Journal of Visualized Experiments

Thermocapillary Convection Space Experiment on the SJ-10 Recoverable Satellite

Article Type:
Manuscript Number:
Full Title:
Section/Category:
Keywords:

Corresponding Author:

Corresponding Author's Institution:

Corresponding Author E-Mail:
Order of Authors:

Additional Information:

Question

--Manuscript Draft--

Invited Methods Article - JoVE Produced Video

JoVE59998R3

Thermocapillary Convection Space Experiment on the SJ-10 Recoverable Satellite
JoVE Engineering

Microgravity experiments; Payload Design; annular liquid pool; themocapillary
convection; Oscillation; wave; transitions

Li Duan, Ph.D.
Institute of Mechanics Chinese Academy of Sciences
Beijing, CHINA

Institute of Mechanics Chinese Academy of Sciences
duanli@imech.ac.cn

Li Duan, Ph.D.

Yongli YIN

Jia Wang

Qi. Kang

Di Wu

Huan Jiang

Pu Zhang

Liang Hu

Response

Please indicate whether this article will be ' Standard Access (US$2,400)

Standard Access or Open Access.

Please indicate the city, state/province, Beijing, CHINA
and country where this article will be
filmed. Please do not use abbreviations.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Manuscript Click here to access/download;Manuscript;59998_R3_RE.docx 2

1 TITLE:
2 Thermocapillary Convection Space Experiment on the SJ-10 Recoverable Satellite
3
4  AUTHORS:
5 Li Duan'’, Yongli Yin?", Jia Wang?", Qi Kang', Di Wu3, Huan Jiang?, Pu Zhang?, Liang Hu?
6
7  *These authors contributed equally.
8
9  INational Microgravity Laboratory, Institute of Mechanics, Chinese Academy of Sciences, School
10  of Engineering Sciences, University of Chinese Academy of Sciences
11
12 2China Astronaut Research and Training Center, Beijing, China
13
14  3National Microgravity Laboratory, Institute of Mechanics, Chinese Academy of Sciences
15
16  Corresponding Author:
17 Q. Kang (kg@imech.ac.cn)
18
19  Email Addresses of Co-authors:
20 LiDuan (duanli@imech.ac.cn)
21 YongliYin (13910673255@139.com)
22 JiaWang (wangjia@imech.ac.cn)
23 DiWu (wudi@imech.ac.cn)
24 Huan Jiang (jianghuan@imech.ac.cn)
25  PuZhang (zp@imech.ac.cn)
26  Liang Hu (hl@imech.ac.cn)
27
28 KEYWORDS:
29  microgravity experiments, payload design, annular liquid pool, thermocapillary convection,
30 oscillation, wave, transitions
31
32 SUMMARY:
33 A protocol for the space payload design, the space experiment on thermocapillary convection,
34  and analyses of experimental data and images are presented in this paper.
35
36 ABSTRACT:
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0.05 °C at different points. The temperature distributions on the liquid free surface are captured
by means of an infrared thermal camera. The free surface deformation is detected by a
displacement sensor with a high accuracy of 1 um. The experimental process is fully automated.
The research is focused on thermocapillary oscillation phenomena on the liquid-free surface and
convective pattern transitions through analyses of experimental data and images. This research
will be helpful to understand the mechanism of thermocapillary convection and will offer further
insights into the nonlinear characteristics, flow instability, and bifurcation transitions of
thermocapillary convection.

INTRODUCTION:

Under microgravity conditions in space, many interesting physical phenomena are presented due
to the absence of gravity. In a liquid with a free surface, there exists a new flow system (i.e.
thermocapillary flow) that is caused by the temperature gradient or concentration gradient.
Different from traditional convection on the ground, thermocapillary convection is a ubiquitous
phenomenon in space environments. As it is a very important research subject in microgravity
fluid physics, a number of experiments have been carried out in space as well as on the ground.
Recently, space experimental studies were performed on thermocapillary convection on the SJ-
10 recoverable scientific experiment satellite. The space experiment payload consisted of eight
systems, namely a fluid experiment system, liquid storage and injection system, temperature
control system, thermocouple measurement system, infrared thermal camera, displacement
sensors, CCD image acquisition system, and electrical control system, as shown in Figure 1 (left).
The space experiment payload for research on surface waves of thermocapillary convection is
shown in Figure 1 (right). This study focused on the instability of flow, oscillation phenomena, and
transitions, which are important characteristics in the transition process from laminar flow to
chaos. Studies on these fundamental subjects have great significance for research regarding
strong nonlinear flow.

