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SUMMARY: 32 

A protocol for the space payload design, the space experiment on thermocapillary convection, 33 

and analyses of experimental data and images are presented in this paper.  34 

 35 

ABSTRACT: 36 

Thermocapillary convection is an important research subject in microgravity fluid physics. The 37 

experimental study on surface waves of thermocapillary convection in an annular liquid pool is 38 

one of the 19 scientific experimental projects on the SJ-10 recoverable satellite. Presented is a 39 

design for a payload for space experimental study on thermocapillary convection that includes 40 

the experimental model, measurement system, and control system. The specifics for the 41 

construction of an experimental model of an annular liquid pool with variable volume ratios is 42 

provided. The fluid temperatures are recorded by six thermocouples with a high sensitivity of 43 
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0.05 °C at different points. The temperature distributions on the liquid free surface are captured 44 

by means of an infrared thermal camera. The free surface deformation is detected by a 45 

displacement sensor with a high accuracy of 1 μm. The experimental process is fully automated. 46 

The research is focused on thermocapillary oscillation phenomena on the liquid-free surface and 47 

convective pattern transitions through analyses of experimental data and images. This research 48 

will be helpful to understand the mechanism of thermocapillary convection and will offer further 49 

insights into the nonlinear characteristics, flow instability, and bifurcation transitions of 50 

thermocapillary convection. 51 

 52 

INTRODUCTION: 53 

Under microgravity conditions in space, many interesting physical phenomena are presented due 54 

to the absence of gravity. In a liquid with a free surface, there exists a new flow system (i.e. 55 

thermocapillary flow) that is caused by the temperature gradient or concentration gradient. 56 

Different from traditional convection on the ground, thermocapillary convection is a ubiquitous 57 

phenomenon in space environments. As it is a very important research subject in microgravity 58 

fluid physics, a number of experiments have been carried out in space as well as on the ground. 59 

Recently, space experimental studies were performed on thermocapillary convection on the SJ-60 

10 recoverable scientific experiment satellite. The space experiment payload consisted of eight 61 

systems, namely a fluid experiment system, liquid storage and injection system, temperature 62 

control system, thermocouple measurement system, infrared thermal camera, displacement 63 

sensors, CCD image acquisition system, and electrical control system, as shown in Figure 1 (left). 64 

The space experiment payload for research on surface waves of thermocapillary convection is 65 

shown in Figure 1 (right). This study focused on the instability of flow, oscillation phenomena, and 66 

transitions, which are important characteristics in the transition process from laminar flow to 67 

chaos. Studies on these fundamental subjects have great significance for research regarding 68 

strong nonlinear flow.  69 

 70 

Unlike buoyancy convection driven by volume force, thermocapillary convection is a 71 

phenomenon caused by surface tension within the interface between two immiscible fluids. The 72 

magnitude of surface tension changes with some scalar parameters, including temperature, 73 

solute concentration, and electric field strength. When these scalar fields distribute unevenly in 74 

the interface, there will be a surface tension gradient present on the free surface. The fluid on 75 

the free surface is driven by the surface tension gradient to move from the location with lesser 76 

surface tension to that with greater surface tension. This flow was first interpreted by an Italian 77 

physicist, Carlo Marangoni. Hence, it was named the "Marangoni effect"1. Marangoni flow on the 78 

free surface extends to the inner liquid by viscosity and as a result generates what is known as 79 

Marangoni convection. 80 

 81 

Strictly speaking, for the fluid system with a free surface, thermocapillary convection and 82 

buoyancy convection always appear simultaneously under normal gravity. In general, for a 83 

macroscopic convective system, thermocapillary convection is a minor effect and is usually 84 

ignored in comparison with buoyancy convection. However, under the condition of a small-scale 85 

convective system or in the microgravity environment, buoyancy convection will be greatly 86 

weakened, or even disappear, and thermocapillary convection will become dominant in the flow 87 



 

system. For a long period of time, research has been focused on macro-scale buoyancy convection 88 

due to the limitations in human activities and research methods2,3,4. However, in recent decades, 89 

with the rapid development of modern science and technology such as aerospace, film, MEMS, 90 

and nonlinear science, the need for further research on thermocapillary convection has become 91 

increasingly urgent. 92 

 93 

Studies regarding microgravity hydrodynamics have important academic significance and 94 

application prospects. Many dynamicists, physical chemists, biologists, and materials scientists 95 

have gathered to work in this field. Kamotani and Ostrach completed experiments on 96 

thermocapillary convection in an annular liquid pool under microgravity conditions2,5,6,7,8 and 97 

observed steady flow, oscillatory flow, and critical conditions. Schwabe et al. studied buoyant-98 

thermocapillary convection in a similar annular liquid pool3,9 and found that the oscillatory flow 99 

first appeared as thermocapillary waves, and then turned to a more complex flow with the 100 

increase in temperature difference. In 2002, Schwabe and Benz et al. reported a group of 101 

experiments on thermocapillary convection in an annular liquid pool carried out on the Russian 102 

