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Abstract

:

This study focuses on the great challenges for combined cooling and power supply on hypersonic aircrafts. To address the issues of low thermal efficiency and high fuel consumption of heat sink by the existing CO2 supercritical Brayton cycle, a novel fuel-based CO2 transcritical cooling and power (FCTCP) system is constructed. A steady-state simulation model is built to investigate the impacts of combustion chamber wall temperatures and fuel mass flow rates on the FCTCP system. Thermal efficiency of the CO2 transcritical cycle reaches 25.2~32.8% under various combustion chamber wall outlet temperatures and endothermic pressures. Compared with the supercritical Brayton cycle, the thermal efficiency of novel system increases by 54.5~80.9%. It is found from deep insights into the thermodynamic results that the average heat transfer temperature difference between CO2 and fuel is effectively reduced from 153.4 K to 16 K by split cooling of the fuel in the FCTCP system, which greatly enhances the matching of CO2–fuel heat exchange temperatures and reduces the heat exchange loss of the system. Thermodynamic results also show that, in comparison to the supercritical Brayton cycle, the cooling capacity and power generation per unit mass flow rate of working fluid in the FCTCP system increased by 75.4~80.8% and 12.9~51.6%, respectively. The FCTCP system exhibits a substantial performance improvement, significantly enhancing the key characteristic index of the combined cooling and power supply system. This study presents a novel approach to solving the challenges of cooling and power supply in hypersonic aircrafts under limited fuel heat sink conditions, laying the groundwork for further exploration of thermal management technologies of hypersonic aircrafts.
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1. Introduction


During extended flights at high Mach numbers, hypersonic aircrafts encounter severe aerodynamic heating effect, causing a steep rise in wall temperatures. Specifically, the nose wall can experience inflow temperatures exceeding 1000 K, while the scramjet engine wall, as a crucial power source, may reach temperatures as high as 3000 K. Consequently, the implementation of efficient thermal protection technologies is imperative to ensure the stable operation of the aircraft. Thermal protection technologies for hypersonic aircrafts can be categorized into passive and active thermal protection strategies. Passive thermal protection technologies utilize thermal insulation materials as heat sink to isolate the high-temperature inflow on the combustion chamber wall. However, the thick insulation layers not only increase the weight and cost of the aircraft but also fail to meet the thermal protection requirements under high Mach numbers and long endurance. The active thermal protection technology proposed by Becher [1] removes heat load through an internal cooling flow channel, where the coolant flows through the high-temperature wall. This technology can withstand higher heat flux densities and offer significant advantages over passive thermal protection technologies in terms of weight and cost, garnering widespread attention. Supercritical cooling technology is a typical active thermal protection technique that utilizes the fuel carried by the aircraft as the coolant. The fuel absorbs thermal energy and heats up in the cooling flow channel of the combustion chamber wall. Then, the heated fuel is injected into the combustion chamber for combustion, thereby regenerating the energy of the combustion chamber. Feng et al. [2] and Zhang et al. [3] conducted studies on the flow and heat transfer characteristics of hydrocarbon fuels in the cooling flow channels under different operational conditions. Nevertheless, Segal [4] pointed out that when the flight Mach number exceeds 10, the fuel flow required for cooling surpasses that need for propulsion, resulting in some cooling fuel being directly discharged without combustion. This not only leads to inefficient fuel consumption but also increases the load on the aircraft. Therefore, supercritical cooling technology currently faces significant challenges in the synergistic application of combustion propulsion and wall thermal protection.



Another significant challenge confronted by hypersonic aircraft is inadequate power supply. With the increasing number of onboard electrical devices, such as radar detection systems, propellant supply systems, and data acquisition systems, the power consumption of the aircraft rises significantly. A continuous and sufficient power supply is paramount for ensuring the stable operation of hypersonic aircraft. The scramjet engines employed in hypersonic aircrafts cannot harness shaft power to drive generators for electricity production, and conventional battery storage systems would impose significant mass penalties [5]. Therefore, developing an efficient combined cooling and power supply system that integrates wall thermal protection and power generation is a crucial research direction in the advancement of hypersonic aircraft.



A Fuel Vapor Turbine (FVT) system is a combined cooling and power supply system developed based on the supercritical cooling system. The schematic diagram of an FVT is shown in Figure 1. After absorbing the aerodynamic heat, the fuel undergoes pyrolysis to form gas, which then enters the turbine, expands, and generates electricity. Finally, the gas is injected into the combustion chamber for combustion to propel the aircraft. However, the output power of the turbine is closely related to the pyrolysis state of the fuel. When the fuel does not fully pyrolyze, the output power decreases sharply. Conversely, if the temperature continues to rise after pyrolysis, coking may occur, blocking the cooling channel, impairing heat transfer, and greatly increasing the instability of the fuel’s cooling and power cogeneration process [6,7].