Unlike buoyancy convection driven by volume force, thermocapillary convection is a
phenomenon caused by surface tension within the interface between two immiscible fluids. The
magnitude of surface tension changes with some scalar parameters, including temperature,
solute concentration, and electric field strength. When these scalar fields distribute unevenly in
the interface, there will be a surface tension gradient present on the free surface. The fluid on
the free surface is driven by the surface tension gradient to move from the location with lesser
surface tension to that with greater surface tension. This flow was first interpreted by an Italian
physicist, Carlo Marangoni. Hence, it was named the "Marangoni effect"!. Marangoni flow on the
free surface extends to the inner liquid by viscosity and as a result generates what is known as
Marangoni convection.

Strictly speaking, for the fluid system with a free surface, thermocapillary convection and
buoyancy convection always appear simultaneously under normal gravity. In general, for a
macroscopic convective system, thermocapillary convection is a minor effect and is usually
ignored in comparison with buoyancy convection. However, under the condition of a small-scale
convective system or in the microgravity environment, buoyancy convection will be greatly
weakened, or even disappear, and thermocapillary convection will become dominant in the flow
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system. For a long period of time, research has been focused on macro-scale buoyancy convection
due to the limitations in human activities and research methods?3#. However, in recent decades,
with the rapid development of modern science and technology such as aerospace, film, MEMS,
and nonlinear science, the need for further research on thermocapillary convection has become
increasingly urgent.

Studies regarding microgravity hydrodynamics have important academic significance and
application prospects. Many dynamicists, physical chemists, biologists, and materials scientists
have gathered to work in this field. Kamotani and Ostrach completed experiments on
thermocapillary convection in an annular liquid pool under microgravity conditions?>>®72 and
observed steady flow, oscillatory flow, and critical conditions. Schwabe et al. studied buoyant-
thermocapillary convection in a similar annular liquid pool®?® and found that the oscillatory flow
first appeared as thermocapillary waves, and then turned to a more complex flow with the
increase in temperature difference. In 2002, Schwabe and Benz et al. reported a group of
experiments on thermocapillary convection in an annular liquid pool carried out on the Russian
FOTON-12 satellite*!. Their space experimental results were consistent with ground
experimental results. Some Japanese scientists carried out three series of experiments on liquid
bridge thermocapillary convection, named the Marangoni Experiment in Space (MEIS), on the
International Space Station'%'213, Some experimental equipment, including the camera, thermal
imager, thermocouple sensors, and 3D-PTV and photochromic technology, were applied in these
three tasks. The critical conditions of thermocapillary convection at different aspect ratios were
determined, and three-dimensional (3D) flow structures were observed.

Over the past 30 years, microgravity science has undergone prolific development in China41>16,
and a number of microgravity experiments have been conducted in space!”!2, In the field of fluid
physics, the first microgravity experiment was the study of two-layer fluid on the SJ-5 recoverable
satellite in 1999, and the flow structure was obtained by the particle tracing method*4. In 2004,
the study on thermocapillary migration of a droplet was carried out on the SZ-4, and the
relationship between migration velocity and critical Mach (Ma) number was obtained>6. In 2005,
the experimental study on multi-bubble thermocapillary migration was carried out on the JB-4%7,
and the migration rules were obtained as the Ma number was increased to 8,000. Meanwhile,
problems such as bubble merging were also studied. In 2006, the study on diffusion mass transfer
was carried out on the SJ-8 recoverable satellite, the Mach-Zehnder interferometer was first
applied in the space experiment, the process of diffusion mass transfer was observed, and the
diffusion coefficient was evaluated?®.

In recent years, a series of ground experimental studies focused on oscillation and bifurcation
processes in thermocapillary convection have been carried out, and the coupled effect of
buoyancy and thermocapillary force has been analyzed. Experimental results show that the
buoyancy effect cannot be ignored in ground experiments, as it plays a dominant role in many
cases!®?02L22 |n 2016, two microgravity experiments were carried out to research
thermocapillary convection in the liquid bridge on the TG-2, and thermocapillary convection in
the annular liquid pool on the SJ-10 recoverable satellite?3?4. The present paper introduces the
experimental payload of thermocapillary convection on the SJ10, and the space experiment
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results. These methods will be helpful in exploring the mechanism of thermocapillary oscillation.

