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Energy harvesting and thermal management in spacecraft refer to the adjustment, distribution, and comprehensive use of uniform adjustment, allocation, and integrated use of the spacecraft and subsystems, which have the advantages of reducing energy consumption and improving the overall performance of the spacecraft. The study is first briefly elaborated on the research progress of energy harvesting and thermal management, and then introduces the key thermal control technology of thermal management, mainly thermal bus systems, heat pump technology, and passive thermal control technology. Finally, the future development direction and research focus of thermal management are proposed, which lays a foundation for the future development of energy harvesting and thermal management technology.
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1 INTRODUCTION
1.1 Energy Harvesting and Thermal Management in Spacecraft
Energy harvesting and thermal management in spacecraft refer to the unified adjustment, allocation, and comprehensive use of the thermal environment and the thermal behavior of subsystems related to spacecraft, and the collection, conversion, and discharge of heat, so as to improve the comprehensive utilization of heat, reduce energy consumption, reduce costs, and improve the overall performance of the spacecraft (Herrmann and Tleimat, 1994; Bartsev, 1997).
The energy balance of the spacecraft in space is mainly achieved through the use of solar energy. Solar panels absorb the solar energy, converting it into electricity and supplying it to subsystems on the spacecraft. Solar cells were first used in aerospace in 1958 on the PIONEER 1 satellite. For the operation of spacecraft, in addition to the supply of energy, energy distribution and recovery are equally important. The main task of the spacecraft thermal control subsystem is to ensure the working temperature of each component on the spacecraft, which is generally divided into active thermal control technology and passive thermal control technology. The active thermal control technology is to raise or maintain the temperature of equipment through an automatic control system, which requires energy consumption. The passive thermal control technology is to change thermal resistance through heat conduction and heat insulation measures to control heat transfer or discharge to cold and black space. Different components or devices have different requirements for heat. For example, electronic devices need to dissipate heat and optical components need to be heated. Therefore, for spacecraft, energy recovery and utilization can improve the comprehensive utilization rate of energy. For general spacecraft, especially small spacecraft, because of the energy consumption, small size, the cost of heat recovery, and reuse is too high, the application is more local through high thermal conductivity materials to achieve homogenization to improve the efficiency of energy. For large spacecraft, such as the space station, due to the large energy consumption and size, heat recovery and utilization can significantly improve the overall utilization of energy and improve overall performance.
The concept of thermal management was proposed by the United States in 1979 for the manned space station. Since then, various countries have carried out theoretical and experimental studies for various large spacecraft and space stations, mainly including the International Space Station (Merhoff et al., 1993; Cannon and Winters, 1995), Space Station Freedom (Bellmore, 1993), Hermes Space Shuttle (Ferro and Costamagna, 1988), and Project Moonbas (Ewert et al., 1996; Woo, 2012). In addition, the Mcdonnell Aviation Company applied heat pipes to the aviation field and successfully developed an aircraft waste energy recovery management system, which achieved good results (Herring and Collins, 1990). Therefore, thermal management technology can be used not only for large multi-module space stations but also for single-module space stations, space stations and spacecraft docking complexes, and aviation systems. It is of great research significance to simplify the system, improve the overall performance of the space station, and reduce energy consumption (Guo et al., 2001).
2 TECHNICAL SCHEME OF THERMAL MANAGEMENT SYSTEM
Energy harvesting and thermal management should first establish a thermo-fluid model, as shown in Figure 1. Based on this, the corresponding thermal control design should be carried out, not only to control the temperature of different requirements but also to consider energy harvesting and comprehensive utilization of various heat. Therefore, thermal control technology is the core of thermal management research. For example, heat collected by the fluid circuit is applied to the low-heating propellant chamber to reduce the electrical heating power required to maintain the temperature of the equipment in the chamber. On the other hand, the heat load of the radiator can be reduced, and the size and weight of the radiator reduced.
[image: Figure 1]FIGURE 1 | Thermo-fluid model.
