermal film
and cooling the lower bridge column with chilling plates.
Temperatures on the upper and lower bridge columns are ad-
justed through PID control. Multiple temperature control
modes are preset in the experiment box, including linear
heating, step heating and bubble removing mode. Figure 12
shows the three typical temperature control modes, where, the
blue line represents the temperature of the bottom rod, the
pink line represents the temperature of the top rod, and the
green line indicates the environment temperature.

Ground Matching Experiments
and Determination of Fluid Medium in Space

Which grade of silicone oil will be selected as the fluid medi-
um in space experiments is a very important factor in our
study on the oscillation and transition of thermocapillary con-
vection. The decision is finally made through a large amount
of ground experiments. For the liquid bridge with a diameter
of 20 mm, it is impossible to build the liquid bridge with a
large aspect ratio on the ground due to the influence of gravity.
After a large number of ground experiments, it is found that
the surface tension of 2¢St and 5¢St silicone oil is small, and
the maximum height of liquid bridge can reach 4 mm with
them, i.e., the aspect ratio is 0.20; the surface tension of 10cSt

3150 3210 0 1200 2400 3600 4800 6000

Timels

silicone oil is larger, and the maximum height of liquid bridge
can reach 5 mm with it, i.e., the aspect ratio is 0.25. Table 1
shows parameters of silicone oil including the viscosity coef-
ficient and the surface tension coefficient.

When the liquid bridge has a temperature difference, AT,
the convection will be formed driven by thermocapillary
force. There is a critical value, AT,, and when the temperature
difference is increased to AT=AT,, the unsteady state starts,
and the flow with periodic oscillation appears in the flow field,
which expresses as that the fluid temperature signal is in the
periodic oscillation. Studying the critical temperature differ-
ence AT, at which the oscillation starts has a significant mean-
ing to the study on instability mechanism of thermocapillary
convection. On the other hand, obtaining the law of instability
in thermocapillary convection is helpful in exploring the new
technology of avoiding the appearance of defective structure
in crystal growth.

With 2¢St silicone oil, nine sets of ground matching exper-
iments with different aspect ratios and volume ratios have
been performed according to the space experimental proce-
dure of liquid filling and bridge establishing. The experimen-
tal environment is under 1 atm and 18 room temperature. The
linear heating mode is selected and the heating rate is 0.3 /min.
The experimental conditions that have been finished with 2¢St
silicone oil are shown in Table 2 as below, and H stands for
the height of liquid bridge, PD stands for the pulling distance
of the upper bridge column, V), stands for the cylindrical vol-
ume of space between the upper and lower columns, V stands
for the liquid volume, /LV stands for the injection of liquid
volume, PS stands for the piston stroke.

It is found in the experiments that, during the linear heating
process, when the temperature difference is greater than a
critical value, the phenomenon of temperature oscillation will

Table 3 Matching experiments
with 5¢St silicone oil No. H Ar Vr

PD Vo 14 ILV PS AT, Ma,
mm L/D VIV, mm cm’ cm® mL mm °C
10 3.0 0.15 0.80 0 09420  0.7536  0.7536  0.6000  ------ -
11 35 0.175 0.80 0.5 1.0990  0.8792  0.1256  0.1000  24.49 17,652
12 4.0 0.20 0.80 0.5 1.2560 1.0048  0.1256  0.1000  20.28 16,704
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Table 4 Matching experiments

with 10cSt silicone oil No. H Ar Vr PD V, 4 1LV PS AT, Ma,
mm L/D VIV, mm cm’ e’ mL mm °C

