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Abstract

:

Combined-cycle engine is a potential propulsion system for hypersonic aircraft. To ensure long-term, normal operation of combined-cycle engine under the harsh environment of high thermal load, it is of great significance to study the thermal protection and management of the propulsion system. In this study, the objective and development status of thermal protection and thermal management systems for the combined-cycle propulsion system were described. The latest research progresses of thermal protection, thermal barrier coating, and thermal management system of the combined-cycle propulsion system were summarized. Moreover, the problems and shortcoming in current researches were summarized. In addition, a prospect for the future development of thermal protection and management of the combined-cycle propulsion system was presented, pointing out a direction of great value and vital research significance to thermal protection and management of the combined-cycle propulsion system.
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1. Background Introduction


1.1. Introduction to Hypersonic Aircrafts and Combined Propulsion


In 1946, Professor Hsue-shen Tsien [1] first proposed the concept of hypersonic velocity in his article Similarity Laws of Hypersonic Flows, and presented some peculiar properties of hypersonic flows. Hypersonic aircrafts generally refer to aircrafts with a Mach number greater than 5 [2]; with great military and economic values, it has become an important research topic in the field of aerospace worldwide in the 21st century. Since the 1960s when the North American X-15 [3] unveiled the era of hypersonic aircrafts (with a flying speed of 6 Ma), countries around the world, represented by the US and Russia, have researched hypersonic aircrafts and carried out a series of ground tests and flight tests. With continuous exploration and research, people’s understanding of hypersonic aircrafts has been constantly deepened, and the Mach number and flight duration of hypersonic aircrafts are also growing.



Hypersonic aircrafts put a very high requirement on their aero-engines. The mission requirements of aero-engines in the hypersonic field cannot be met by any single form of power for propulsion. Turbine engines can only work at lower Mach numbers, whereas the working Mach numbers for ramjets are relatively high [4]. Therefore, the combined-cycle propulsion (also known as combined propulsion) technology commonly used in hypersonic aircrafts can combine two or more types of propulsion system, integrate different propulsion units and functions, and adopt the most efficient type of propulsion system for different stages of flight to maximize the advantages of different propulsion, thereby greatly expanding the altitude-speed envelope of the aircraft [5]. The combined propulsion technology is an organic combination of the liquid rocket engine, turbine engine technology, and the ramjet technology. As compared to a single type of propulsion, combined propulsion features a wide range of work, a high average specific impulse, and flexible and convenient use because it can fully utilize technical advantages of different types of propulsion in their respective operating ranges. Currently, the main types of combined propulsion include rocket-based combined cycle (RBCC) propulsion, turbine-based combined cycle (TBCC) propulsion, and precooling combined propulsion [6]. RBCC is a propulsion system model that combines the advantages of the rocket motor with a high thrust-weight ratio and the ramjet with a high specific impulse [7]. Pre-cooling propulsion combination mainly refers to adding pre-cooling devices in front of traditional engines. The British SABRE engine [8] is an advanced engine device using pre-cooling combined propulsion system. TBCC refers to the power plant in which a turbine engine and other types of engines are combined [9]. A series of studies were carried out on TBCC both in the FaCAT project [10] and the RTA project [11]. The DARPA has recently conducted an AFRE study on the TBCC technology [12]. The thermal protection and management of the propulsion system of hypersonic aircrafts explored in this study were also based on the combined-cycle propulsion system model.




1.2. Thermal and Energy Management of Combined Propulsion


The thermal and energy management of combined propulsion mainly refers to the process of controlling the heat and energy of each subcomponent of combined propulsion as well as the whole system. It is of great significance to study thermal and energy management for the combined propulsion system of hypersonic aircrafts. Firstly, as hypersonic aircrafts usually fly at high Mach numbers for a long time, the propulsion system is required to function normally under harsh thermal conditions for a long period of time, enduring very high aerodynamic heating and thermal loads [13]. Therefore, it is necessary to effectively reduce the temperature of components of the propulsion system through applying technologies such as the thermal protection system, thermal management system, and thermal barrier coating on the surface of each component to ensure that the propulsion system can work normally. Secondly, the heat and energy cycle is one of the hot research topics when it comes to propulsion systems of hypersonic aircrafts [14]. The fuel needs to be heated and warmed up when entering the engine, whereas components such as the combustion chamber and air inlet need thermal protection through the active and passive cooling of the cooling system. The heat and energy of the combined propulsion can be managed by setting up a heat conduction calculation model with a small amount of calculation, designing rational oiling channels, and optimizing the heat management system and the feedback control cycle of the physical parameters, which can not only increase the fuel utilization rate by utilizing the waste heat to reduce the fuel’s quality penalty on aircrafts but also further improve the cooling capacity of the propulsion system so that it can work reliably and lastingly in hypersonic environments.




1.3. Main Works of the Present Study


In this study, the relative background and applications of hypersonic aircrafts and propulsion systems as well as the research significance of thermal and energy management were introduced. Specifically, the currently available systems of thermal and energy management of propulsion systems of hypersonic aircrafts were introduced based on the research fields of thermal protection and thermal management, and the latest research progress in these fields were summarized. doubl, the advantages and disadvantages of current researches were reviewed. Moreover, our viewpoints on the future research direction and focus of thermal protection and management of propulsion systems of hypersonic aircrafts were put forward, and a prospect on future studies was presented.




1.4. Structure of the Study


The paper consists of five sections. In Section 1, the background of hypersonic aircrafts and propulsion systems, the significance of thermal and energy management, and the main research work and framework are introduced. In Section 2, we introduce the matfig:11ure technology systems of thermal protection that have already been applied in practice as well as the latest research progress of passive thermal protection, active thermal protection, and thermal barrier coating technology. In Section 3, the application of previous thermal management technologies in propulsion system of the thermal protection is introduced, the recent research progress in the three sub-areas—i.e., the low temperature system, the thermal control system, and the thermal coupling system—is summarized, and the expected development directions of future researches are described. In Section 4, the development prospect of the thermal protection and management of propulsion systems is introduced. Finally, Section 5 sums up the entire study.





2. Thermal Protection of Combined Propulsion System


2.1. Overview


The thermal protection technology of combined propulsion mainly modifies the surface of various components of the aero-engine through manufacturing and material technologies, since special materials and structures can effectively reduce the surface temperature and improve the allowable temperature of hot components of the aero-engine. Thermal protection technology, based on the principle of thermal protection, can be divided into passive thermal protection, active thermal protection, and thermal barrier coating. Among them, passive thermal protection mainly includes the application of ceramic matrix composite (CMC) in the combustion chamber of ramjets and sharp suction pipelines [15], and the application of high silicon/phenolic materials on turbine engines and solid rocket motors [16]. Active thermal protection mainly includes the application of sweat cooling in the combustion chamber, the application of air film cooling [17] on turbine blades [18,19], and the application of convective cooling [20] in the combustion chamber and cooling channel [21]. Thermal barrier coating technology is widely used in hot components such as turbine blades, combustion chambers, and air inlets in a combined propulsion system [22]. MCrAlY (M = Ni, Co, or NiCo), a high temperature- and oxidation-resistant alloy, is mainly used as the metal adhesive layer, yttria-stabilized zirconia (YSZ) is mainly used as the ceramic thermal insulation coating in the surface layer, and the double-layer structure is usually adopted in practical applications [23,24]. Air plasma spray (APS) [25] or physical vapor deposition [26] are generally taken as the spraying process.



However, since the combined propulsion system will lead to excessively high local temperature [27] caused by huge heat load and shock wave under extreme thermophysical conditions featuring high speed, high temperature, and high combustion, it is difficult for currently available thermal protection systems to meet the cooling needs of combined propulsion system. For passive thermal protection systems, currently available materials have shortcomings when it comes to high temperature and oxidation resistance [28]. In addition, passive thermal protection systems of combined propulsion also need to bear enough mechanical loads and have excellent performance in ablation resistance, which were rarely explored in past researches [29]. For current active thermal protection systems, as the Mach number increases, the temperature of the incoming flow increases, resulting in a decline in convective cooling of the air. Nevertheless, film cooling and sweat cooling are relatively complicated, involving not only a comparatively high preparation cost but also rather difficult modeling because of the relatively complex flow environment. For the thermal barrier coating system, in the extreme high temperature environment caused by hypersonic speed, the porosity of YSZ coating will decrease, which will then lead to coating failure. Thermally grown oxide (TGO) produced between the surface layer and adhesive layer of the thermal barrier coating is not conducive to the stability of the thermal barrier coating, and due to temperature changes, misfit strain and other issues caused by differences between thermal expansion coefficients of various coatings are obvious in combined propulsion systems [30]. In view of the shortcomings of current technologies applied in combined propulsion for hypersonic aircrafts, related researches have been carried out recently on the thermal protection system, and the latest research progress was summarized in Section 2.2, Section 2.3 and Section 2.4.




2.2. Latest Research Progress of Passive Thermal Protection


In a recent study, the application of CMC as a lightweight thermal protection material for propulsion systems demonstrated significant potential [31] (Figure 1). In the HIFiRe8 project, NASA carried out experiments to test various properties of C/C-SiC and C/C materials in the high temperature environment of a ramjet combustion chamber (Figure 2) [32]. The experiment shows that the C/C-SiC material in the passive thermal protection materials used in the ramjet combustion chamber in the HIFiRe 8 project is very promising. NASA also studied the application of SiC/SiC to turbine engines [33], the results of which show that SiC/SiC is lighter in quality, has better high temperature resistance performance, and produces less oxides (NO and CO) as compared to ordinary high temperature resistance alloys. C/C material [34] can be used for the heat pipe structure at relatively sharp edges, e.g., the air inlet nozzle.