FOTON-12 satellite4,10. Their space experimental results were consistent with ground 103 

experimental results. Some Japanese scientists carried out three series of experiments on liquid 104 

bridge thermocapillary convection, named the Marangoni Experiment in Space (MEIS), on the 105 

International Space Station11,12,13. Some experimental equipment, including the camera, thermal 106 

imager, thermocouple sensors, and 3D-PTV and photochromic technology, were applied in these 107 

three tasks. The critical conditions of thermocapillary convection at different aspect ratios were 108 

determined, and three-dimensional (3D) flow structures were observed.  109 

 110 

Over the past 30 years, microgravity science has undergone prolific development in China14,15,16, 111 

and a number of microgravity experiments have been conducted in space17,18. In the field of fluid 112 

physics, the first microgravity experiment was the study of two-layer fluid on the SJ-5 recoverable 113 

satellite in 1999, and the flow structure was obtained by the particle tracing method14. In 2004, 114 

the study on thermocapillary migration of a droplet was carried out on the SZ-4, and the 115 

relationship between migration velocity and critical Mach (Ma) number was obtained15,16. In 2005, 116 

the experimental study on multi-bubble thermocapillary migration was carried out on the JB-417, 117 

and the migration rules were obtained as the Ma number was increased to 8,000. Meanwhile, 118 

problems such as bubble merging were also studied. In 2006, the study on diffusion mass transfer 119 

was carried out on the SJ-8 recoverable satellite, the Mach-Zehnder interferometer was first 120 

applied in the space experiment, the process of diffusion mass transfer was observed, and the 121 

diffusion coefficient was evaluated18. 122 

 123 

In recent years, a series of ground experimental studies focused on oscillation and bifurcation 124 

processes in thermocapillary convection have been carried out, and the coupled effect of 125 

buoyancy and thermocapillary force has been analyzed. Experimental results show that the 126 

buoyancy effect cannot be ignored in ground experiments, as it plays a dominant role in many 127 

cases19,20,21,22. In 2016, two microgravity experiments were carried out to research 128 

thermocapillary convection in the liquid bridge on the TG-2, and thermocapillary convection in 129 

the annular liquid pool on the SJ-10 recoverable satellite23,24. The present paper introduces the 130 

experimental payload of thermocapillary convection on the SJ10, and the space experiment 131 



 

results. These methods will be helpful in exploring the mechanism of thermocapillary oscillation. 132 

 133 

In order to observe the convective pattern transition, temperature oscillation, and liquid-free 134 

surface deformation, six thermocouples, an infrared thermal camera, and a displacement sensor 135 

to quantify the frequency, amplitude, and other physical quantities of the oscillation were used. 136 

Through investigations on oscillation and transition in thermocapillary convection in space, the 137 

mechanism of thermocapillary convection in the microgravity environment, which provides 138 

scientific guidance for the growth of materials in space, can be discovered and understood. 139 

Furthermore, technological breakthroughs in such space experiments, such as the techniques of 140 

liquid surface maintenance and liquid injection without bubbles, will further enhance the 141 

simplicity and technical level of microgravity experiments in fluid physics. 142 

 143 

This paper introduces the payload development and space experiment of the thermocapillary 144 

surface wave project carried out on the SJ-10 scientific experimental satellite. As a space 145 

experiment payload, this thermocapillary convection system has a strong anti-vibration ability to 146 

prevent violent shock, especially during the satellite launching process. In order to meet the 147 

requirements of remote operation, the space experiment process is controlled automatically, and 148 

the space experimental data can be transmitted to the Ground Signal Receiving Station of the 149 