2.1 Thermal Bus
The function of the thermal bus is to connect the heating equipment in each cabin organically through heat exchangers, cold plates, and other forms to form the trunk circuit so that waste heat can be transferred to the central radiating radiator and discharged into space through the heat transfer medium in the thermal bus (Edelstein and Brown, 1984), as shown in Figure 2. The heat transfer characteristic of the fluid circuit is the collection of scattered heat. Compared with the radiation heat transfer, the heat transfer capacity is stronger and the temperature control accuracy is higher, which can realize the long-distance transmission of heat (Khrustalev and Faghri, 1995). For example, the Russian module of the International Space Station designed in 1994 uses a two-phase thermal transmission system as a thermal common loop with a maximum capacity of 30 kW and a transmission distance of 50 m (Ferro and Costamagna, 1988; Bellmore, 1993). Two single-phase ammonia loops driven by pumps are used in Liberty Space Station as common thermal loops to achieve thermal management of each cabin (Ferro and Costamagna, 1988). The thermal bus is not only suitable for the large multi-module space station but also suitable for manned spacecraft and lunar bases.
[image: Figure 2]FIGURE 2 | Schematic diagram of thermal bus for international space station.
2.1.1 Mechanically Pumped Single-Phase Loop
The loop system used by the thermal bus is divided into a single-phase loop and a dual-phase loop. The working medium is the key point of the thermal common loop. The thermal loop inside the cabin, especially the manned module, generally uses water as the medium, and the thermal loop outside the cabin generally uses ammonia as the medium.
The applications of MPSL in aerospace include the “Gemini” spacecraft of the United States, the “Skylab,” the “Soyuz” spacecraft of the former Soviet Union, the International Space Station, and the Tiangong Station. In the International Space Station, two MPSLs using water as the medium are used in the American cabins. The two loops work at different temperatures. One works at 4°C for heat transmission of the survival system and the other works at 17°C for heat transmission of electrical devices. Two single-phase loops are also used in the Mars Exploration Rover (MER), and the maximum heat transport capability of 2150 W is achieved. As a mature technology, the MPSL is also used in Tiangong Station. Compared with the International Space Station, Tiangong Station solved the problem that heat transmission cannot be realized between different modules for thermal loops with different mediums.
2.1.2 Mechanically Pumped Two-Phase Loop
With the increase of thermal load, the two-phase fluid circuit technology has become the main research direction of thermal control technology.
MPTL takes the pump as the driving element and the precise temperature control liquid storage device as the temperature control element. The closed-loop temperature control technology absorbs the heat of the heating element in the evaporation section and releases the heat in the condensing section. The technology is suitable for the thermal control system with high load and high precision, and multiple heat sources or complex distributed heat sources.
Currently, there are few applications of the MPTL technology in the aerospace field. The internal tracker of the Alpha Magnetic Spectrometer (AMS-02) on the International Space Station uses pump-driven two-phase fluid loop calculation using CO2 as a working medium for the thermal control system (TTCS) (Jie et al., 2008; Zhang et al., 2011). The main principle of the TTCS is that its evaporator is composed of four rings of thin tubes, all of which are directly connected with the thin tubes through the electronic circuit board through the copper thermal conductivity bridge. After the heat is absorbed by the evaporation of the liquid in the tube, it is carried to the condenser by steam, and finally, the heat is discharged to the space by the heat radiator. After cooling and condensing, the steam becomes a supercooled liquid, which is pumped back to the evaporator, and so on.
The selection of a working medium for the pumped two-phase fluid circuit is an important research direction. NLR, a Dutch company, carried out an MPTL test and simulation analysis study based on the CO2 working medium (Jie et al., 2008; Huang et al., 2009). The experiment showed that using CO2 as a circulating working medium greatly reduced the temperature gradient in the evaporation section, reduced the design size of the system, and improved the stability and reliability of operation. In addition, ammonia has better performance than CO2 in many aspects, such as higher critical temperature, lower freezing point, and lower vapor pressure. However, ammonia is toxic and smelly, and the high volume ratio of steam to liquid brings great flow resistance and uneven and unstable temperature during evaporation heat transfer, which requires further specific analysis.