The experimental results show that C/C-SiC materials remain relatively intact at high temperature in the flight conditions of 5 and 6 Mach, with a very small degree of erosion, whereas the C/C material has a larger degree of erosion, yet it is categorized as only slight erosion. In addition, as shown in Figure 3, there are few cracks and pores in the topmost layers, which could be the result of oxidation of the carbon since close-up images show signs of oxidation in the pores at fiber ends and on the matrix. However, almost no oxidation could be found on the exposed surface of the C/C-SiC panel, which proves that C/C-SiC materials is a kind of great potential high-temperature structural material in aeronautics and astronautics with low specific weight, high specific strength, good thermal stabilty, oxidation resistance and excellent resistance to ablation.



Moreover, the Langley Research Center of NASA also conducted a series of tests on CMC heat-resistant materials used in propulsion systems [35], and the experimental test equipment is shown in Figure 4. In this experiment, transient one-dimensional thermal analysis was carried out by installing thermocouples, and the maximum wall surface temperature calculated reached about 1400 ∘C. It was also pointed out that C/C-SiC and C/C can be used as burner materials for passive scramjets during short-term test flights.



In addition to NASA, the German Space Agency also carried out a series of studies on C/C-SiC materials. According to their studies, the microstructure of C/C-SiC has high thermal conductivity in the fiber direction and its mechanical properties are better than expected [36]. The German Aerospace Center (DLR) also explored the thermal protection structure of sandwich panels made of C/SiC material [37]. Table 1 shows the relevant structure and parameters, which indicate that sandwich panels can significantly reduce the material quality, but the experiment shows that sandwich panels used in thermal protection materials have better strength and bending stiffness. Such material is suitable for propulsion system components with relatively large mechanical load, e.g., the air inlet wall and combustion chamber wall.



Current studies on passive thermal protection mainly focus on the experimental testing of a series of parameters, e.g., stability, oxidation resistance, and mechanical properties, of CMC in harsh thermal environment, yet there are few theoretical studies on the high temperature thermal behavior of CMC. It is foreseeable that with further exploration on the thermal behavior of CMC materials, there may be theoretical demonstrations of the stability of CMC materials at high temperatures, and reliable theories about thermal behavior of CMC materials will provide a reference for the selection, optimization, and structure design of new CMC materials as well as ensuring the stability of the thermal protection system in harsher thermal environments.




2.3. Latest Research Progress of Active Thermal Protection


Since renewable active thermal protection systems should usually be combined with fuel thermal management technologies [38], research progress of circulating cooling will be summarized in section where thermal management will be discussed. In this section, other active thermal protection technologies applied to propulsion systems of hypersonic aircrafts were introduced.



Air film cooling mainly refers to a cooling method of isolating the high-temperature fuel gas by laying out some air holes in the upper part of the cooling wall and introducing secondary airflow or fuel to form a cooled air film. Gokulakrishnan et al. [39] used an atmospheric pressure test apparatus to test the pyrolytic carbon deposition on copper alloy surfaces by analyzing the composition of the deposits based on thickness and energy spectrum of the deposits obtained by Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy (SEM/EDS) analysis, as shown in Figure 5, the average thickness of the deposits is estimated to be 123 nm. Gas phase testing of the fuel shows that carbon deposition is mainly formed by surface reaction of CXHX alkenes (mainly C2H4) [40] rather than aromatic hydrocarbons in the fuel. The experimental results can mainly be used to simulate carbon deposition in air film cooling of fuel in the combustion chamber wall of the engine. However, as the experiment was carried out under atmospheric pressure, experimental results obtained under high pressure remain to be supplemented to ensure the simulation reliability.



Basore et al. [41] compared the air film cooling of porous carbon (C/C) CMC and porous oxygen CMC in hypersonic flow environments. The results show that C/C CMC has the best cooling effect, and the cooling range covers the largest area downstream, which means using C/C CMC as air film cooling material for hot components, e.g., air inlet entrance and combustion chamber of the propulsion system, can achieve a relatively ideal cooling effect. In a study by Vishnu Vijayakumar [42], an experiment and calculation of air film cooling hypersonic flow environment was conducted on the exhaust nozzle of rocket engine, a stable experimental apparatus for gas film cooling experiments was established, and a preliminary study was carried out on the effect of thin film coolants. In the experiment, a CFD model combining thermal mass and chemical materials was established, and the model results were verified by experimental results of nozzle wall temperature (as shown in Figure 6), which ensured the reliability of the model. In addition, it was also concluded that a better cooling effect can be achieved if the coolant is injected into the film along the wall rather than in an oblique manner. However, as the temperature sensor of the calculation model is very sensitive to signal delay, which will probably lead to errors, the experimental model should be amended in later studies to improve the temperature measurement accuracy.



Fan et al. [43] studied the relationship between air film cooling effect and the film spray angle, and between mass flux of the coolant and the spray temperature in the combustion chamber of propulsion systems. The conclusions show that a relatively small spray angle can achieve a comparatively good air film cooling effect. The increased mass flux of the coolant can improve the air film cooling effect, whereas when the mass flux exceeds 3% of the main fluid mass, the cooling effect will no longer be obvious. Coolant temperature has a relatively complicated impact on the air film cooling effect, but in general, if the coolant temperature rises, the air film cooling effect will be weakened. In a study by Keller [44], the effects cooling gas properties on air film cooling in supersonic flow environments was explored, and research findings about numerical simulation of supersonic boundary laminar flow were proposed. As for the effect of the cooling gas properties on the gas film, the gaseous-diffusion coefficient was found to have no effect on the cooling performance, yet the cooling effect can be improved by low thermal conductivity, low viscosity, high Prandtl number, low molar mass, and low density of the cooling gas. Among the gases studied, helium and hydrogen have the highest cooling efficiency, which are three and six times that of air respectively (see Figure 7). In terms of numerical simulation, it was found that turbulent flow rather than laminar flow will speed up the acceleration of the cooling film, resulting in a decline in the cooling effect of the air film. Nevertheless, the flow rate in Keller’s study was only about 2.6 Mach. To be applied to air film cooling of propulsion systems, calculation and experimental analysis with high Mach numbers still needs to be carried out.



In addition to air film cooling and regenerative cooling, sweat cooling is also an important method of active thermal protection for propulsion systems, the principle of which is mainly that the coolant is exuded from the surface by porous materials to provide thermal protection to the heated parts. Gulli et al. [45] compared the sweat cooling methods of two structures, i.e., flat plate and front edge of bluff body, through numerical analysis (see Figure 8) represents the a flat plate and a two dimensional (2-D) body with blunt leading edge, respectively and concluded that the serrated wall velocity distribution can save about 37% coolant compared with the flat plate structure under the same cooling conditions. In addition, front edge of bluff body has a better sweat cooling effect than flat plate, with a cooling efficiency about 8% higher than that of flat plate. Brune et al. studied the effect of variable sweat cooling in advection and turbulent flow in hypersonic flow environments [46]. According to the numerical analysis, for common laminar and turbulent flows, variable transpiration cooling is more effective than uniform transpiration cooling, and the numerical analysis also verified that transpiration in turbulent boundary layer is less efficient than laminar flow. Moreover, as for the same amount of coolant mass used for the thermal analysis of the bluff bodies, the pressure drop of variable sweat cooling occurring on the thickness of the turbulent material in the slope region is slightly lower than that occurring on the laminar flow. Such numerical simulations of sweat cooling mainly focus on the cooling efficiency of sweat cooling in different flow environments and when different materials are used, which can provide references for the design of sweat cooling for active thermal protection systems, e.g., the combustion chamber and air inlet, of propulsion systems. The DLR made a preliminary experimental verification of the direct applicability of sweat cooling to ramjets [47], with the experimental verification diagram and the physical map of the experimental apparatus shown in Figure 9, the test bench consists of a hydrogen and orxygen air vitiator(A, B, C in Figure 9a,b. This experimental apparatus can verify the applicability of sweat cooling systems under the thermal and mechanical loads of ramjets. The experiment confirmed the sweat cooling system to be a potential solution to high wall temperature and mechanical load of ramjets.



For sharp components in hypersonic propulsion systems, Hanquist proposed a new potential cooling method, electric transpiration cooling (ETC), and conducted a series of studies on modeling and computational fluid dynamics (CFD) calculations [48,49,50,51]. However, since the ETC sweat cooling material is still being researched and developed in the current stage, most studies on ETC cooling mainly focus on analyzing the cooling principle and optimizing the calculation model. Nevertheless, it is foreseeable that with the further development of ETC materials and the realization of in-depth studies that include relevant experiments to verify the reliability of ETC materials, ETC will become a potential leading-edge active thermal protection technology in the future for sharp components that have the harshest requirements on the thermal environment of propulsion systems.