13 4.0 0.20 0.80 0 1.2560 1.0048 1.0048 0.8000 - e

14 4.5 0.225 0.80 0.5 1.4130 1.1304  0.1256 0.1000  coeemm e

15 5.0 0.25 0.80 0.5 1.5710 1.2560  0.1256 (070 10701 —

occur in the liquid bridge with 2cSt silicone oil; At the same
volume ratio, the higher the liquid bridge, the lower the tem-
perature difference for starting oscillation, and the smaller the
critical Ma number; at the same aspect ratio, the fatter the
liquid bridge, the higher the temperature difference for starting
oscillation, and the greater the critical Ma number. Figure 13
shows the experiment results of liquid bridge with aspect ratio
being 0.15 and volume ratio being 0.90. In Fig. 13, the left
picture shows temperature signals measured with five thermo-
couples from the beginning to the end of experiment, and the
right picture shows oscillation signals in an interval during the
experiment process. Comparing the five thermocouple sig-
nals, we can see that there exist obvious phase differences.

In the liquid bridge with 2¢St silicone oil in ground exper-
iments, various bifurcation phenomena are found in
thermocapillary convection. When the liquid bridge has an
aspect ratio of 0.15 and a volume ratio of 0.80, tangent bifur-
cations are found with 1/3f and 2/3f, as shown in Fig. 14,
where, the left picture shows original temperature signals,
and the right picture shows the time-frequency spectra.
When the liquid bridge has an aspect ratio of 0.175 and a
volume ratio of 0.80, the beat phenomenon is observed, as
shown in Fig. 15. When the liquid bridge has an aspect ratio
0f 0.20 and a volume ratio of 0.80, the period-doubling bifur-
cation with 1/2f is observed, as shown in Fig. 16.

With 5cSt silicone oil as the fluid medium, experiments in
liquid bridges with three different height, H=3.0, 3.5, and
4.0 mm, and the volume ratio, Vr=0.80, have been per-
formed. The experiment results are shown in Table 3.
Because the viscosity of 5cSt silicone oil is higher than that
of 2¢St silicone oil, the phenomenon of temperature oscilla-
tion occurs at higher temperature difference. When the height
of liquid bridge is A =3.0 mm, the temperature oscillation

Fig. 177 CCD images of liquid
bridge in space. a The bridge by
distant view. b The bridge corner
by close shot

@ Springer

doesn’t happen; when H > 3.5 mm, the temperature oscillation
is found. The temperature oscillation of thermocapillary con-
vection in the liquid bridge with 5cSt silicone oil is not as
orderly as that in the liquid bridge with 2¢St silicone oil.

With 10cSt silicone oil, in order to observe the temperature
oscillation as far as possible, the height of liquid bridge is in-
creased in experiments. Three experiments in liquid bridges with
three different height, H=4.0, 4.5, and 5.0 mm, and the volume
ratio, Vr=0.80, have been performed, as shown in Table 4. The
experiment results show that, in experiments with 10cSt silicone
oil as the fluid medium, the oscillation cannot happen at the
height of liquid bridge that can be realized on the ground.
Because the viscosity of 10cSt silicone oil is higher, the temper-
ature difference required for the appearance of temperature oscil-
lation is higher than the limit of our payload. As a result, in
ground experiments, the temperature oscillation is not observed.
In addition, bridge breaking happens for the liquid bridge with
H=5 mm when the heating time is at 75 min.

Through large amount of ground matching experiments, we
can see that, in order to carry out study on oscillation and transi-
tion processes of thermocapillary convection under microgravity
condition in space, not only must the bridge breaking not happen,
but also must the oscillation happen, therefore, ScSt silicone oil is
selected for space experiments is practicable.