In order to observe the convective pattern transition, temperature oscillation, and liquid-free
surface deformation, six thermocouples, an infrared thermal camera, and a displacement sensor
to quantify the frequency, amplitude, and other physical quantities of the oscillation were used.
Through investigations on oscillation and transition in thermocapillary convection in space, the
mechanism of thermocapillary convection in the microgravity environment, which provides
scientific guidance for the growth of materials in space, can be discovered and understood.
Furthermore, technological breakthroughs in such space experiments, such as the techniques of
liguid surface maintenance and liquid injection without bubbles, will further enhance the
simplicity and technical level of microgravity experiments in fluid physics.

This paper introduces the payload development and space experiment of the thermocapillary
surface wave project carried out on the SJ-10 scientific experimental satellite. As a space
experiment payload, this thermocapillary convection system has a strong anti-vibration ability to
prevent violent shock, especially during the satellite launching process. In order to meet the
requirements of remote operation, the space experiment process is controlled automatically, and
the space experimental data can be transmitted to the Ground Signal Receiving Station of the
Spacecraft and then to the scientists' experimental platform.

PROTOCOL:

1. Design and preparation of the experimental system

1.1. Construct the annular liquid pool.

1.1.1. Build a copper annular liquid pool measuring Ri = 4 mm in inner diameter and R, = 20 mm
in outer diameter and d = 12 mm in height.

1.1.2. Use a polysulfone plate measuring Re = 20 mm in diameter as the bottom of the liquid pool
(see Table of Materials).

1.1.3. Drill a small hole measuring ¢ = 2 mm in diameter close to the inner wall (6 mm away from
the center of the circle) as the liquid injection hole.

1.2. Maintain the interface.
1.2.1. Add sharp corners (45° angles) on the inner and outer side walls (Figure 2).

1.2.2. Apply anti-creeping liquid?! (see Table of Materials) to the inner and outer walls to a height
greater than 12 mm.

1.3. Prepare the storage system of working liquid.
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1.3.1. Choose 2cSt silicone oil as the working liquid (see Table of Materials).
1.3.2. Use a hydraulic cylinder as the container for storing the silicone oil (see Table of Materials).

1.3.3. Inject the working fluid to the hydraulic cylinder using the bubble-free technique before
launch.

NOTE: Bubbles suspended in the working fluid will result in the failure of the experiment.

1.3.3.1. Discharge the gas in the silicone oil by heating the liquid to 60 °C and applying pressure
<150 Pa for about 6 h.

1.3.3.2. Vacuum the liquid storage system until its pressure is <200 Pa.

1.3.3.3. Relieve the valve to allow the silicone oil to fill in the vacuumed cylinder without gas
(Figure 3).

1.4. Set up the injection system for the working liquid.
1.4.1. Select a step motor to drive the injection or suction of liquid (see Table of Materials).

1.4.2. Apply a solenoid valve to control the on-off switch of the injection system (see Table of
Materials).

1.4.3. Connect the step motor to the liquid cylinder using a universal joint (Figure 4).

1.4.4. Connect the liquid cylinder, solenoid valve, and injection hole successively with a pipe
measuring 4 mm in outer diameter.

2. Establishment of the temperature control system

2.1. Embed the inner cylinder with a heating film (resistance R: = 14.4 £ 0.5 Q) and measure the
temperature T;with a K-type thermocouple (see Table of Materials).

2.2. Symmetrically attach six refrigeration chips (every two chips are connected in parallel as a
group, and three groups are connected in a series) to the outer wall and obtain the outer wall
temperature T, using an additional K-type thermocouple.

NOTE: The temperature difference is AT=T; - T,

3. Establishment of the measurement system

NOTE: All devices can be controlled by software.
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3.1. Place six thermocouples (T1 - Ts) inside the liquid pool to measure temperatures at different
points. The detailed layout is shown in Figure 5.

3.2. Place the infrared camera directly above the liquid surface, and rotate the lens to adjust the
focus and collect the temperature field information on the liquid-free surface (see Table of

Materials).

3.3. Adjust the displacement sensor to measure the displacement of a certain point (r = 12 mm)
on the liquid surface (see Table of Materials).