2.1.3 Capillary Pumped Loop
CPL is a high heat transfer device with high reliability. CPL is mainly composed of a liquid reservoir, a parallel evaporator (heat source), and a condenser (cold source). The heat source and cold source are connected by a steam or liquid pipeline. The main working principle includes three steps: steam through the steam pipe into the condenser, condensing heat in the condenser, and condensing liquid back to the evaporator through the liquid pipe, and in this form in the loop of the reciprocating cycle, the power of the cycle comes from the capillary suction generated by the capillary structure in the evaporator.
CPL conducted numerous ground tests and numerous space flight tests in the 1980s and 1990s. In 1999, the CPL was successfully applied for the first time on NASA’s Earth Observing System TERRA (McIntosh et al., 1998). A total of six CPLS were used for thermal control of each of the three instruments on TERRA, allowing each instrument to be placed in the most favorable viewing position regardless of temperature. Another example of CPL application is on the refrigerator of the Hubble Space Telescope (Ku et al., 2004), which achieves refrigerator’s cooling capacity of 8 W and needs to dissipate 300–400 W of heat.
So far, the CPL has not been widely used in spacecraft, especially in high-power spacecraft, but more LHP technology is introduced in the following chapter.
2.1.4 Loop Heat Pipe
The principle of LHP and CPL is basically the same; the biggest difference is that the evaporator and compensator of LHP are connected together, and there is no separate reservoir.
LHP is mainly used in the thermal control of spacecraft and heat transfer elements of the expandable radiator. In 1994, Obzor launched by Russia for the first time applied three LHPs to thermal control optical instruments with the working medium of propylene and ammonia (Goncharov et al., 1995). In 1999, HPL was first applied to an expanded radiator in Hughes HS702 in the United States. In 2004, LHP was used for the thermal control of Bat devices on Swift launched by the United States (Choi, 2004). In 2014, China’s Chang‘e-5 built a new thermal control system for small re-entry and return spacecraft based on an LHP “thermal switch” for thermal control of IMU equipment (Ning et al., 2015; Ning et al., 2017). In 2013, Chang ‘e-3 attempted isotope binding two-phase fluid loop technology for the first time in the global space field (Liu et al., 2014; Xiang et al., 2015). The main working principle is that during the moonlight night, the pressure difference between the liquid side and the steam side is formed to drive the circulating flow of the working medium, and the heat energy of the isotope heat source is transferred to the roof of the rover to provide heat for the equipment insulation. During the day and moon, the two-phase fluid circuit stops working, and the heat energy of the isotope heat source is dissipated to outer space by means of radiative heat dissipation.
At present, LHP technology is widely used in spacecraft thermal control systems at home and abroad, and LHP technology has become a hot topic in spacecraft thermal control systems.
2.2 Reuse and Discharge of Heat
2.2.1 Reuse of Heat
Generally speaking, the heat reuse approach of space systems is to use a phase change medium to recycle the heat of spacecraft from heat source to cold source so as to improve energy utilization efficiency and reduce energy consumption demand. At present, heat is utilized mainly through the aforementioned fluid loop technology (air and liquid) or heat pipe technology to achieve.
In addition to the fluid loop technology and heat pipe technology, the phase change heat exchange technology is also used for heat reuse as a mature technology.
The phase change temperature control technology developed from phase change energy storage technology as a new thermal control technology, with high reliability, lightweight, no energy consumption, and other advantages. Phase change materials can be divided into solid–solid, solid–liquid, gas–liquid, and gas–solid phase change materials according to the form of phase change. Currently, solid–liquid phase change materials are widely used in the thermal control design of spacecraft, which can be effectively used for heat recovery and dissipation of spacecraft electronic equipment.
The principle of phase change temperature control technology of spacecraft shows that when the spacecraft enters into the sunny area or the internal heat source starts to work, the phase change material absorbs heat, heats up, and melts. When the spacecraft enters the shadow area or the internal heat source stops working, the phase change material releases heat, cools, and condenses. Therefore, the temperature of the spacecraft in the orbit will be guaranteed, reducing the influence of external heat flow and internal heat source on the spacecraft.