2.4. Latest Research Progress of Thermal Barrier Coating


In current studies on the adhesive layer MCrAlY, Mauer et al. [52] proposed to improve the performance of the adhesive layer by optimizing its processing conditions and raw material properties, stating that a good adhesive layer should take into account low oxidation as well as the structural density. In this study, the particle diagnostics method was used to investigate the effect of processing conditions and raw material properties on the performance of the adhesive layer under high-speed APS conditions. The results show that the oxygen/fuel ratio, spray distance, and particle size distribution are the important parameters to prepare an ideal adhesive layer. Besides, in this experiment, the oxidation of the three spraying processes, i.e., hyper velocity air plasma spray (HV-APS) [53], low pressure plasma spray (LPPS) [54], and hyper velocity oxygenated fuel spray (HVOF) [55], were compared horizontally in a high temperature environment, Figure 10a shows a comparison of the oxide scales formed on 0.6 mm thick freestanding specimens of coating. Using Amdry 9954 powder manufactured by Oerlikon Metco, Zurich, Switzerland based on the process of LPPS and HVOF after 72 h isothermal oxidation at 1100 ∘C. In the latter coating, the relatively high oxygen content has as a result, that most of the reactive element yttrium is tied up in form of oxide pegs in the inner part of the surface scale, seen in case of the LPPS coatings, is not observed for the HVOF specimen. It will be shown below that the same is the case for the HV-APS coatings. The isothermal oxidation tests at 1100 ∘C in synthetic air for 72 h revealed that a significantly lower oxidation rate for the freestanding samples of the HV-APS coating as compared to the LPPS coating, as shown in Figure 10b. For the HV-APS coatings, the depletion of the alumimum-rich beta phase is less advanced and TGO is thinner and more homogeneous. In the case of the HV-APS sample, it was observed that Y [56] incorporated less in the oxide skin, resulting in a better coating effect. However, this study failed to further explore the formation mechanism of microstructure and influences of the distribution of specific oxides on the oxidation behavior.



In a study by Hejrani [57], an isothermal experiment was carried out to analyze the microstructure of the oxides (see Figure 11), pointing out that the HV-APS material has excellent adhesion because the specific yt-trium distribution in the form of precipitates of fine oxides in HV-APS material prevents the formation of harmful Y-rich oxides and promotes the formation of slowly growing protective alumina scale. The research results provide a powerful theoretical basis for HV-APS as a feasible material to be used in the preparation of adhesive layers in the future. In addition, by analyzing the arithmetical mean roughness (Ra) of adhesive layer with specific parameters, Nowak et al. [58] proposed to apply the “flash coating” [59] prepared by the APS method to the substrate coating prepared by the HVOF method, which can greatly extend the life of the APS thermal barrier coating system with an HVOF coating (see Figure 12).



In general, there are few researches on MCrAlY and its modification. The latest research progress on adhesive layer mainly focuses on the preparation method of MCrAlY and the mechanism of its service life. Cracking, oxidation, and other microscopic damage mechanisms of MCrAlY will probably be one of the research focuses on the adhesive layer in the future, so as to guide the preparation of the adhesive layer of thermal barrier coating with a longer service life more effectively based on microscopic theories.



In terms of preparation of the surface layer of thermal barrier coating, NASA combined both YSZ modification and rare-earth zirconate replacement [60] to solve the insufficient thermal barrier of 7YSZ applied to hypersonic aircrafts by mixing rare-earth metals (Yb and Gd) with yttria to stabilize zirconia (t’Low-k) and Gd2Zr2O7 pyrochlore (GZO). NASA also developed a novel multi-layer structure consisting of nanolayer and thick-layer microstructures. However, it has been experimentally shown that although GZO coatings have relatively good performance in thermal conductivity and sintering resistance, its corrosivity is one order of magnitude stronger than that of the classical YSZ (see Figure 13), which seriously limits the current application of GZO coatings. The thermal conductivity of this multi-layer structure is significantly reduced compared with that of YSZ, which plays a catalytic role in solving the thermal protection problem of hot components, and future researches on multi-layer structures will focus on exploring the stability and interaction of GZO and YSZ/Low-k coatings. Cracks at the black arrows in Figure 13c are significantly deeper than those of Figure 13a,b.



Qu and Choy [61] prepared the tetragonal crystal Dy0.06Y0.072Zr0.868O1.93 using the sol-gel method [62], and then simulated and studied the relationship between the chemical components and thermodynamic properties of tetragonal crystal through experimentation and molecular dynamics (MD) [63]. The crystal structure was theoretically studied and its intrinsic thermal conductivity was calculated through MD simulation, the results of which show that the new structure can effectively reduce the thermal conductivity compared to the conventional YSZ structure, as shown in Figure 14. Gong et al. [64] investigated the effect of rare earth doping on the structure, microstructure, and thermal conductivity of crystal by spraying rare earth doped with YSZ using suspended plasma spray (SPS) technology [65]. The results of the thermal conductivity measurements show that as the Nd2O3/Yb2O3 concentration increases, the thermal conductivity decreases (see Figure 15). In addition, many modifications, such as CeO2, Sc2O3, and ZrO2-Y2O3-Nd2O3(Gd2O3, Sm2O3)-Yb2O3(Sc2O3), have also been studied, most of which can effectively reduce the thermal conductivity of thermal barrier coating materials.



In the current stage, improvements have been made in aspects such as modification of the multicomponent oxides of YSZ and the substitution of YSZ with rare earth zirconate in the outer surface of thermal barrier coating. However, current researches mainly focus on how to reduce the thermal conductivity of the material, whereas later researches may concentrate on experimental and theoretical analyses of oxidation and stability of thermal barrier coatings, and how the microscopic lattice and defect clusters affect the thermal conductivity, stability, and toughness of thermal barrier coatings, in the hope of finding materials with excellent performance to be used in propulsion systems of hypersonic aircrafts.



APS was commonly used in the past to prepare thermal barrier coatings because it is easier to prepare thermal barrier coatings with APS technology and the thermal conductivity of the coating is relatively low [66]. Nevertheless, the unavoidable disadvantage of the APS technology is that the layered structure coatings it produces usually contain a large amount of lateral micro-cracks that are likely to expand due to the thermal stress in high temperature environments, which can cause the coatings to fall off and prematurely fail [67]. Therefore, for propulsion systems of hypersonic aircrafts, it is of great significance to develop thermal barrier coatings with a small thermal conductivity and a strong anti-seismic ability. As a relatively new technology that uses thermal spray to prepare thermal barrier coatings with excellent performance, the SPS technology uses nano- and micron-sized particles of colloidal suspension as a coating material to achieve good liquidity. In a study by Sokołowski [68], the microstructure and thermal properties of YCSZ coatings obtained by SPS were investigated. Carpio [69] discussed the microstructure and indentation mechanical properties of YSZ nanostructured coatings obtained by SPS. Bernard et al. [70] sprayed the YSZ columnar coating with SPS, and the experimental results show that the columnar structure produced may be able to meet the requirements of the next generation of turbine engine. Moreover, the study also shows that coatings produced by the SPS technology can be strongly stuck to the components and will not fall off easily (as shown in Figure 16). With this feature, the SPS technology has a better prospect to be applied in spraying high-pressure parts of propulsion systems, e.g., the turbine engine blade. Apart from plasma spray, there are also studies and experiments on the application of physical vapor deposition and laser cladding technology [71] to prepare thermal barrier coatings used in propulsion systems. However, due to the complex preparation process, high preparation cost, and poor repeatability, these technologies are not mature enough as compared to the APS technology. In addition, since most studies only focus on how to reduce the thermal conductivity, rather than further probing into the failure mechanism or involving other properties of thermal barrier coating, the development of spray technologies for thermal barrier coating may still concentrate on the optimization of SPS technology for a period of time in the future.





3. Thermal Management of Propulsion Systems


3.1. Overview


The ultimate goal of aircraft thermal management systems is to maintain the temperature of sensors, components, instruments, spacecraft, or space equipment within a required range, regardless of changes in the thermal load caused by the external environment or operation [72]. For propulsion systems of hypersonic aircrafts, thermal management mainly aims to ensure that the working components of the propulsion system are maintained at the allowable temperature, and on the basis of assuring temperature safety, the thermal analysis and optimization design of the flow path system can be carried out to improve the performance of the engine and collect waste heat so as to improve fuel energy utilization and therefore reduce the fuel’s quality penalty on aircrafts. Since the design of thermal management of propulsion systems is of great importance to hypersonic aircrafts, and its research subsystems cover a wider range as compared to that of thermal protection systems and thermal barrier coatings, there are relatively few studies in this regard [73].



Therefore, in this study, the latest developments of each subsystem of propulsion system thermal management were emphatically introduced. In this section, the research progress of thermal management in relevant modules will be introduced from the perspectives of three sub-systems, namely the low-temperature system (Section 3.2), thermal control system (Section 3.3), and thermal coupling system (Section 3.4).




3.2. Low-Temperature Systems


Due to the requirements of hypersonic aircrafts, ordinary fuel cannot meet the high specific impulse required by hypersonic aircrafts when the Mach number is relatively high and low-temperature fuel such as liquid hydrogen is needed as the propulsion fuel for ramjets [74]. Low-temperature fuel storage, fuel transfer, heat transfer, and the selection of fuel are all sub-areas designed in the low-temperature systems. The purpose of the low-temperature system is to maximize fuel ignition and recycle efficiency while ensuring system safety so as to increase fuel utilization [75].