NOTE: The laser displacement sensor is used for this payload in order to realize a 100 us high-
speed sampling, which is an ultra-high precision measurement method with a resolution of 1 um,

and a linearity of + 0.1% F.S.

3.4. Use the CCD camera to focus on the liquid surface and record the change of the free surface
(see Table of Materials, Figure 6).

NOTE: The number of effective pixels is 752 x 582, and the minimum illumination is 1.6 Lux/F2.0.
4. Experimental process

4.1 Start the experiment control software and turn on the power button.

4.2 Perform the liquid injection.

4.2.1 Apply 12 V on the solenoid valve to open it.

4.2.2 Turn on the motor button to push the motor at a step of 2.059 mm and inject 10,305 mL of
silicone oil into the liquid pool.

4.2.3 Turn off the solenoid valve power to close the solenoid valve.
4.3 Perform linear heating.

4.3.1. Set the experimental conditions as follows: heating target temperature T; = 50 °C; cooling
target temperature T, = 15 °C; and heating rate = 0.5 °C/min.

4.4, Collect data.

4.4.1. Set the corresponding sampling frequencies of the infrared imager, thermocouples,
displacement sensor, and CCD to 7.5 Hz, 20 Hz, 20 Hz, and 25 Hz respectively.
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4.4.2. Click the button for the data collecting system and monitor the temperature, displacement,
and other information using the computer software (Figure 7).

4.5. Turn off the power button.

NOTE: Wait 1 h so that the temperatures of the hot and cold ends are equal to the ambient
temperature for the following experiment.

REPRESENTATIVE RESULTS:

The accurate volume ratio was defined, and the liquid surface topography was reconstructed
based on the images captured by the CCD. The critical instability condition was determined, and
the oscillation characteristics were studied through analyses on single point temperature signals
and displacement oscillating signals. The structure of the flow field was obtained, and the
transition of the flow pattern was determined through the change of the infrared image with time.
The flow characteristics, flow mechanism, and bifurcation transition can also be studied by means
of comprehensive analysis on multiple experimental results.

Infrared thermal images have been obtained to visualize the temperature distributions on the
liquid-free surface in thermocapillary convection. A variety of oscillatory flow patterns have been
observed, which include radial oscillation or clockwise/counterclockwise circumferential
rotations (Figure 8). Thermocapillary flow first loses its stability and transitions to radial oscillation,
and then to circumferentially rotating waves. It has been found that steady thermocapillary
convection evolves to a standing wave, then a traveling wave, and finally to the coupling state of
traveling wave and standing wave.

The temperatures at different locations in the thermocapillary flow system were measured with
thermocouples at certain volume ratios (Vr = 0.715). Figure 9 (left) shows that the temperatures
inside the fluid increased linearly with the temperature difference increase. The temperature field
fluctuated periodically once the temperature difference exceeds a certain threshold, indicating
that the thermocapillary convection developed from a steady state to an oscillatory state. In
addition, the amplitude of oscillatory temperature grew as the flow field evolved. The spectrum
analysis in Figure 9 (right) indicates that the critical oscillation frequency was 0.064 Hz.

The deformation of the liquid-free surface was first studied through direct measurements. By
comparing a large number of deformation data for the free surface measured by the
displacement sensor, and the temperature data of the fluid measured by the thermocouples, it
was observed that the surface deformation and the temperature field in the fluid began to
oscillate at the same time and at the same frequency (Figure 10).

FIGURE LEGENDS:
Figure 1: Space experimental payload. (Left) Schematic of the payload. (Right) Image of the space
experiment payload. The thermocapillary convection can be observed by means of the infrared
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camera, CCD, and displacement sensor.

Figure 2: Schematic and image of the annular liquid pool. When there was a temperature
difference between the two ends, thermocapillary convection was generated inside the annular
liquid pool.

Figure 3: Vacuum filling device and the filling process. This procedure carried out before launch
ensured that no bubbles were generated in the liquid during the space experiments.

Figure 4: Schematic of the connection between the stepper motor and cylinder. The silicone oil
discharge from or suction to the cylinder can be realized by controlling the push/pull switch of
the stepper motor.

Figure 5: The installation locations of thermocouples. Temperature signals at different heights
and azimuthal angles can analyze the traveling wave characteristics.