In 1976, a dual-phase change system using methyl ethyl ketone and n-heptane as phase change materials was applied for the first time in aerospace electronic equipment (Keville, 1977), which verified the reliability of the phase change temperature control technology. Since then, the phase change temperature control technology has been gradually applied in space systems. Three phases of the phase change temperature control (PCM) technology were used on the U.S. Apollo Lunar Rover. During each walk, PCM materials absorbed the heat generated by each working part of the rover. After the walking task, heat dissipation is carried out by opening the blinds on the radiator or removing the heat insulation plate, and the phase change material is cooled and solidified again, which is ready for the next task (Biswas, 1977). The successful application of the phase change temperature control technology in the field of temperature control makes a large number of scholars research phase change temperature control technology. Gaofen-6 satellite combines phase change material with aluminum alloy radiator, encapsulates n340 hexadecane phase in aluminum alloy box through good structure, and dissipates electronic heat through the outer surface of aluminum box. Through this measure, the electronic heat is recovered by phase change material and then discharged, which significantly reduces the size and weight of the radiator, and also reduces the power consumption of the electric heating.
The main difficulty in the thermal control design of the LEO large planar space-based radar antenna is how to keep its temperature in the shadow area. The antenna structure plate made of carbon fiber/epoxy resin composite was filled with carbon foam containing phase change material (melting point of 3°C, latent heat of 240 kJ/kg). Foamed carbon can not only enhance the thermal conductivity of the phase change material but also ensure the structural strength of the antenna. After using the phase change material, the temperature fluctuation of the antenna drops from 80−120° C to 20−30°C. In addition, the use of phase change temperature control technology can effectively reduce weight. Fixler conducted a comparative study on the phase change material device and other heat dissipation methods. From the mass index per unit area: for OGO (Orbiting Geophysical Observatory) spacecraft, eicosane is used. The phase change material is 0.840 kg/m2, the shutter is 2.9 kg/m2, and the fluid loop circulation system is 2.442 kg/m2.
2.2.2 Discharge of Heat
2.2.2.1 Heat Pipe Technology
The heat pipe has the advantages of high thermal conductivity and high reliability, and is fully suitable for space microgravity environments. In 1968, the American GEOS-II satellite adopted heat pipe technology for the first time (Harkness, 1969). Since then, heat pipe technology has been widely used in the spacecraft.
The thermal control system of Chang’e-1 probe realized the thermal coupling between + Y and -Y decks in the lower chamber using the heat pipe (Zijun and Canghai, 2008; Shao, 2008); that is, three axial heat pipes are externally attached to the outside of the battery mounting plate, and the externally attached heat pipes and the embedded heat pipes in the deck form a heat pipe network, forming + Y-board -Y The strong thermal coupling between plates and the temperature difference between battery groups require Shenzhou-7 to adopt 30 channel heat pipes to conduct isothermal design on the wall of the re-entry capsule (Bingqing and Wei, 2009). HJ-1C Satellite adopts 24 heat pipes embedded in the mounting plate to achieve isotherm (Huitao, 2009).
Heat pipe with variable heat transfer coefficient can control the working temperature of heat pipe by changing the length of condensing section. MAROTS Satellite adopts radiators composed of heat pipes with variable heat transfer coefficients to achieve the temperature requirements of amplifier temperature of 30 ∼ 40° C and temperature difference between amplifiers less than 5°C (Savage et al., 1979). The lander of Chang’e-3 uses 14 heat pipes with variable heat transfer coefficients to achieve the thermal control of instruments and equipment in the module in the Earth–Moon transfer phase, circumlunar phase, lunar day phase, and lunar night phase (Liu et al., 2014).
The heat pipe technology realizes the isothermal design of the space system, saves energy, improves the energy utilization efficiency of the system, and becomes an indispensable technology for thermal control systems.