Space Experiments

More than 720 space experiments have been carried out on TG-
2. The experiment medium is 5cSt silicone oil, with Pr=67. The
range of aspect ratio is Ar=0.20 ~ 1.10, the range of volume
ratio is Vr=0.45 ~ 1.15, and the heating rate is 0.1~2.0°C/min.
The states of liquid bridge with the aspect ratio of 0.8 and the
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Fig. 18 Temperature and 30
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volume ratio of 0.78 obtained from space experiments are shown
in Fig. 17, (a) is The liquid bridge by distant view, and (b) is the
liquid bridge corner by close shot. It is found in the experiments
that, the temperature oscillation occurs when the temperature
difference of liquid bridge exceeds a critical value, as shown in
Fig. 18, where, the left picture shows temperature signals col-
lected from the beginning to the end of experiment, and the right
picture shows signals after the oscillation happens. By analyzing
temperature oscillation signals, we can analyze complicated bi-
furcation and transition paths as well as the aspect ratio effect,
volume ratio effect and temperature effect in the transition pro-
cess. Figure 19a shows the oscillation signal of thermocapillary
convection in the liquid bridge with the aspect ratio 0.8 and the
volume ratio 0.78 after the time at 9000 second, and the beat
phenomenon is observed. Fig. 19b shows the time-frequency
analysis results of this experiment, and it is found that quasi-
periodic oscillation appears when the time is at 9000 second, and
1/2 period-doubling bifurcation appears when the time is at
10,800 second. The results of space experiments show that there
are abundant oscillations, transitions and bifurcations in
thermocapillary convection of liquid bridge. A large amount of
scientific experiment results about liquid bridges are given in
other papers (Kang et al. 2019, 2020).

Conclusions

This paper introduces the research and development of space
experiment payload for studying on thermocapillary convection

261 i i H
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in liquid bridges with large Pr number on TG-2 space laboratory
as well as the experiments. It is confirmed that the objectives of
these space experiments are to study the influences of aspect ratio,
Ar=L/D, and volume ratio, V= V/V,, on the critical process of
thermocapillary convection in the liquid bridge, and to explore
problems of second transition, etc. According to the goals of space
experiments, the functions of the payload are analyzed, the com-
ponents of the payload are required, and the technical and engi-
neering specifications are determined. Designs of wedges, slots
and anti-climbing of liquid are applied to the structure of bridge
columns to ensure the interface maintenance of liquid bridge dur-
ing the process of space experiment; the method of bubble remov-
ing in liquid is explored, and two modes of bubble removing in
space experiments including inter absorption in liquid and escap-
ing from liquid free surface are given; an unique bridge cleaning
system is designed, which uses lipophilic medium to absorb sili-
cone oil and ensures the bridge reestablishment after breaking; the
aspect ratio and volume ratio of liquid bridge are accurately con-
trolled through liquid filling and bridge pulling by motors; high
sensitivity measurement of fluid temperature is realized by high
sensitivity thermocouples in space experiments. Multiple func-
tional verification experiments on the payload are carried out to
make sure the success of the space experiments. A total of 15
groups of scientific matching experiments with 2¢St, 5¢St and
10cSt silicone oil are carried out on the ground according to space
experiment method, and it is found that, in liquid bridges with
2¢St silicone oil and 5cSt silicone oil, when the temperature dif-
ference exceeds a critical value, buoyant-thermocapillary convec-
tion appears temperature oscillation; at the same volume ratio, the

Fig. 19 The period-doubling

bifurcation with 1/2f (Heating rate 1.5
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higher the liquid bridge, the lower the temperature difference for
starting oscillation, and the smaller the critical Ma number; at the
same aspect ratio, the fatter the liquid bridge, the higher the tem-
perature difference for starting oscillation, and the greater the
critical Ma number; because the viscosity of 5cSt silicone oil is
a little higher, compared with 2cSt silicone oil, the critical tem-
perature difference is a little higher with 5c¢St silicone oil; the
temperature oscillation signal is not found in experiments with
10cSt silicone oil, which is because that the viscosity of 10cSt
silicone oil is even higher, and the critical temperature difference
is even higher too. According to ground matching experiment
results, ScSt silicone oil is selected as the experiment fluid medi-
um for space experiments. The liquid bridges states and the tem-
perature oscillation signals obtained from space experiments are
given at the end of this paper, and a large amount of scientific
analysis results are provided in other papers.
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