In terms of fuel selection, liquid hydrogen is used as the fuel in most researches on low-temperature systems, mainly because of its high thrust-weight ratio [76] (see Table 2). However, its shortcomings are also obvious. First, the density of liquid hydrogen is very low (70 kg/m3), which leads to large volume waste for hypersonic aircrafts. Second, the boiling point of liquid hydrogen is about −252 ∘C, making both the storage and ignition difficult to some extent. Roberts et al. [77,78,79] proposed to replace liquid hydrogen with liquefied natural gas (LNG), designed oiling channels of the entire propulsion system based on LNG, as shown in Figure 17, and pointed out that LNG can also meet the thrust-weight requirements of hypersonic aircrafts under certain conditions per the dynamic tip to tail (T2T) model for quantifying the energy conversion, and the boiling point and density of LNG are higher than that of liquid hydrogen. If LNG can be used as a propellant of hypersonic aircrafts under high Mach numbers in the future, the storage cost and difficulty in designing the oiling channels of low-temperature systems will be remarkably reduced.



For the modeling of fuel delivery in low-temperature systems, Qin [80] proposed a one-dimensional model of the fluid and heat transfer processes in the single-channel cooling process of an endothermic hydrocarbon-cooled scramjet established based on the thermal reaction equation. Figure 18 shows the calculation model of the single cooling channel of the proposed ramjet and Figure 19 is a flow chart of the experimental verification.



Besides noting the effect of temperature, flow field rate, and pressure on heat sink of the fuel, the model proposed that controlling the flow pressure can be used as a local management method, which is a relatively innovative idea in thermal management. Moreover, the working process of regenerative cooling scramjets was analyzed from the perspective of energy cascade [81] (see Figure 20). In fact, the conceptual model of a single cooling channel is a circulating cooling method in active thermal protection systems of combined propulsion, which reduces the temperature of the working wall via heat transfer in the cooling channel at relatively low temperature.



Zhang et al. [82] studied fuel thermal management focusing on the chemical cycle of fuel. Experimental results of the thermal cracking of n-decane show that the mechanism of regenerative cooling improves the performance of scramjet through energy cascade. additionally, a three-dimensional model was used to analyze the outlet flow rate, temperature, and chemical reaction of n-decane distribution (see Figure 21). The analysis demonstrates that the fuel pressure can affect the chemical cycle and improve the heat transfer performance of the fuel. Moreover, the simulation results of the three-dimensional model show that the velocity and temperature of cross-sectional fuel are not uniform, which has adverse effects on both the physical and chemical cycles. When the fuel rate remains constant, passing through channels with a relatively small width can improve the heat sink conversion efficiency of the fuel and lead to a better chemical cycle effect. Based on this, in a study by Bao [83], a numerical analysis was conducted on the flow-cracked hydrocarbon fuel in the cooling channel, pointing out the necessity of studying the factors that affect the heterogeneity of the fuel heat sink. Providing some references for the simulation modeling and energy optimization design of cooling channels for future propulsion systems, this series of studies possesses the potential to further exploration on how to improve energy conversion and ignition efficiency through optimizing physical parameters of thermal management.



Nakaya et al. [84] investigated how the pyrolysis components of n-dodecane affect the combustion behavior of the fuel with the experimental setup shown in Figure 22. With universal applicability to other hydrocarbon fuels, this method has certain value in system fuel selection. Liang et al. [85] studied the coupled heat transfer of scramjet in a curved cooling channel and explored the influence of secondary motion and wall thermal conductivity on heat transfer. The flow fields obtained from the Spalart-Allmaras model [86] and the Reynolds stress model [87] were compared (see Figure 23), and the numerical results show that the Spalart-Allmaras model is less computationally intensive than the Reynolds stress model and thereby the result gained by the Spalart-Allmaras model is more reasonable. In addition, the flow and heat transfer in the cooling channel are important reference values for the design of the active cooling scramjet. The experimental results show that materials with a higher thermal conductivity can make the heat flux and temperature of the flow field distribute more uniformly in the cooling channel.



In a study by Liu [88], the thermal structure of the cooling front of the cooling channel of an endothermic hydrocarbon-cooled scramjet was analyzed, the thermal/stress distribution of the aircraft under steady flight conditions was classified by finite element software (see Figure 24), and the feasibility of the materials of C-103/Na and T-111/Li was demonstrated. Jing et al. [89] proposed a regenerative cooling channel designed by various non-uniform patterns, and numerically investigated the conjugate flow and heat transfer behavior between the coolant and solid combustion chamber. In a study by Taddeo [90], the effect of fuel cooling on the combustion chamber was explored, the heat transfer efficiency of the cooling system was evaluated, and the hysteresis effect caused by heat transfer kinetics was demonstrated as well. Besides, the relationship between fuel cooling carbon deposition [91] and fuel cooling efficiency was also investigated to some extent [92], and a method to detect carbon deposition was proposed and verified.



As shown in Figure 25, Split heat exchange-drain-recirculation (SHEDR) cycle is a classic model from the preheating of fuel from a cold storage tank to an engine [93]. There are many researches on modeling and simulation of this cycle, which will be introduced in detail when the simulation and coupling subsystems are involved in the thermal coupling system in Section 3.4.



It can be seen that current researches on cooling systems mainly focus on one-dimensional modeling of heat conduction, with improving the circulating cooling efficiency as the main research direction. However, there are few studies on the stability of liquid hydrogen fuel used in long flights of hypersonic aircrafts and the evaporation of liquid hydrogen fuel during storage. It is foreseeable that more attention will inevitably be paid to the stability of liquid fuels such as liquid hydrogen in future researches. Moreover, with a relatively high density and boiling point, LNG has the potential to be applied to hypersonic aircrafts. In the future, further explorations will be carried out on the feasibility of applying LNG to propulsion systems in the hypersonic mode.




3.3. Thermal Control Systems


The main purpose of thermal control systems in hypersonic vehicles is to control the temperature of various parts of the propulsion systems and to ensure that the temperature of each component is within a safe range of allowable temperature [94]. Studies based on thermal control systems mainly involve the design of channels for fuel oil and lubricating oil, as well as heat conduction among various parts of the propulsion system and relevant thermo-mechanical analyses.



The Langley Research Center of NASA simulated and measured the thermal radiation of ramjets at high Mach numbers [95]. Thermal radiation is a potential factor influencing the calculation of the flow field and wall temperature in the combustion chamber of a ramjet, as shown in Figure 26 [96], yet there are not sufficient experimental verifications of simulation approaches for thermal radiation. In this study, a ray tracing method was proposed to simulate thermal radiation in the flow field, which was verified to some extent. It was also pointed out that the direction of further studies on thermal radiation is mainly based on the introduction of LES simulation [97], turbulent flow fluctuations, and changes in simulation results caused by change of the experimental time.



In a study by Chen et al. [98], the effect of heat conduction and radiation on the heating of bluff bodies was explored, and the aerodynamic heating of bluff bodies in hypersonic fluids was simulated based on coupled computational fluid dynamics and computational thermodynamics. The isothermal boundary conditions of the constant wall temperature were studied, with the isothermal boundary conditions of structural heat conduction and radiation taken into consideration. The calculation results show that when the wall temperature remains constant, the maximum wall heat flux density is almost 20 times that of the structural heat conduction considered. Thermal radiation also affects the calculated wall heat flux and wall temperature, yet its effect is not significant compared to heat conduction. It was also found that the k-ε turbulence model [99] used in the simulation does not have a significant effect on the results near the stagnation point (as shown in Figure 27).



In a study conducted by Larsson [100], a method based on new Large eddy simulation, LES was proposed for predicting the heat flux in the combustion chamber of a ramjet. Based on the equilibrium wall model [101] and flam-elet’s combustion model [102], compared with traditional LES simulation, this method can avoid the simulated deviation caused by a high Reynolds number in actual working conditions, and accurately simulate the wall temperature of the combustion chamber of a ramjet. Bricalli et al. carried out a numerical study [103] on the combustion performance of a three-dimensional air-inlet non-uniform compression scramjet [104], the results of which show that the three-dimensional combustion process of a non-uniform compression scramjet is more complicated than that of a conventional scramjet because the fuel injection method and associated mixing process can cause additional load to the wall of the combustion chamber. Local changes in the fluid will be affected if the combustion process becomes more complex, yet the overall combustion behavior will not be impacted. In contrast to some jet engines in fixed geometrical shapes that must be operated within a certain range of Mach numbers [105], non-uniform compression scramjets have greater degrees of freedom in design. Figure 28 shows part of the numerical simulation process.



Vanyai et al. [106] did an experiment on thermal compression scramjet based on OH imaging [107], and found that such three-dimensional air inlet of supersonic ramjet can generate pressure and temperature gradients of the fluid. The combustion of any part of the combustor was suppressed by injecting combustion fuel, hydrogen, or non-combusting helium to check how the combustion of these parts affected the pressure and temperature of the entire flow field, the concentration and production of OH radicals was depicted by OH chemiluminescence and planar laser induction fluorescence (PLIF) images see (Figure 29) [108] so as to detect the chemical activity throughout the entire combustion process. The experimental results show that thermal compression is an effective method to increase the combustion pressure of scramjets, and thermal compression can effectively increase the chemical activity of the fuel and thereby the thrust of the engine can be improved.



In a study by Hossain [109], the theoretical value of thermal efficiency of ramjets was calculated based on the heat conduction equation. The thermal efficiency of ramjets mainly depends on numerical conditions at the inlet and outlet of the combustion chamber and the engine outlet. In another study, the effectiveness of scramjets based on the Brayton cycle [110] was primarily analyzed. The cyclic static temperature ratio (T3/T0) was the parameter emphatically discussed in this study, and changes in the velocity and temperature of the inlet and outlet of the combustion chamber, the unit thrust, the overall efficiency, and the thermal efficiency of the propulsion system were calculated under different T3/T0 values. It was concluded that the change in T3/T0 has some effects on the overall efficiency and thermal efficiency of the propulsion system, with the overall efficiency being the largest at a T3/T0 ratio of about 2.5 when air-fuel mixtures and other parameters remain constant.