Spacecraft and then to the scientists' experimental platform.  150 

 151 

PROTOCOL: 152 

 153 

1.  Design and preparation of the experimental system 154 

 155 

1.1. Construct the annular liquid pool. 156 

 157 

1.1.1. Build a copper annular liquid pool measuring Ri = 4 mm in inner diameter and Ro = 20 mm 158 

in outer diameter and d = 12 mm in height.  159 

 160 

1.1.2. Use a polysulfone plate measuring RP = 20 mm in diameter as the bottom of the liquid pool 161 

(see Table of Materials).  162 

 163 

1.1.3. Drill a small hole measuring ϕ = 2 mm in diameter close to the inner wall (6 mm away from 164 

the center of the circle) as the liquid injection hole. 165 

 166 

1.2. Maintain the interface. 167 

 168 

1.2.1. Add sharp corners (45° angles) on the inner and outer side walls (Figure 2). 169 

 170 

1.2.2. Apply anti-creeping liquid21 (see Table of Materials) to the inner and outer walls to a height 171 

greater than 12 mm. 172 

 173 

1.3. Prepare the storage system of working liquid. 174 

 175 



 

1.3.1. Choose 2cSt silicone oil as the working liquid (see Table of Materials).  176 

 177 

1.3.2. Use a hydraulic cylinder as the container for storing the silicone oil (see Table of Materials).  178 

 179 

1.3.3. Inject the working fluid to the hydraulic cylinder using the bubble-free technique before 180 

launch.  181 

 182 

NOTE: Bubbles suspended in the working fluid will result in the failure of the experiment.  183 

 184 

1.3.3.1. Discharge the gas in the silicone oil by heating the liquid to 60 °C and applying pressure 185 

<150 Pa for about 6 h. 186 

 187 

1.3.3.2. Vacuum the liquid storage system until its pressure is <200 Pa. 188 

 189 

1.3.3.3. Relieve the valve to allow the silicone oil to fill in the vacuumed cylinder without gas 190 

(Figure 3).  191 

 192 

1.4. Set up the injection system for the working liquid. 193 

 194 

1.4.1. Select a step motor to drive the injection or suction of liquid (see Table of Materials).  195 

 196 

1.4.2. Apply a solenoid valve to control the on-off switch of the injection system (see Table of 197 

Materials). 198 

 199 

1.4.3. Connect the step motor to the liquid cylinder using a universal joint (Figure 4). 200 

 201 

1.4.4. Connect the liquid cylinder, solenoid valve, and injection hole successively with a pipe 202 

measuring 4 mm in outer diameter. 203 

 204 

2. Establishment of the temperature control system 205 

 206 

2.1. Embed the inner cylinder with a heating film (resistance Rt = 14.4 ± 0.5 Ω) and measure the 207 

temperature Ti with a K-type thermocouple (see Table of Materials). 208 

 209 

2.2. Symmetrically attach six refrigeration chips (every two chips are connected in parallel as a 210 

group, and three groups are connected in a series) to the outer wall and obtain the outer wall 211 

temperature To using an additional K-type thermocouple. 212 

 213 

NOTE: The temperature difference is ΔT = Ti - To. 214 

 215 

3. Establishment of the measurement system 216 

 217 

NOTE: All devices can be controlled by software. 218 



 

 219 

3.1. Place six thermocouples (T1 - T6) inside the liquid pool to measure temperatures at different 220 

points. The detailed layout is shown in Figure 5. 221 

 222 

3.2. Place the infrared camera directly above the liquid surface, and rotate the lens to adjust the 223 

focus and collect the temperature field information on the liquid-free surface (see Table of 224 

Materials). 225 

 226 

3.3. Adjust the displacement sensor to measure the displacement of a certain point (r = 12 mm) 227 

on the liquid surface (see Table of Materials).  228 

 229 

NOTE: The laser displacement sensor is used for this payload in order to realize a 100 μs high-230 

speed sampling, which is an ultra-high precision measurement method with a resolution of 1 μm, 231 

and a linearity of ± 0.1% F.S. 232 

 233 

3.4. Use the CCD camera to focus on the liquid surface and record the change of the free surface 234 

(see Table of Materials, Figure 6).  235 

 236 

NOTE: The number of effective pixels is 752 x 582, and the minimum illumination is 1.6 Lux/F2.0.  237 