Figure 6: CCD image of the annular liquid pool (Case 13, Vr = 0.715). Whether the liquid level
climbs or not can be identified by the image. The volume ratio can also be obtained by edge
processing of the image.

Figure 7: Real-time temperature control curve (Case 13, Vr = 0.715). This is a linear heating mode
with a rate of 0.5 °C/min.

Figure 8: Temperature field on the free surface in one period (Case 13, Vr = 0.715). (A) Infrared
thermal images of the hydrothermo wave. (B) Corresponding 3D graphs of (A). (C) Corresponding
periodic subaverage images of original images in (A). The cold zone and the hot zone appear
alternately in pairs. Red = high temperature; blue = low temperature.

Figure 9: Temperature measurements (Case 13, Vr = 0.715). (Left) Temperature oscillation with
the increase of the temperature difference. (Right) Corresponding critical frequency spectrum of
signals in (A). PSD = Power spectral density.

Figure 10: Oscillation measurements of the liquid-free surface (Case 13, Vr = 0.715). (Left)
Displacement with the increase of the temperature difference. (Right) Corresponding frequency
spectrum of signals in the left panel. When the temperature difference exceeds a certain
threshold, the displacement will fluctuate periodically, and the amplitude increases as the
temperature difference increases.

DISCUSSION:

Due to the limitation of space resources, the volume of the equipment as a whole is only 400 mm
x 352 mm x 322 mm, with a weight of only 22.9 £ 0.2 kg. This is very inconvenient when selecting
and laying out experimental devices, and the establishment of the flow system becomes the
critical step. Therefore, the increasing temperature difference is set at two ends of the liquid pool
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so that the fluid can generate a series of flow phenomena. In order to observe the entire process
of the convection from steady to oscillation in a single experiment, 2cSt silicone oil is chosen as
the working liquid because of its transparency and appropriate physical parameters. In addition,
because of the surface tension, the liquid surface is curved. The observation point of the
displacement sensor should be at the center of the inner and outer diameters.

Upon neglecting errors caused by physical properties, the uncertainty of the experimental
parameters can be obtained. The synthetic standard uncertainty of the critical threshold of the
thermocapillary convection was determined to be 1.11%. The uncertainty of the volume ratio
caused by factors including liquid evaporation and volume reading is within 4.00%, among which
the standard random uncertainties caused by temperature measurements and geometric
dimensions of the liquid pool are 0.05 °C and 0.01 mm, respectively. The distance realized by the
step motor for liquid injection/suction, and the minimum movement unit of the motor is 1 count
= 3.5 x 106 mm. Combined with the uncertainties introduced by the liquid injection/suction and
geometric dimensions of the liquid pool, the final synthetic uncertainty of the volume ratio is
4.07%.

Only 23 groups of valuable space experimental data have been obtained due to the limited flight
time of the satellite, and experiments at a large temperature difference (above 40 °C) have yet to
be carried out. In addition, due to the limitation of space resources, the model lacks rotation
function compared with the real industrial crystal growth method.

In terms of equipment development, two key problems have been solved, namely the
maintenance of the liquid-free surface and the liquid injection without bubbles, both of which
play key roles in the successful implementation of space experiments. These two key technologies
have also been successfully applied to subsequent space experiments, such as in the Tiangong-2
space mission, and will also be applied to additional space experiments in the future.

The experimental device and observation method based on SJ10 thermocapillary convection can
provide a scientific basis and technical support for the study of fluid mechanics, microgravity
physics, real industrial crystal growth, and possibly many other numerous applications.
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Table of Materials

Name of Material/Equipment
anti-creeping liquid
CCD
Displacement sensor
Heating film
Hydraulic cylinder
Infrared camera
LED
Montor
Montor controller
Pipe, 4mm
polysulfone plate
Refrigeration chip
Silicon oil, 2cSt
Solenoid
Temperature controller
Thermocouple, K-type

Company
3M
WATTEC
Panasonic
HongYu
FESTO
FLIR
693 Institute
PI
PI
FESTO
507 Institute
Zhongke
Shin-Etsu
FESTO
Eurotherm
North University of China
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Catalog Number Comments/Description
EGC-1700
WAT-230VIVID
HL-C1