2.2.2.2 Heat Pump Technology
The heat pump is a device that transfers heat from the heat source to the heat sink. It consists of an evaporator, compressor, condenser, throttling element, and other components, as shown in Figure 3. It is a pump-driven single-phase/two-phase fluid loop. According to the working principle of a heat pump, it can be generally divided into steam compression type, absorption type, thermoelectric type, and other forms. The steam compression heat pump has the advantages of stable system operation, simple component structure, and high system operation efficiency, and is widely used at present.
[image: Figure 3]FIGURE 3 | Schematic diagram of heat pump composition.
Heat pump technology is mainly suitable for heat dissipation in ultrahigh power loads and high-temperature environments. By increasing the radiation temperature of the radiator, the area of the radiator required under the same heat dissipation is greatly reduced. The temperature level of each component of the thermal control system based on the heat pump technology is shown in Figure 4. In the thermal control system, in the space radiator, quality accounts for more than 50% of the whole system quality (Wang et al., 2005), heat the radiator based on heat radiation way to discharge at the same time, and the direct ratio with the temperature of heat released is four; therefore, improving the work of the radiator temperature can significantly reduce the area of the radiator and quality, and improve the efficiency of radiator emissions. Through calculation and comparison, it is found that the higher the heat consumption is, the more obvious the advantage of the heat pump technology is. When the heat consumption reaches 10KW, the heat pump technology can reduce the quality of the thermal control system by 27%, and when the heat consumption reaches 100KW, the heat pump can reduce the quality of the thermal control system by 39% (Dexter and Haskin, 1984).
[image: Figure 4]FIGURE 4 | Temperature level of each component of the thermal control system under heat pump technology.
Heat pump technology improves the emission efficiency of the radiation radiator, reduces waste heat emission, makes the heat energy use more reasonable, and improves the performance of the whole system.
2.3 New Materials and Applications in Thermal Management and Energy Harvest
2.3.1 High Thermal Conductivity Materials
To improve the efficiency of energy use and recovery, the thermal conductivity of materials should be improved as much as possible in the thermal control measures of various spacecraft equipment. Since 1990s, related research on carbon fiber and its composite materials has been carried out.
In the past 30 years, the thermal conductivity of high-modulus carbon fibers developed can reach 640 ⋅W/(m ⋅K), while the thermal conductivity of Thornel p-130x carbon fibers is 3 times that of copper (up to 1,180 ⋅W/(m ⋅K)), and the proportion is only 1/4 that of copper. The thermal conductivity of the composite material can reach 400 ⋅W/(m ⋅K), and the weight of the carbon fiber material can be reduced by 2/3. The thermal conductivity of carbon fiber K1100 can reach 1,100 ⋅W/(m ⋅K), and the specific gravity is 1/4 of copper, which is suitable for use as a heat diffuser. In addition, C-C composite materials can be used in space telemetry instruments and can be widely used in the cooling plate of satellite electronic devices. Since 2009, C-C composite material has been used in the 2009 Tianhui-I satellite to reduce the temperature difference caused by the heat flow outside the orbit to the star sensor (Liu, 2012). In 2018, C-C composite material has also been used in gaofen-6 satellite to improve the heat dissipation efficiency of the radiator in cold black space. Graphene aluminum matrix composites and graphene laminates were used on Gaofen-XX and an experimental satellite to improve heat transfer efficiency.
The application of high thermal conductivity materials on spacecraft improves the efficiency of heat dissipation, reduces the thermal resistance of the contact surface, and realizes the energy distribution design of the spacecraft.
2.3.2 Intelligent Thermal Control Technology
2.3.2.1 Thermal Control Coating With Variable Emissivity
In the vacuum environment of space, the surface temperature of an object largely depends on the solar absorption ratio and infrared emissivity of its surface. Currently, there are two kinds of thermal control coatings widely used: one is low absorption and emissivity thermal control coating, and the other is high absorption and emissivity thermal control coating. The thermal control coating with low absorption and high emission is the most widely used. The main parameters of some coatings are shown in Table 1.