 238 

4. Experimental process 239 

 240 

4.1 Start the experiment control software and turn on the power button. 241 

 242 

4.2 Perform the liquid injection. 243 

 244 

4.2.1 Apply 12 V on the solenoid valve to open it. 245 

 246 

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 247 

silicone oil into the liquid pool.  248 

 249 

4.2.3 Turn off the solenoid valve power to close the solenoid valve. 250 

 251 

4.3 Perform linear heating. 252 

 253 

4.3.1. Set the experimental conditions as follows: heating target temperature Ti = 50 °C; cooling 254 

target temperature To = 15 °C; and heating rate = 0.5 °C/min.  255 

 256 

4.4. Collect data.  257 

 258 

4.4.1. Set the corresponding sampling frequencies of the infrared imager, thermocouples, 259 

displacement sensor, and CCD to 7.5 Hz, 20 Hz, 20 Hz, and 25 Hz respectively. 260 



 

 261 

4.4.2. Click the button for the data collecting system and monitor the temperature, displacement, 262 

and other information using the computer software (Figure 7). 263 

 264 

4.5. Turn off the power button. 265 

 266 

NOTE: Wait 1 h so that the temperatures of the hot and cold ends are equal to the ambient 267 

temperature for the following experiment. 268 

 269 

REPRESENTATIVE RESULTS: 270 

The accurate volume ratio was defined, and the liquid surface topography was reconstructed 271 

based on the images captured by the CCD. The critical instability condition was determined, and 272 

the oscillation characteristics were studied through analyses on single point temperature signals 273 

and displacement oscillating signals. The structure of the flow field was obtained, and the 274 

transition of the flow pattern was determined through the change of the infrared image with time. 275 

The flow characteristics, flow mechanism, and bifurcation transition can also be studied by means 276 

of comprehensive analysis on multiple experimental results. 277 

 278 

Infrared thermal images have been obtained to visualize the temperature distributions on the 279 

liquid-free surface in thermocapillary convection. A variety of oscillatory flow patterns have been 280 

observed, which include radial oscillation or clockwise/counterclockwise circumferential 281 

rotations (Figure 8). Thermocapillary flow first loses its stability and transitions to radial oscillation, 282 

and then to circumferentially rotating waves. It has been found that steady thermocapillary 283 

convection evolves to a standing wave, then a traveling wave, and finally to the coupling state of 284 

traveling wave and standing wave.  285 

 286 

The temperatures at different locations in the thermocapillary flow system were measured with 287 

thermocouples at certain volume ratios (Vr = 0.715). Figure 9 (left) shows that the temperatures 288 

inside the fluid increased linearly with the temperature difference increase. The temperature field 289 

fluctuated periodically once the temperature difference exceeds a certain threshold, indicating 290 

that the thermocapillary convection developed from a steady state to an oscillatory state. In 291 

addition, the amplitude of oscillatory temperature grew as the flow field evolved. The spectrum 292 

analysis in Figure 9 (right) indicates that the critical oscillation frequency was 0.064 Hz.  293 

 294 

The deformation of the liquid-free surface was first studied through direct measurements. By 295 

comparing a large number of deformation data for the free surface measured by the 296 

displacement sensor, and the temperature data of the fluid measured by the thermocouples, it 297 

was observed that the surface deformation and the temperature field in the fluid began to 298 

oscillate at the same time and at the same frequency (Figure 10). 299 

 300 

FIGURE LEGENDS: 301 

Figure 1: Space experimental payload. (Left) Schematic of the payload. (Right) Image of the space 302 

experiment payload. The thermocapillary convection can be observed by means of the infrared 303 



 

camera, CCD, and displacement sensor. 304 

 305 

Figure 2: Schematic and image of the annular liquid pool. When there was a temperature 306 

difference between the two ends, thermocapillary convection was generated inside the annular 307 

liquid pool. 308 

 309 

Figure 3: Vacuum filling device and the filling process. This procedure carried out before launch 310 

ensured that no bubbles were generated in the liquid during the space experiments. 311 

  312 

Figure 4: Schematic of the connection between the stepper motor and cylinder. The silicone oil 313 

discharge from or suction to the cylinder can be realized by controlling the push/pull switch of 314 

the stepper motor. 315 

 316 

Figure 5: The installation locations of thermocouples. Temperature signals at different heights 317 

and azimuthal angles can analyze the traveling wave characteristics. 318 

 319 

Figure 6: CCD image of the annular liquid pool (Case 13, Vr = 0.715). Whether the liquid level 320 

climbs or not can be identified by the image. The volume ratio can also be obtained by edge 321 

processing of the image. 322 

 323 

Figure 7: Real-time temperature control curve (Case 13, Vr = 0.715). This is a linear heating mode 324 

with a rate of 0.5 °C/min. 325 

 326 

Figure 8: Temperature field on the free surface in one period (Case 13, Vr = 0.715). (A) Infrared 327 

thermal images of the hydrothermo wave. (B) Corresponding 3D graphs of (A). (C) Corresponding 328 

periodic subaverage images of original images in (A). The cold zone and the hot zone appear 329 

alternately in pairs. Red = high temperature; blue = low temperature.  330 

 331 

Figure 9: Temperature measurements (Case 13, Vr = 0.715). (Left) Temperature oscillation with 332 

the increase of the temperature difference. (Right) Corresponding critical frequency spectrum of 333 

signals in (A). PSD = Power spectral density. 334 

 335 

Figure 10: Oscillation measurements of the liquid-free surface (Case 13, Vr = 0.715). (Left) 336 