125 Q/W335.1A
ADVU-40-25-P-A
Tau2
10257MW7C
M-227

C-863
PUN-4X0,75-GE

9502/065/021M
KF-96
MFH-2-M5
3304
ZBDX-HTTK


https://www.editorialmanager.com/jove/download.aspx?id=1099777&guid=f4f59ca4-4e8c-41dc-98cd-cbbaa6ef9787&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1099777&guid=f4f59ca4-4e8c-41dc-98cd-cbbaa6ef9787&scheme=1

rebuttal letter

Click here to access/download;Rebuttal Letter;letter to

editor.doc

Dear Editor:

Thank you for your comments concerning our manuscript (Ref:JoVE59998R2). We have
studied the comments carefully and have made revision which marked in blue in the
paper. We have tried our best to revise our manuscript according to the comments. Attached
please find the revised version, which we would like to submit for your kind consideration.
We would like to express our great appreciation to you for comments on our paper.

Question 1: Focus the title on the highlighted portions of the protocol.
Response 1: We have changed the title to “Thermocapillary Convection Space Experiment on
SJ-10 Recoverable Satellite”. For further details, please see line 2.

Question 2: Please employ a professional English editing service, numerous errors are
present.

Response 2: We would like to apologize for our poor writing skills. We have invited a
translation company to help polish this article, and the article has been extensively edited. We
hope that the revised manuscript will prove to be acceptable.

Question 3: This kind of flow was first interpreted by an Italian physicist, Marangoni, hence
it was named as "Marangoni effect" reference?
Response 3: For a definition of this noun, see reference 1 in lines 429-430.

Question 4: For a long time, people's research has been focused on macro-scale buoyancy
convection due to limitations in human activities and research methods. reference?
Response 4: Please see the references 2-4 in lines 431-438.

Question 5: A number of microgravity experiments have been carried out in space.
reference?
Response 5: Please see the references 17-18 in lines 473-477.

Question 6: Since 1987, scientists in our country have completed a number of space
experiments on recoverable satellites. reference?
Response 6: The sentence is repeated with the context, so we deleted it.

Question 7: polysulfone plate  Add to the table of materials.
Response 7: We have added this information in the table of materials.

Question 8: anti-creeping liquid Add to the table of materials.
Response 8: The information about the anti-creeping liquid (3M EGC-1700) has been added
in the table of materials.

Question 9: Inject the working fluid to the cylinder by the bubble-free technique before
launch. Which cylinder?

Response 9: We inject the working fluid to the hydraulic cylinder mentioned in line 207.
Question 10: Take the measured temperature with the thermocouple Ti as the input signal,
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and implement a PID control to a higher temperature T® by 0-12V input voltage to the heating
film. Unclear what is being done here. Please elaborate.

Response 10: Since this step is repeated later, we deleted it.

Question 11: Take the measured temperature with the thermocouple To as the input signal,
and implement a PID control to a lower temperature T,> by 0-12V input voltage to the
refrigeration chips. Unclear what is being done here. Please elaborate.

Response 11: Since this step is repeated later, we deleted it.

Question 12: Adjust the displacement sensor (see table of materials) to measure the
displacement of a certain point on the liquid surface. Which point? This is vague.
Response 12: This information has been added in line 253.

Question 13: This highlighted portion is very short, we require at least 1-1.5 pages
highlighted. It is also hard to understand why the steps are being performed. Please ensure
that the highlighting is complete and continuous.

Response 13: We have highlighted more portion, which cover the entire experimental process.
For further details, please see the highlights from line 183 to line 292.

Question 14: 4.1.1) Open solenoid valve. How is this done?
Response 14: The solenoid valve is opened by applying a voltage. For further details, please
see line 272.

Question 15: 4.1.2) Push the motor, at a step of 2.059 mm, and inject 10,305 mL silicone oil

into the liquid pool. Push? Or simply turn it on? Do you use software control?

Response 15: The motor is turned on by the button on the software. This information has
been added in lines 274-275.

Question 16: 4.1.3) Close the solenoid valve. How is this done?
Response 16: Cut off the power of the solenoid valve, the solenoid valve will close. For
further details, please see line 277.

Question 17: Merge panels (a) and (b) into 1 page and 1 file.

Please also check the aspect ratio of all your figures. Some of them appear stretched.
Respone 17: We have merged panels (a) and (b) into 1 page and 1 file.
All figures have been checked in proper aspect ratio.

Question 18: Fig. 3 shows the schematic of vacuum filling device and the filling process
before the satellite is launched. This technology ensures that no bubble is generated in the
liquid in space experiments.