Based on computational fluid dynamics and finite element analysis, Rockwell et al. [111] measured the wall pressure of ramjet and the temperature of the flow field using the fluid diagnostic technology [112]. Moreover, the experiment also verified the reliability of finite element calculation of heat through a boundary temperature map of the flow path of ramjets. Figure 30 is a schematic diagram of the diagnostic device describing part of the flow path in the combustion chamber. On this basis, the premixing of fuel for dual-mode scramjets was further studied to improve the thrust of the engine [113], providing a feasible solution for the design of oiling channels for ramjets. In a study by Fiévet [114], the influence of unsteady heat on scramjets was investigated, and a numerical analysis showed that igniting the scramjet at an insufficient Mach number is an important reason for propulsion system failure. The potential research direction in the next step is to study how to design appropriate oiling channels and sensing systems to ensure that the engine can be ignited under sufficient Mach numbers so as to avoid combined propulsion failure.



Lou et al. [115] carried out a transient thermal analysis and thermal deformation study of the propulsion system of hypersonic vehicles in the cocooning state. In this study, the thermal analysis of the turbine engine in the cocooning state was first carried out. Additionally, the change of gap between the turbine rotor and stator in the cocooning state was analyzed. The data show that the lubricating oil’s temperature may exceed the limit if the bearings run too hot in the TBCC at Mach 6. Moreover, studies have shown that turbine engines may experience undercooling caused by the cooling flow, resulting in a reduction of the gap between blades at the top. This study provided a detailed transient thermal analysis method that is somewhat universal for determining the thermal management scheme by calculating the thermal loads and deformations of various components of the propulsion system.



Some progress has also been made in the thermodynamic analysis and numerical modeling of various components of the propulsion system. In a study by Arun [116], the cascade fuel injector for ramjets was explored. The thermal load distribution of the exhaust nozzle was intuitively calculated through an ANSYS modeling of the exhaust nozzle (see Figure 31), and it was clearly indicated that only with the fuel as a coolant can the stability of ramjets be guaranteed under high-Mach flight conditions. Weigand et al. [117] carried out thermal load simulations on the cascade fuel injector in two flow field conditions: moderate and high temperature.



The main external flow field was modeled using LITA technology [118], and the conjugate CFD simulation with complex heat conduction, which coupled external loads and the internal flow field inside the injector, was applied to obtain a comprehensive assessment. In addition, the numerical simulation of the hot-gas conditions corresponding to the combustion experiment was also proposed, the results of which can be used not only to study the cooling mechanism and but also to optimize the numerical values of the internal flow paths so as to improve the cooling in regions with structurally high thermal stress. Figure 32 compares the experimental results and numerical simulations of the surface temperature of the injector.



Simsont [119] studied another numerical calculation model for thermal load of cascade oil injectors, and the spatial fourth-order multidimensional limiting process (MLP) [120] was used based on a compressible finite volume scheme [121] to simulate the flow field of combined propulsion. Coupled simulation of the vane-type column injector can calculate the flow field distribution, heat flux inside and outside the column, and the temperature distributed in the solid materials (see Figure 33), thus greatly contributing to the calculation of thermal conduction of components in thermal management.



Xing et al. [122] studied the influence of different constant thermal throat areas of the exhaust nozzle on thermal blockage [123] of dual-mode scramjets [124]. Methods like the ground test, pressure measurement, and three-dimensional numerical simulation connected to models were used in the study, and the experimental results show that the constant throat area contributes to ignition of the combustion chamber and retention of the flame, and structures with short constant areas increase the heat release in the combustor and reduce entropy generation, thereby increasing combustion efficiency. These experimental results provide a reference for the design and thermal management of the exhaust nozzle of the propulsion system. Yang [125] studied the thermal behavior of the isolator during combustion mode transition in a dual-mode scramjet. According to this study, combustion mode transition has a relatively large impact on the thermal behavior of the isolator, which is manifested by a significant change in the heat flux and wall temperature of the isolator, as shown in Figure 34. In a study by Chen [126], characteristics, e.g., Mach number, of dual-mode scramjets were explored. By analyzing the thermal process cycle [127] which can be equivalently regarded as the actual thermal process of the combustor of a dual-mode scramjet, the performance limits of a dual-mode scramjet were optimized. Figure 35 shows the working principle of the combustion chamber of a dual-mode scramjet.



Xie et al. [128] proposed a new functionally-graded-layer-composite structure (FGLCS) applied to the exhaust nozzle, which consists of a passive thermal protective layer made of ultra-high temperature ceramic (UHTC) composite material, a high temperature insulating material interface layer, and an active thermal protective layer made of alloy. In this study, the transient thermal stress relief characteristics of fuel injector plates and struts with FGLCS under aerodynamic heating were studied using the finite element method. Compared to conventional UHTC, FGLCS can significantly reduce the thermal stress of the structure. In addition, experiments in a combustion environment show that the FGLCS material yields better repeatability as well, as shown in Figure 36. Future studies in this regard may involve further verification of wind tunnel fuel injection and combustion as well as further improvement and optimization of FGLCS.



The latest studies on hypersonic air inlets mainly focus on improving the performance of combined propulsion and reducing the heat flux by optimizing the design of the physical structure of air inlets. Recent studies mainly include those carried out by Zhang [129], Klock [130], Kline [131], Maxwell [132], and Goodwin [133]. These studies have not yet involved calculation or simulation of the thermal load of the air inlet. Besides, an important research direction of the air inlet is that due to the mode transition of combined propulsion system, the thermal load might mutate because of change in aerodynamic shape during the mode transition of the air inlet [134], which is a problem of thermal protection and management that cannot be avoided in the design of combined propulsion systems.



Krishna [135] proposed a method to measure the angle of attack at the air inlet of a gas supersonic combustor and determine the Mach number of the gas (see Figure 37) based on the design idea of the sensor with tunable diode laser absorption spectroscopy. However, the limitation of this method lies in the fact that the measuring accuracy is greatly affected by flight noises. Therefore, future researches on this method may focus on reducing the correlation between measuring accuracy and flight noises through the optimization of relevant algorithms (hypersonic flight noises may be unavoidable, and Huang et al. [136] once conducted a study to simulate hypersonic flight noises). Kurtz et al. [137] also used tunable diode laser absorption spectroscopy as the sensor of air inlet temperature and flow field velocity (see Figure 38), pointing out that increasing the length of air inlets helps improve accuracy of the sensor. Jin [138] studied thermal parametric conversion induced by air distortion in hypersonic tests with tunable laser diode. In conclusion, the sensor with tunable diode laser absorption spectroscopy has the potential to be applied in measuring physical parameters of air inlet flow field of propulsion systems.



In a study carried out by Chang et al. [139], it was proposed that ignoring the aerodynamic thermo-elastic deformation may lead to high heat flux entering the engine surface, and the effect of aerodynamic thermo-elastic deformation on the performance of two-dimensional hypersonic air inlets was investigated. Chang et al. [140,141] pointed out the necessity to develop a method of detecting new flow patterns and characteristics under the influence of flow-combustion coupling in the complicated flow environment of hypersonic air inlets. In a study by Ferguson, the Ram-Scramjet model [142,143,144] was used to analyze the heat flux and load [145] at the air inlet of the propulsion system, and a quasi-one-dimensional flow field solver with real modeling capabilities was developed to be encoded in the object-oriented Fortran [146] and then incorporated into the NURBS-based Cardiac-Torso, NCAT original model [147]. The numerical analysis results show that the improved Ram-Scramjet performs well at low Mach numbers, yet it is unable to well demonstrate the aerodynamic heating of high-speed flow field on the air inlets at high Mach numbers. The one-dimensional flow field solver remains to be further corrected so that heat flux at the air inlets can be consistent with the experimental data at high Mach numbers. Additionally, the aerodynamic energy exchange was calculated with the Landau-Teller formula [148] and the Cartesian grid [149] solver was used to resolve the temperature and flow rate of the air inlet flow field [150] (as shown in Figure 39).



Gopal et al. [151] conducted a reduced-order analysis of the scramjet inlet and introduced a reduced-order model for performing rapid parametric studies of the air inlet operation of a typical scramjet. The theory of ideal gas flow [152] and the boundary layer theory [153] were applied to analyze the operation of air inlets through MATLAB modeling (see Figure 40). The experimental results were compared with the numerical results to ensure the reliability of the reduced-order model. Since this model can realize rapid parametric studies, it has the potential to significantly reduce the computational cost for hypersonic thermal management and flow field coupling. Klock et al. [154] also established a non-linear thermal reduced-order model for hypersonic aircrafts. It can be seen that reducing the computational complexity of numerical analysis and coupling through the reduced-order model has become a hot method for rapid analysis of heat flux in thermal management.



Cheng [155] carried out a thermodynamic analysis of the exhaust nozzle of ramjets based on wall cooling. In a study by Chang [156], the temperature and pressure distribution of the exhaust nozzle flow field were explored by conducting an experiment on the hydraulic piston rod sensor in the exhaust nozzle. Based on the one-dimensional thermodynamic modeling of the exhaust nozzle, the thermal load of the exhaust nozzle can be calculated to complete the assessment. Figure 41 shows the model diagram and calculation process of the exhaust nozzle. Xing et al. [157] carried out numerical analyses of the heat flux of two-dimensional, three-dimensional, and axially symmetrical nozzles (see Figure 42), the distribution of flow rate and temperature inside the three kinds of nozzles were simulated through the computational fluid dynamics model, as shown in Figure 43).