TABLE 1 | Some main parameters of thermal control coating.
[image: Table 1]In recent years, some new types of coating were studied, such as thermochromic intelligent thermal coating and electrochromic intelligent coating (Tachikawa et al., 2003; Douglas et al., 2002). Thermochromic intelligent thermal coating is the most ideal, namely, the emissivity of the coating with temperature change and automatically change, such as the temperature rises, the emission rate increase, or absorptance is reduced, to adjust the temperature automatically. LMO and VO2 thermochromic variable emissivity materials are widely studied at home and abroad. The hemispherical emissivity of the infrared band can greatly change with the change in the surface temperature of the substrate. It is found that when the surface temperature of the body changes from 150 K to 390 K, the emissivity increases from 0.2 to 0.65. However, the current thermochromic coating requires too much temperature change, and its application is too narrow.
The principle of the electrochromic intelligent coating is to change the inversion of the chemical components of the material under the action of the external electric field, which causes the emission characteristics of the material to be reversibly changed. Electrochromic coating of Ashwin-Ushas was fly-tested on NASA’s ST-5 satellite in 2006. In 2007, Eclipse Energy Systems developed a 5-layer electrochromic thin-film device and carried out an onboard flight test on the MidStar satellite, successfully verifying in-orbit performance (Douglas et al., 2002). The thin-film device has higher spatial stability and a wide infrared operating band. The average emissivity can vary from 0.06 to 0.77 when the color state changes to the bleaching state. WO3 electrochromic films have also been developed in China in recent years.
By changing the thermal radiation characteristics of the electrochromic coating, the energy dissipation of the spacecraft in the shadow region can be reduced, the electric heating load to maintain the temperature of the spacecraft can be reduced, the heat dissipation efficiency of the radiator to the cold black space can be improved, and the comprehensive performance of the spacecraft can be improved.
2.3.2.2 Intelligent Thermal Control Device
Intelligent thermal control devices refer to the self-regulation of emissivity through driving signals or their own physical and chemical properties, such as microthermal control shutters, microthermal switches, and intelligent repeatable expander radiators.
1) Micro Louver
Micro Louver is an electrically driven device that controls the overall emissivity by controlling the low emissivity blade to block the high emissivity heat dissipation meter, thus controlling the temperature of the spacecraft. St-5 satellite launched by NASA uses miniature thermal control shutters, whose emissivity varies from 0.3 to 0.6. In-orbit operation experiments show that no abnormality has been observed for 3 months, and the cycle life can reach 10,000–50,000 times (Osiander et al., 2004). In 2011, scholars developed a new “sandwich” micro-shutter structure with effective emissivity ranging from 0.36 to 0.79 (Shengzhu et al., 2011).
2) Micro Heat Switch
The microthermal switch has the ability to adjust the heat dissipation rate of the device by adapting to the external ambient temperature, and the temperature of each internal component can be individually controlled by selecting the appropriate heat exchange working temperature (Swanson and Birur, 2003). The American “Mars Rover” has adopted paraffin wax miniature heat switches, which can achieve a 30-fold change in thermal conductivity, up to 0.4 W/K, depending on the volume expansion during paraffin melting (Fan, 2007). In addition, the common microthermal switches include non-uniform expansion thermal switches, adjustable thermal layer switches, and electric wetting medium switches.
3) Electrostatic Switch Radiator
The electrostatic switch radiator controls the gap between the high emissivity thin-film surface and the low emissivity substrate surface through electrostatic force in vacuum, and then adjusts the emissivity change (Moghaddam et al., 2007). NASA conducted flight experiments on electrostatic switched radiators, and the results showed that the difference between the maximum and minimum emissivity was as high as 0.7 (Biter et al., 2002; Biter and Oh, 2007). Hyun (Kim et al., 2017) designed a miniature electric bead electrostatic switch radiator. By changing the direction of the electric field, the electric bead was moved to change the emissivity of the radiator, whose emissivity varied from 0.33 to 0.65.