Displacement with the increase of the temperature difference. (Right) Corresponding frequency 337 

spectrum of signals in the left panel. When the temperature difference exceeds a certain 338 

threshold, the displacement will fluctuate periodically, and the amplitude increases as the 339 

temperature difference increases. 340 

 341 

DISCUSSION: 342 

Due to the limitation of space resources, the volume of the equipment as a whole is only 400 mm 343 

× 352 mm × 322 mm, with a weight of only 22.9 ± 0.2 kg. This is very inconvenient when selecting 344 

and laying out experimental devices, and the establishment of the flow system becomes the 345 

critical step. Therefore, the increasing temperature difference is set at two ends of the liquid pool 346 



 

so that the fluid can generate a series of flow phenomena. In order to observe the entire process 347 

of the convection from steady to oscillation in a single experiment, 2cSt silicone oil is chosen as 348 

the working liquid because of its transparency and appropriate physical parameters. In addition, 349 

because of the surface tension, the liquid surface is curved. The observation point of the 350 

displacement sensor should be at the center of the inner and outer diameters. 351 

 352 

Upon neglecting errors caused by physical properties, the uncertainty of the experimental 353 

parameters can be obtained. The synthetic standard uncertainty of the critical threshold of the 354 

thermocapillary convection was determined to be 1.11%. The uncertainty of the volume ratio 355 

caused by factors including liquid evaporation and volume reading is within 4.00%, among which 356 

the standard random uncertainties caused by temperature measurements and geometric 357 

dimensions of the liquid pool are 0.05 °C and 0.01 mm, respectively. The distance realized by the 358 

step motor for liquid injection/suction, and the minimum movement unit of the motor is 1 count 359 

= 3.5 × 10-6 mm. Combined with the uncertainties introduced by the liquid injection/suction and 360 

geometric dimensions of the liquid pool, the final synthetic uncertainty of the volume ratio is 361 

4.07%. 362 

 363 

Only 23 groups of valuable space experimental data have been obtained due to the limited flight 364 

time of the satellite, and experiments at a large temperature difference (above 40 °C) have yet to 365 

be carried out. In addition, due to the limitation of space resources, the model lacks rotation 366 

function compared with the real industrial crystal growth method. 367 

 368 

In terms of equipment development, two key problems have been solved, namely the 369 

maintenance of the liquid-free surface and the liquid injection without bubbles, both of which 370 

play key roles in the successful implementation of space experiments. These two key technologies 371 

have also been successfully applied to subsequent space experiments, such as in the Tiangong-2 372 

space mission, and will also be applied to additional space experiments in the future.  373 

 374 

The experimental device and observation method based on SJ10 thermocapillary convection can 375 

provide a scientific basis and technical support for the study of fluid mechanics, microgravity 376 

physics, real industrial crystal growth, and possibly many other numerous applications.  377 

 378 
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Name of Material/Equipment Company Catalog Number Comments/Description

anti-creeping liquid 3M EGC-1700

CCD WATTEC WAT-230VIVID

Displacement sensor Panasonic HL-C1

Heating film HongYu 125 Q/W335.1A

Hydraulic cylinder FESTO ADVU-40-25-P-A

Infrared camera FLIR Tau2

LED 693 Institute 10257MW7C

Montor PI M-227

Montor controller PI C-863

Pipe, 4mm FESTO PUN-4X0,75-GE

polysulfone plate 507 Institute

Refrigeration chip Zhongke 9502/065/021M

Silicon oil, 2cSt Shin-Etsu KF-96

Solenoid FESTO MFH-2-M5

Temperature controller Eurotherm 3304

Thermocouple, K-type North University of China ZBDX-HTTK
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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 Ti
0 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 To
0 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 

100μs high-speed sampling, which is a ultra-high precision measurement method with a 

resolution of 1μm, 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. 
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