The analysis of the combustion chamber temperature is of great importance to judge whether the temperature of the inner wall of the combustion chamber is within an allowable range and to design the corresponding thermal protection and management systems. However, traditional one-dimensional heat conduction analysis is not accurate enough to analyze the combustion chamber wall temperature because multi-dimensional solutions are required. An algorithm that conducts a Fourier transform of the heat flux function is entirely possible to be applied to measure the combustion chamber temperature. In a study by Avallone [158], an algorithm was proposed to measure heat conduction in hypersonic flow environments at low computational costs. Combining the recursive least squares method [159] and the trust-region-reflective algorithm [160], this algorithm efficiently reduces the computational amount by conducting discrete Fourier transform [161] of the discrete heat flow function and optimizing the correlation coefficient. The thermal results were calculated based on the synthesized data, and the feasibility of this algorithm was verified through a wind tunnel experiment at Mach 7. This algorithm is very instructive for measuring the heat conduction of the combustion chamber in a propulsion system. In addition, the results were experimentally verified, and the accuracy of the algorithm was ensured to some extent, which is also one of the benefits of this research result.



Shahverdi et al. [162] made a bifurcation analysis of the aerodynamic force under hypersonic flow and the functional gradient curved plate [163] under thermal load. The classical plate theory was used to model the structural processing and the nonlinear structure was described by the von Karman strain-displacement relationship. To combine the applied supersonic aerodynamic loads, the third-order piston theory [164] was used to simulate unsteady aerodynamic pressures in this flow state, the temperature distribution in the direction of thickness was calculated by solving the one-dimensional steady-state heat conduction equation, and the generalized differential quadrature (GDQ) method was combined with the fourth-order Runge-Kutta method [165] to discretize and solve the equation. The reliability of the algorithm was guaranteed by the comparison of the results with currently available data. This algorithm can analyze the air-heat load of the curved plate in the hypersonic range, which is of certain reference value for calculating the thermal load of curved components of the propulsion system. At low Mach numbers, turbine engines and rocket engines mainly serve as the propulsion systems, and ramjets usually work as the propulsion systems at high Mach numbers.



In a study by Langener [166], it was suggested that the fuel should enter the combustion chamber and the outer wall of the exhaust nozzle to be cooled before the combustion, so as to make full use of the waste heat to preheat the fuel. The MR2 aircraft in the European HIKARI project was evaluated in detail at Mach 8. The thermal and energy management cycle structure of this aircraft is shown in Figure 44.



In the cycle structure of the aircraft, a portion of the gas fuel is used to cool places like the compartment, the fuel is compressed and mixed with the air to become the hydrocarbon fuel used to cool the propulsion system, the fuel then goes through the turbine chamber to provide propulsion energy, and finally enters the combustion chamber. The diagram of thermal management cycle of the fuel for MR2 is shown in Figure 45 where the heat transfer considered is mainly between the inner wall of the engine room and the outside air, between the inner wall of the engine room and the fuel tank, between the equipment and the fuel tank, between the equipment and the Dual Mode Ramjet, DMR [167], and between the DMR and the outside air. In addition, the heat fluxes of DMR and Liquid Rocket Engine, LRE [168] were also taken into account. It is worth noting that helium was used as a closed-loop system for the intermediate fluid in this cycle. Some fuel-based open-loop cycles were analyzed in the MR2 design, yet for safety reasons, it is more reasonable to use an intermediate liquid to cool the fuselage than the fuel. Depending on the mode of the aircraft, the cooling circuit can follow different paths. In this thermal management loop, the simulated parameters include Heat Exchanger, HEX [169], the mass fractions of different pipes (He, H2 and Air) around the wall, and the thickness of the insulation layer.



In a study by Jasa [170], a method for analyzing the lubricating oil system of aero-engines based on thermal management technologies was proposed. Three approaches to cool the lubricating oil system were presented, i.e., the cooling method with force conversion valve, the cooling method with main and auxiliary cooling zones, and the cooling method with the auxiliary radiator installed in the gear pump circuit. Preliminary studies have shown that the cooling method with main and auxiliary cooling zones meets the thermal management requirements, yet at this point, the temperature of the lubricating oil system has reached its limit boundary, so it is of great significance to develop the optimal design of corresponding radiators. Yan et al. [171] simulated and optimized the lubricating oil system based on the MATLAB/Simulink model which proved to be valid according to its comparison with the Flowmaster software. It is also more convenient to conduct a co-simulation of this improved model and other software such as GasTurb. Moreover, such co-simulation may be of great value in the coupling calculation of the lubricating oil and fuel systems, which is necessary for optimizing the modeling of the lubricating oil network for the thermal management of propulsion systems.




3.4. Thermal Protection Systems


In this section, mutual coupling between the subsystems of different modules of thermal management, as well as simulation of the thermal management system, will be introduced. As thermal management involves a large number of modules, how to realize the unified management of independent subsystems has become one of the important breakthroughs to be made for researches on thermal management systems [172]. In addition, since multi-system coupling and thermal environment simulation require a large amount of calculation, optimizing the calculation method and flow of the program can save calculation time, realize rapid simulation of thermal environment, and improve the precision of system coupling and simulation. As active and passive thermal protection technologies have been fully introduced in the second section, unnecessary details will not be given in this section.



In terms of thermal environment simulation, Desimio et al. [173] proposed an online forecasting scheme for fuel thermal management system. This study mainly aimed to predict and calculate differences that may exist between the thermal management model and the real conditions of the aircraft. First of all, for the split heat exchanger-drain-recirculation (SHEDR) cycle of fuel, the relationship among fuel energy, temperature, and quality was calculated based on the heat balance equation, and a discrete-time scenario model was presented to estimate differences through UKF and EKF (Unscented and Extended Kalman filters) [174,175]. Based on the data analysis of the calculation example, as shown in Figure 46, differences between results obtained by the thermal management model and the actual situation were demonstrated, which shows the importance and necessity of paying attention to such differences and developing the online thermal management system.



In a study by Neera Jain [176], a method was proposed to improve thermal management of the fuel based on optimizing the objective function, and it was pointed out that fuel thermal management systems for aircrafts, including hypersonic vehicles, should be formulated systematically and specific transient behaviors should be synthesized. The thermodynamic method for the minimum-energy failure of complex propulsion systems [177] was used to determine the optimal fuel use scheme that satisfies a given transient thermal load, with the advantage of plug and play. In addition, since this algorithm is notable for the automatic definition and quantification of invalid components, it is relatively applicable to operating conditions with comparatively complicated computational conditions and a large computational amount, e.g., the propulsion system of hypersonic vehicles. Figure 47 is a schematic diagram of the calculation model. A further plan of the study is to optimize subsystems of the aircraft engine to realize thermal management of the propulsion system. This energy-based approach has great potential to be applied in thermal management of propulsion systems.



Doman’s study [178] on thermal management of aircrafts based on optimal cruise altitude and rapid analysis of aircrafts was cited at the 2015 AIAA Guidance, Navigation, and Control Conference. A method to conduct quick analyses of fuel cycle thermal management by solving differential equations in order was proposed. These differential equations were derived from the mass and energy conservation equations in the fuel cycle. The modeling of the heat transfer in this study is shown in Figure 48. The study mainly aimed to replace the problem of solving the boundary values of partial differential equations with the problem of working out non-linear roots of the differential equations, so as to reduce the computational amount and achieve rapid analysis. Additionally, the feasibility of this method was verified by a calculation example. By transforming a complex problem into a relatively simple problem, the proposed method is of value to the simulation of complex flow field and thermal environment in the thermal management of hypersonic vehicles.



In the LAPCAT-II project, the CFD code (internal and external flow path simulations) was combined with the One-dimensional simulation tool used in high-speed air intake propulsion systems to conduct an approximate modeling of the combustion process. With the outflow of the combustion tube as the CFD inflow condition, detailed numerical simulation of the internal flow field was avoided and the simulation computational amount was reduced.



Regarding the coupling of subsystems, Chen et al. [179] studied the coupling of aerodynamic heating, radiation heat transfer, and heat conduction in hypersonic vehicles with the flow chart and solving procedure of coupling analysis shown in Figure 49. The results show that the temperature obtained by coupling solution is relatively accurate, with a relative error lower than 10% most of the time. The model established in this study is about the wing part, yet if a three-dimensional model of the air inlets of the propulsion system is established and calculated through coupling analysis, it is possible to obtain a relatively accurate solution of the inlet temperature and complete the thermal load analysis. Capra et al. [180] used the iterative algorithm to conduct a structural coupling of flow field, convective heat transfer, and wall temperature based on two-dimensional and three-dimensional models, which is likely to be applied to wall heat transfer in the combustion chamber of ramjets. Chen also proposed an aerodynamic modeling approach with less orders based on surrogate [181]. However, no study has been carried out on the correlation between this theory and relevant dynamical system models. Reinert et al. [182] simulated the coupled conjugate heat transfer of the scramjet inlet at a Mach 8 flow field. In order to effectively simulate the aerodynamic interaction, the fully coupled conjugate heat transfer solver, US3D, was developed, which can be further applied to the geometrical shapes of two-dimensional and three-dimensional scramjets.