4) Variable Emissivity Radiator
Nagano (Nagano et al., 2006) developed a lightweight intelligent radiator, which is equipped with an environment adaptive capacity and a memory reversible radiator plate. The vacuum thermal performance test and vibration test were carried out on the intelligent repeatedly expanded radiator, and the results showed that the radiator plate could be repeatedly expanded from 0 to 140° within the temperature range of -30–30°C. The independent thermal control ability of the intelligent radiator changes with the change of power. Although the vibration test results caused slight damage to the device, they did not affect the structural integrity of the thermal control system (Hosei et al., 2009).
2.3.3 New Heat Pipe Technology

1) Pulsating Heat Pipe
The pulsating heat pipe is to inject working fluid into the curved capillary after vacuuming, and the working fluid exists in the tube in the form of a liquid plug and gas plug. When one end is heated and the other condenses, the liquid and gas plugs oscillate randomly under the pressure difference, thus transferring heat from the heating end to the condensing end (Mameli et al., 2014). According to the direction of the pipeline, pulsating heat pipes are divided into three types: loop type, open type, and loop type with a control valve (Han et al., 2016).
Pulsating heat pipes without small volume, simple structure, and good heat transfer performance (Zhang and Faghri, 2003; Brent et al., 2012), after studying the properties of the test, show that the pulsating heat pipe under microgravity is better than that under normal gravity, and the characteristics of supergravity can be used for long-term microgravity environment; thermal control equipment can be used for space (Gu et al., 2004), and in thermal control of space, electronic equipment has extensive application prospect.
2) Micro Heat Pipe
Micro heat pipes are usually used for heat dissipation of components with high heat flux (Vasiliev, 2008). Flow types are classified according to hydraulic diameter Dh, 50 um < Dh ≤ 600 um is the microchannel flow, 600 um < Dh ≤ 3 mm is the small channel flow, and Dh > 3 mm is the conventional channel flow (Ren et al., 2016; Chen et al., 2006).
The micro channel has the advantages of a high heat transfer coefficient and large heat transfer area per unit flow volume. The Chinese Academy of Space Technology has studied the heat transfer capacity of the micro heat pipe. The results show that the maximum heat transfer capacity of the micro heat pipe with diameter of φ3 mm can reach 3.2 W/m at 20°C, and the heat transfer coefficient of evaporation and condensation can reach [image: image].
2.3.4 New Multilayer Thermal Insulation
Spacecraft all adopt multilayer insulation materials to reduce the influence of space heat flux and heat dissipation to cold black space (Thome, 2004). Multilayer insulation material can be divided into a low temperature, medium temperature, high-temperature, multilayer, usually composed of double-sided low emissivity reflection screen and several units of low thermal conductivity spacers, has excellent thermal insulation performance under vacuum conditions, simple structure, lightweight, and is the most commonly used thermal control technology of spacecraft. The heat transfer performance of multilayer insulation materials has been analyzed in detail by scholars (Adelberg Black et al., 1960;, 1967; Cunnington and Tien, 1970; Tien and Cunnington, 1973), as shown in Table 2.
TABLE 2 | Calculation model of multilayer heat transfer performance.
[image: Table 2]Several new multilayer insulation modules are also being used in orbit. A new type of polyurethane foam insulation material and variable density multilayer insulation material have been developed in China. Compared with traditional materials, the heat insulation capacity can be increased by 50 at low temperatures, and by more than 18 compared with ordinary multilayer heat insulation materials, which can prolong the low-temperature rocket’s in-orbit time to 30 days. The combined application of high thermal conductivity C-C composite materials and multilayer insulation materials has also been studied in China to further reduce the influence of heat flow outside orbit on the local spacecraft. The enhanced MLI scheme for space debris protection is also studied abroad. The main measures to enhance MLI debris protection are as follows: increasing the number of layers of multilayer insulation components, inserting reinforcement materials at different locations in the multilayer insulation assembly, and separating the multilayer insulation assembly from the mounting surface by spacing strips. The enhanced MLI was successfully deployed on RadarSAT.