Merge panels (a) and (b) into 1 page and 1 file.
Response 18: We have merged panels (a) and (b) into 1 page and 1file.

Question 19: Fig. 7 shows the temperature control curve of the linear heating mode (Case 13).
This is a real-time monitoring image of the temperature in the space experiment.  Text is not
clear enough to read.

Response 19: We have rewritten this information. For further details, please see lines
354-355.

Question 20: Fig. 9 shows the temperature measurements at volume ratio 0.715 (Case 13).
Merge panels (a) and (b) into 1 page and 1 file.
Response 20: We have merged panels (a) and (b) into 1 page and 1file.



Question 21: Fig. 9(a) represents time histories of temperature oscillation with the increase of
temperature difference, and Fig. 9(b) gives the corresponding critical frequency spectrum of
signals in (a). The temperature difference is increased in linear heating mode at a heating rate

of 0.5°C / min, and the maximum temperature difference is 35°C. Define PSD
Response 21: PSD is Power Spectral Density, and this information has been added in line
366.

Question 22: Fig. 9(a) represents time histories of temperature oscillation with the Fig. 10
shows the oscillation measurements of fluid free surface at volume ratio 0.715 (Case 13).
Merge panels (a) and (b) into 1 page and 1 file.

Response 22: We have merged panels (a) and (b) into 1 page and 1file.

Question 23: Fig. 10(a) represents time histories of displacement with the increase of
temperature difference, and Fig 10 (b) gives the corresponding frequency spectrum of signals
in (a). When the temperature difference exceeds a certain threshold, the displacement will
fluctuate periodically, and the amplitude of the oscillation increases as the temperature
difference increases. A laser displacement sensor is used for this payload in order to realize a
100us high-speed sampling, which is a ultra-high precision measurement method with a

resolution of 1um, and a linearity of + 0.1 % F.S.  Define PSD
Response 23: This information has been added in line 366.

Question 24: FIGURE LEGENDS:

Please ensure that all figures are called out in the text. Please add clear legends. Use this
format:

Figure 1: Figure heading. (A) Panel description. (B) Panel description. Example: Figure 1:

Preparation of the surgical field. (A) Tools used. (B) Anesthesia induction.
Response 24: We have rewritten all the figure legends, and we hope the revised figures will
prove to be acceptable.

Question 25:

Discussion: Please move the discussion about the results into the representative results section.
Please edit the discussion to cover: critical steps, modifications and troubleshooting,
limitations, applications, future directions.

Response 25: The results has been removed to the representative results section, and the
discussion have been rewritten.

We have made great effect to improve this manuscript, and have made some changes therein.
These changes have no influence on the content or framework of this paper. Instead of listing
the changes, we have marked them in blue in this revised paper.

We earnestly appreciate your dedicated work, and hope that the corrections will meet your
standards.

Once again, our earnest thanks for your comments and suggestions.



Author License Agreement (ALA)

®
1 Alirvester Canter #2700
Cambricige. MA 02140
Ouna e 1 STL45.9081

WAL D ¢ WPy R W W jove com

Click here to access/download;Author License Agreement
(ALA);ala.pdf

ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Author(s):

%,
Item 1: The Author elects to have the Materials be made available (as described at

httpr.jove.com!publish] via:
Standard Access

Item 2: Please select one of the following items:

Convection Reyload on S1-1o Raovevable <atelirtz
24 Results
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[:I Open Access

E’The Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1 Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; "Author”
means the author who is a signatory to this Agreement;
"Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture wversion,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JOVE" means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Videa" means any video(s) made by the Author, alone or
in conjunction with any other parties, or by loVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

612542.6

of the Article, and in which the Author may or may not
appear.

2 Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JOVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to doany
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the "Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author's personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author,

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE,

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to loVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, loVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.5.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to loVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author{s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author's Article
and/or Video.

9. Likeness, Privacy, Persaonality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not viclate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author's institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JOVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’'s expense. All indemnifications provided herein
shall include JoVE's attorney's fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JOVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author, Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US51,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder, This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Name:
kmg 'R

Department:

Institution:

Profess

Mﬁma.l._ﬁﬁisxagram‘tw Lakoraton)
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Title:

or
Signature: j%ﬂ [5‘-1/1/(}? {

Date: _Jw B, . ,_?

Please submit a signed and dated kcopy of téé license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051.