Davuluri et al. [183] focused on the impacts of thermal degradation of debris particles on hypersonic environments. Bidirectional coupling was carried out between spallation code and hypersonic aircrafts and the dynamic CFD solver was used to assess influences of fissure particles in the flow field. The simulation results show that the thermal degradation process has a certain influence on the temperature distribution in the flow field. The development of this study is helpful to improve the simulation accuracy of the high temperature flow field in the propulsion systems.



Trelewicz et al. [184] designed an equation and directly embedded it to the sensor to accurately measure the heat flux of walls inside the combustion chamber of scramjets in real time. The heat flux sensor used N-type (nickel-based) thermoelectric materials and yttria-stabilized zirconia as a multilayer thermopile of the intermediate thermal resistance layer. The sensitivity of the heat flux sensor was verified using a conduction-based test method, demonstrating that the sensor’s performance is consistent with the calculated theoretical sensitivity. In addition, the sensor was installed in the flow path of the RC-18 scramjet at Wright-Patterson Air Force Base for testing under simulated flight conditions at Mach 5. The values reported by the sensor are consistent with those obtained by thermal measurement of area average, which guarantees the sensitivity and reliability to some extent. Moreover, this write-through sensor can also detect high frequency heat load oscillations which cannot be manifested through the collinear thermal imager. Therefore, the write-through sensor has certain potential to be applied in real-time diagnostic and control of heat load of scramjets.



Feng et al. [185] explored the heat transfer problem of supercritical hydrocarbon fuel. In this study, a two-dimensional numerical model and an unstructured grid were constructed to describe the thermophysical properties of hydrocarbon fuel in the cooling channels, accurately predict flow field changes in the cooling channels, and couple the influences of parameters in the chemical reaction flow field such as speed, temperature, and pyrolysis. This study made the modeling of cooling channels more accurate, but it only provided a qualitative description of the coupling of flow, heat transfer, and pyrolysis. Therefore, how to quantitatively describe the coupling of these factors is the key problem to be solved so as to reduce calculation for modeling and make the results more accurate, which is also the direction for further researches to be carried out(see Figure 50).



In a study carried out by Behbahani [186], a tree structure was proposed, and a fully licensed digital engine system (SFADEC) was used to control the decentralized hardware and dynamical feedback control, so as to dynamically distribute resources of the whole system and complete the thermal and energy management of the engine. Figure 51 is a schematic diagram of the distributed embedded architecture in this structure. Figure 51 also shows an information flow chart of the control architecture of this structure. The development and maturity of this technology is of great significance for coupling subsystems under the thermal management of propulsion systems and has great potential for the application of thermal management. Nevertheless, to apply this tree structure to thermal management of engines, further experimental verification and logic optimization need to be carried out to reduce the computational cost.



Marcos et al. [187] conducted a ground test to establish a model of the entrance of scramjet air inlets through additive manufacturing. Figure 52 shows the scramjet model which was used in the ground test. Due to its advantages in terms of time and cost, additive manufacturing is replacing the original metal material processing model to be used in hypersonic ground tests. This ground test performed FEA prediction [188], HAP calculation [189], CFD simulation and Schlirien image [190], and finite element prediction through a structural response to the additive manufacturing model under expected mechanical and thermal load, demonstrating the reliability for the additive manufacturing structure to be applied in wind tunnel experiments in both aerodynamics and thermal structure. By reducing the cost of wind tunnel experiments, it is possible to improve the accuracy of designing thermal protection and management structures of the air inlets. Besides, simulation experiments can also be conducted on other components of the propulsion system through additive manufacturing, and high temperature resistance printing materials can be developed to overcome the high temperature, which may be one of the future development prospects of this experiment.





4. Prospect


4.1. Overview of Future Research Directions


Regarding thermal protection for propulsion systems of hypersonic vehicles, future research will focus on further research and development, R&D of CMC materials for passive thermal protection technologies. The direction for future researches is to seek CMC materials with stronger heat-shielding performance, oxidation resistance, and impact resistance by further optimizing the composition of CMC materials and conducting experimental tests of harsher corresponding thermal environments. In addition, modeling the behavior of CMC materials is another orientation for future researches, for an understanding of material behavior will improve the durability of CMC coating and can guide the selection of suitable materials. Since active thermal protection technologies involve relatively high Mach numbers, the temperature of the incoming flow in convective cooling is relatively high, so the cooling performance is limited. Therefore, later researches should mainly focus on sweat cooling, circulating cooling, and air film cooling. For sweat cooling, the cooling effect and reliability in complicated hypersonic flow environments should be further studied. As the sweat cooling preparation of turbines and other components belongs to the field of precision machining, seeking preparation methods with relatively high repeatability and reliability is an important approach to effectively reduce the preparation difficulty and cost, which is also one of the directions for future researches in this field. Circulating cooling is mainly combined with thermal management of fuel, and studies show that the efficiency of circulating cooling can be effectively improved by promoting the efficiency of thermal management of propulsion systems. Moreover, since components of thermal protection systems of combined propulsion system are usually a combination of passive and active thermal protection, it is foreseeable that another possible research direction in the future is to study the coupling of active and passive thermal protection systems to maximize the thermal protection system’s efficiency at higher operating temperatures.



On the topic of thermal barrier coating technologies for propulsion systems of hypersonic vehicles, traditional 7–8 YSZ materials are no longer able to meet the thermal protection requirements of hypersonic vehicles. From the perspective of materials, future studies will focus mainly on improving the thermal insulation properties of the material by mixing YSZ with multicomponent oxides and replacing YSZ with rare earth zirconate or other materials. Considering the structural level, multi-layer and gradient structures with good performance in thermal protection and low rates of chemical reaction and corrosion should be developed to replace the classic the double layer structure. Since it is comparatively difficult to prepare both the multi-layer and gradient structures due to poor repeatability, seeking preparation methods which are less costly is also one of the research directions in the future. In terms of preparation, exploring new technologies based on previous APS and physical vapor deposition technologies will be one of the research focuses in the future, e.g., how the performance of thermal barrier coating in high temperature and oxidation resistance can be optimized by SPS and plasma activated electron beam physical vapor deposition. From the perspective of failure mechanism, there are currently few studies on factors that cause thermal barrier coatings to fail and fall off. Therefore, further studies on the failure of thermal barrier coatings caused by thermal stress, external factors, and oxides are of instructive significance to researches on materials, structure, and preparation of thermal barrier coatings. Hence, further exploring the failure of thermal barrier coatings is also needed to improve the reliability of thermal barrier coatings in the future.



There are currently few studies on thermal management technologies for propulsion systems of hypersonic vehicles. Most studies focus on thermal management of the fuel, whereas there are few studies on thermal management of the lubricating oil network and the coupling of oiling channels. In addition, in the past, the thermal management of engines was often separated from the thermal management of the aircraft system. However, since the concept of integrated aircraft/engine technology has been proposed, more attention will be paid to the coupling of thermal management of propulsion systems and that of aircraft systems in the future. The specific and overall directions for future researches on thermal management of propulsion systems of hypersonic vehicles are listed in Section 4.2 and Section 4.3.




4.2. Specific Directions of Future Researches



	
It is necessary to accurately simulate and study the temperature distribution of each component of the propulsion system in the hypersonic flow field so as to ensure that the thermal management of aircrafts can guarantee that the propulsion system is within the temperature envelope.



	
Further analyses should be carried out on one-dimensional heat conduction and heat transfer calculation models of fuel oil, lubricating oil, and air, so as to establish accurate one-dimensional heat conduction equations.



	
For thermal management of fuel oil, LNG has better heat sink and cooling performance than current hydrocarbon fuels. Since LNG possesses the potential to be applied in thermal management of fuel oil, further researches remain to be conducted on the high cost and high storage space of LNG as a fuel.



	
There are currently few studies on oiling channels of fuel and lubricating oil in the propulsion system. One of the focuses of future researches on thermal management of aircrafts is to carry out numerical simulation of the cooling effect of oiling channels of fuel oil and lubricating oil on the propulsion system proposed in previous studies and to optimize the oiling channels based on the simulation results.









4.3. Overall Directions of Future Researches



	
In future researches, a model for calculating the energy interaction among the flow paths of air, fuel oil, and lubricating oil should be established, and how the flow paths mutually influence each other should be taken into consideration, so as to improve the accuracy of flow path design. The efficiency of aircraft thermal management should be improved by exploring the optimal design of the flow path network.



	
The matching technology and system control strategy of the thermal management system and engine system should be optimized. Real-time and rapid thermal management systems should be studied by optimizing the tree structure and feedback control cycle of thermal management. The efficiency of thermal management systems can be improved by reducing the computational amount of thermal management systems through improving the objective function and parameters of thermal management systems.



	
It is important to further study the thermal management model of propulsion systems of hypersonic vehicles during mode transition, and to probe into the thermodynamic calculation model and flow path design of multiple engines working together (e.g., turbine engine with rocket engine, and rocket engine with ramjet) during mode transition.



	
Based on the concept of integrated aircraft/engine technology, thermal management of the propulsion system and aircraft thermal management are no longer operated as two independent submodules. Establishing a calculation model coupling the thermal management system of the propulsion system and the aircraft thermal management system will be a significant research focus in the future.



	
Current studies are mostly confined to thermal management of various components of the propulsion system, whereas there are few systematic studies on thermal management of the integral propulsion system. One of the indispensable development directions for future researches is to construct and optimize the thermal management model of the integral propulsion system and conduct relevant reliability analyses.