2.3.5 New Phase Change Materials
Latent heat energy storage has been developed into the most potential energy storage method because the phase change materials have the advantages of approximately isothermal and absorbing or releasing a lot of latent heat during the phase change process. Phase change temperature control technology developed from phase change energy storage technology as a new thermal control technology, with high reliability, lightweight, no energy consumption, and other advantages.
Chang’e-1 satellite combines phase change material with a heat pipe to conduct a thermal control design for the CCD stereo camera. The configuration of the heat pipe with the phase change material is shown in Figure 5. Liquid ammonia is filled in the middle circular cavity, and two cavities filled with n-dodecane are inserted at both ends of the heat pipe. The heat pipe with the phase change material improves the thermal environment of the CCD stereo camera and solves the problem of temperature fluctuation when the element directs the heat to the heat dissipation surface through the heat pipe. Rover used paraffin phase change material to control and drive the thermal switch, and Rover used phase change material n-dodecane to control the temperature of the battery, eliminating the influence of environmental temperature fluctuations on the stability of the system (Birur et al., 2000).
[image: Figure 5]FIGURE 5 | Schematic diagram of heat pipe with phase change material.
Due to conventional phase change materials thermal conductivity is low, the difference of solid–liquid change expansion ratio, leakage rate, and other factors, in addition to the mix proportion of nanoscale metal or metal oxide particle research, research of new phase change materials has gradually become the research emphasis of phase change temperature control technology, such as the microcapsule of phase change materials and high porosity foam metal materials (Schossig et al., 2005; Hui-Bin et al., 2007). Microencapsulated phase change materials refer to the use of film-forming materials to wrap solid, liquid, or gas into tiny particles. The latent heat of the phase change material in the microcapsule increases the heat storage of the composite material significantly and improves the heat storage function. NASA in the United States uses microencapsulated phase change materials in spinning, made with temperature regulation function space suit. In addition, nano-capsule phase change materials can be added to the thermal control coating, which can play the role of heat insulation and temperature control. The high porosity foamed metal materials are mainly high porosity foamed metal materials, and the equivalent thermal conductivity of the composite phase change materials can be increased by eight times when the composite phase change materials are filled in.
3 CONCLUSION AND PROSPECTS
This study briefly describes the research progress of thermal management, introduces the key thermal control technology and concrete realization method in thermal management, and focuses on the thermal bus, loop heat pipe technology, liquid double loop heat transfer technology, heat pipe technology, and new thermal control materials and their applications. Based on the development of spacecraft at home and abroad, several development directions of spacecraft thermal management are discussed.
1) Dynamic research on the thermal management system: The two main factors that determine the energy balance of spacecraft are the change in the external thermal radiation environment and the operation mode of the internal equipment. Most of the research on thermal management regards the operation of each piece of equipment as independent, and the external environment of spacecraft generally takes several typical environments, but the operation of spacecraft is a dynamic process. In the systematic design of spacecraft thermal management, the dynamic process of the whole system should be taken into account, and the restriction and joint relations of each dynamic process should be fully studied.
2) Research on new phase change materials and ultrahigh thermal conductivity materials: At present, the spacecraft thermal management system is mainly realized by the liquid loop. Through the application of new phase change materials and high thermal conductivity materials, the passive thermal control design is adopted to fully recover and utilize the heat of electronic equipment to achieve local heat balance, significantly reduce the energy demand of thermal control, reduce the complexity of active thermal control, and improve the reliability. In the case of small spacecraft, the same method can be used to maintain the temperature of the entire spacecraft through energy recovery through electronics.
3) Research on new thermal control coatings and multilayer insulation materials: The thermal radiation parameters of thermal control coating directly determine the energy exchange between spacecraft and the space environment. The application of intelligent thermal control coating can control the energy absorption, transfer, and dissipation of spacecraft from whole to part, and greatly improve the adaptability and comprehensive performance of spacecraft. Multilayer insulation materials have excellent performance in vacuum insulation, through the research and application of new multilayer insulation materials, to achieve high strength, energy absorption, and storage capacity.
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