5. Conclusions


Hypersonic aircrafts are extensively applied in the current stage, and the thermal load of propulsion systems of hypersonic aircrafts is an important factor that restricts the flight speed and time of the aircrafts.Therefore, it is of great significance to study thermal protection and management of propulsion systems. In this study, the latest research progresses on thermal protection, thermal barrier coatings, and thermal management of hypersonic aircrafts were collected and our viewpoints on the future development prospects and directions of thermal protection and management of propulsion systems were presented.

	
In terms of thermal protection, there are many researches on the coefficient of thermal conductivity of material and the cooling effect that are directly related to heat proof. But there are few researches on practical application such as the fatigue strength of thermal protection system and the mechanical properties. In fact, heat-resistance theory and practical application are one of the indispensable links of the mature and efficient thermal protection system.



	
In the contrast, the researches on thermal management are less than on thermal protection. These researches mainly focus on improving the accuracy of subsystem numerical simulation, the design and optimization of the thermal management algorithm, etc. Regarding the transfer and distribution of heat and energy on the full aircraft scale, there are no obvious advances in the design of full aircraft pipeline and oil line based on heat management.



	
Because of the thermal problems caused by hypersonic aircraft, in the future researches, it should combine the macro-cooling effect with the mechanism of micro material heat-resistance in thermal protection area and take into account that the processing and spraying methods, together with the reliability of thermal protection system which may affected by other practical situations. It is very significant to have researches on the accuracy improvement of subsystem numerical simulation and the melioration of the foundation of coupling algorithm. In addition, it is also very important to carry out researches into the theory and design of the distribution and coordinate of heat and energy on the full aircraft scale.
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Figure 1. Allowable temperatures of various kinds of high temperature resistance materials [31]. 
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Figure 2. Schematic of the NASA Langley DCSCTF [32]. 
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Figure 3. SEM overview image of the C/C-SiC panel, exposed surface is on the top [33]. 
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Figure 4. C/C-SiC panel mounted as the top wall of the 6∘ half-angle diverging nozzle [35]. 
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Figure 5. Scanning Electron Microscopy (SEM) and energy spectrum analysis of carbon deposition of part experimental materials [39]. 
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Figure 6. Comparison of nozzle wall temperature predicted by the model and the experimental results [42]. 






Figure 6. Comparison of nozzle wall temperature predicted by the model and the experimental results [42].



[image: Energies 12 00240 g006]







[image: Energies 12 00240 g007 550]





Figure 7. Isothermal cooling effects of all kinds of gases under certain boundary conditions [44]. 
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Figure 8. Schematics of the porous material [45]: (a) a flat plate with blunt leading edge, (b) a two dimensional (2-D) body with blunt leading edge. 
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Figure 9. Diagram and physical map of the experimental apparatus [47]: (a) Test bench schematic; (b) Air vitiator with attached Mach 2.5 Nozzle. 
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Figure 10. Microscopic observation of oxidation of the adhesive layers prepared by three spraying methods under certain working conditions [52]: (a) Comparison of the oxide scales formed on 0.6 mm thick freestanding specimens of coating; (b) Results of isothermal oxidation tests of freestanding specimen of HV-APS and LPPS coatings (0.6 mm thickness) at 1100 ∘C in synthetic air for 72 h. 
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Figure 11. Spectral analysis of microstructure of LPPS coating and HV-APS coating after exposure to air at high temperature [57]: (a) LPPS coating; (b) HV-APS coating. 
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Figure 12. SEM observation results of cross sections of the cracked APS-flash coatings prepared by different technologies: (a) VPS and (b) HVOF [58]. 
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Figure 13. SEM sectional views of coatings of three structures after the erosion test: (a) classical YSZ structure, (b) t’Low-k structure, and (c) GZO structure [60]. 
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Figure 14. Calculation of thermal conductivity of materials under molecular dynamics simulation [61]. 
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Figure 15. Thermal conductivity of coatings with different Nd2O3/Yb2O3 concentrations [64]. 
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Figure 16. Microstructural behavior during TCF test for YSZ SPS columnar structure (a) and for YSZ SPS compact columnar structure (b) [70]. 
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Figure 17. TMS Architecture for Cooling Recirculating Fuel with LNG [77]. 
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Figure 18. Schematic diagram of the calculation model of the single cooling channel of ramjet [80]. 
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Figure 19. Schematic diagram of single tube test apparatus [80]. 
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Figure 20. Schematic diagram of fuel cycle scramjet [81]. 
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Figure 21. Schematic diagram of flow rate, temperature at the outlet of cooling channel, and irregular distribution of n-decane [82]. 
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Figure 22. Schematic of experimental setup for thermal cracking of n-dodecane [84]. 
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Figure 23. Contours and secondary flow lines of the axial velocity of flow fields obtained from the SA model and the RSM model [85]. 
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Figure 24. Meshing of meta-analysis of local structure and graphical representation of temperature and pressure distribution [88]: (a) Temperature distribution; (b) stress distribution. 
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Figure 25. Schematic diagram of SHEDR cycle [93]. 
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Figure 26. Schematic diagram of the ramjet model [95]. 
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Figure 27. Comparison of wall heat flux and temperature of the turbulent flow model and laminar flow model [98]. 
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Figure 28. H2O combustion contours along the bottom wall for high-compression, low-compression, fully fueled, and inlet radical suppressed simulations [103]. 
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Figure 29. Schematic diagrams of OH Chemiluminescence (left) and OH Planar Laser-Induced Fluorescence (right) of the combustion chamber of scramjets [106]. 
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Figure 30. Combustor section exploded view depicting modularity of flow path hardware [111]. 
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Figure 31. Grid diagram and thermal strain analysis of wedge sturt modeling [116]. 
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Figure 32. Comparison of experimental (left) and numerical (right) data for the dimensionless surface temperature at the bottom of the strut [117]. 
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Figure 33. Simulated distribution diagrams of fluid flow rate, pressure, and temperature of symmetrical cross section and isometric cross section [119]. 
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Figure 34. Comparison of heat flux before and after mode transition [125]. 
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Figure 35. Schematic diagrams of intake process of the combustion chambers under the two modes [126]. 
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Figure 36. Surfaces of the specimens after the combustion test [128]: (a) Fractured UHTC struture; (b) Fracture surface of the UHTC struture; (c) FGLCS struture; (d) Thermal insulation layer of the FGLCS struture. 
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Figure 37. Schematic diagram of the sensor to measure the airflow’s angle of attack and velocity [135]. 
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Figure 38. CAD design drawing and experimental physical map of the temperature sensor [137]. 
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Figure 39. Modeling of grid calculation example of the air inlet [150]. 
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Figure 40. MATLAB flow chart of analysis of air inlet flow field [151]. 
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Figure 41. Model diagram and calculation process of the exhaust nozzle [155]. 
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Figure 42. Model diagrams of three nozzles: (a) two-dimensional nozzle, (b) three-dimensional nozzle, and (c) axisymmetric nozzle [157]. 
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Figure 43. Simulation charts of section fluid flow rate and temperature of three nozzles: (a) two-dimensional nozzle, (b) three-dimensional nozzle, and (c) axisymmetric nozzle [157]. 
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Figure 44. Thermodynamic cycle layout of the MR2 aircraft [166]. 
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Figure 45. General cooling circuit for hydrogen [166]. 
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Figure 46. Differences between the calculation model and the practical situation [173]: (a) actual and estimated heat loads from single trial; (b) heat load error averaged over all trials; (c) actual and estimated thermal endurances computed from single trial; (d) thermal endurance error averaged over all trials. 
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Figure 47. Schematic of a notional dual tank fuel system [176]. 
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Figure 48. (a) Simplified Block Diagram of Draining Tank with Heat Exchanger in Recirculation Loop; (b) Simplified Block Diagram Laser Coolant Recirculation Loop [178]. 






Figure 48. (a) Simplified Block Diagram of Draining Tank with Heat Exchanger in Recirculation Loop; (b) Simplified Block Diagram Laser Coolant Recirculation Loop [178].



[image: Energies 12 00240 g048]







[image: Energies 12 00240 g049 550]





Figure 49. Flow diagram of coupling analysis [179]. 
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Figure 50. Computational configuration of reaction flow field [185]. 
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Figure 51. The Distributed Embedded Systems Architecture [186]. 
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Figure 52. CAD design of the scramjet inlet (left); photography of the Ultem 9085 three-dimensional printed scramjet model (center); and schematic of the layer orientation for printing (right) [187]. 
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Table 1. Parameters of the C/C-SiC sandwich structure [37].
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	Notation (mm)





	Total thickness
	h
	15



	Skin thickness (0∘/90∘)
	t
	1



	Core height
	c
	13



	Core wall thickness 0∘/90∘ and ±45∘
	tc
	0.3
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Table 2. Parameters of various fuel combinations [76].
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	Combination
	Mixture Ratio
	Chamber Pressure (PSI)
	Vacuum Isp (Seconds)





	Lox-Hydrogen
	6
	1000
	457.0



	H2O2-Kerosene
	7
	1000
	331.0



	N2O4-Hydrazine
	1.08
	1000
	348.0



	AP-HTPB-Al
	5.17
	1000
	312.6



	AP-HTPB
	2.33
	1000
	224.0



	LOX-Kerosene
	2.33
	1000
	347.0



	LOX-Methane
	2.77
	1000
	365.0



	LOX-Butane
	2.2
	1000
	255.0



	LOX-Isopropanol
	1.7
	1000
	341.0



	LOX-Propane
	2.55
	1000
	357.0











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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