Researchers have suggested using alternative working fluids that resist cracking and coking as coolants for combustion chamber walls. They also advocate for developing thermodynamic cycles that fully utilize the limited heat sink of hydrocarbon fuels and mitigate power output instability. Ma et al. [8] studied the implementation of a closed Brayton cycle for aircraft thermal protection and power generation under various flight conditions. They compared and analyzed the performance of the Brayton system with air, CO2, and helium as working fluids. The results indicated that CO2 in the supercritical region has high energy density and a low expansion ratio, facilitating the design of small, lightweight systems. Bowen et al. [9] proposed a combined cooling and power supply system for hypersonic vehicles based on a supercritical Brayton cycle, which reduces the fuel heat sink consumed in the CO2 cooling process and improves the thermal efficiency of the CO2 cycle. Jiang et al. [10] examined how variations in the flow equivalence ratio of CO2 and fuel affect the heat transfer temperature difference and cycle thermal efficiency, optimizing heat transfer in the CO2 Brayton cycle for combined cooling and power generation. Hou et al. [11] investigated a combined cycle that integrates a supercritical CO2 cycle with an organic Rankine cycle to recover waste heat from gas turbines. They developed thermodynamic and economic models, explored the influence of key parameters on system performance, and conducted multi-objective optimization of the system.



Currently, many researchers are researching the application of the CO2 Brayton cycle for combined cooling and power generation for scramjets. The CO2 Brayton cycle is regarded as a promising technology for future waste heat recovery power generation. CO2 has a low critical temperature (31.1 °C) and exhibits high density and specific heat capacity near the critical point. Cooling CO2 near the critical point for compression can reduce the volume of equipment and the power consumption during compression process. Additionally, CO2 has a high energy density in the supercritical zone, with high work capacity per unit volume and a small expansion ratio. Thus, the CO2 Brayton system can often utilize a single-stage expander, making the system’s structure more compact. Ahn [12] compared and analyzed the size and weight of the CO2 Brayton cycle system. The results showed that, at the same power level, the unit volume of the CO2 Brayton cycle system was only 1/20~1/30 that of the steam Rankine system, and the total weight of the system could also be reduced by about 50%. Compared with the isothermal endothermic process in the ORC, the variable temperature endothermic process of CO2 in the supercritical region matches the heat source better. The above advantages make the CO2 Brayton cycle have a good application prospect in the recovery and utilization of high-temperature heat sources [13].



In summary, current research on thermodynamic cycles for combined cooling and power supply mainly focuses on the use of the CO2 Brayton cycle for aircraft applications. Analysis indicates that if CO2 can be further cooled below its critical temperature to transition from the supercritical cycle to the transcritical cycle, it could significantly reduce compression power and improve system thermal efficiency [14,15]. Additionally, due to the higher density of CO2 below the critical point, where it exhibits flow characteristics similar to those of the liquid, the compressor can be replaced with a pump, resulting in a more compact system structure compared to that of the Brayton system. At present, the CO2 transcritical power cycle has been widely studied and applied in various fields [16]. Habibollahzade [14] compared the performance of the CO2 transcritical cycle, CO2 Brayton cycle, and ORC for geothermal energy recovery. The results indicated that the CO2 transcritical cycle exhibited the highest thermal efficiency and exergy efficiency, primarily due to the significant reduction in compression power. Kim [17] compared the thermal efficiency of the CO2 transcritical and supercritical cycles under both high- and low-temperature heat sources. The study found that the CO2 transcritical cycle is more suitable than the Brayton cycle when dealing with both high- and low-temperature heat sources simultaneously, as it reduces compression power while maintaining an outlet temperature close to that of the Brayton cycle under high-temperature heat absorption. Chang [18] compared various CO2 transcritical cycles, including the simple transcritical cycle, preheating transcritical cycle, regenerative transcritical cycle, and pre-regenerative transcritical cycle, in the context of waste heat recovery from internal combustion engines. Multi-objective optimization was conducted based on output power, efficiency, and power generation cost. The results showed that the pre-regenerative transcritical cycle has the most potential, achieving a net output power of 24.24 kW with the thermal efficiency of 36.88%.



However, when using hydrocarbon fuel as the sole cooling source in traditional energy-coupling approach with CO2, a challenge arises in condensing CO2 within the cycle, which hampers further enhancement of the cycle’s thermal efficiency. Additionally, cooling CO2 consumes a significant portion of the fuel’s heat sink, yet the heated fuel could serve as a medium- or low-temperature heat source to improve the thermal efficiency. Based on the above research, this paper focuses on system optimization centered around the cooling, as well as the power needs of hypersonic vehicles. It addresses the issues of low thermal efficiency and high fuel heat sink consumption in the existing CO2 Brayton cycle system by developing a CO2 transcritical cycle combined cooling and power supply system coupled with the fuel heat sink. This cycle can further reduce the compression power of CO2 and facilitate the miniaturization and lightweight design of the system. The preheating of fuel enhances the thermal efficiency of the transcritical cycle and reduces the consumption of the limited fuel heat sink. The CO2 transcritical cycle is designed with split-flow cooling and preheating of both fuel and CO2 to optimize thermal efficiency and effectively utilize the limited fuel heat sink. A steady-state simulation model of the novel system is established, and the system’s performance variations are analyzed in relation to the scramjet’s heat-source conditions, providing a novel approach to combined cooling and power technology for scramjets.




2. Thermodynamic Analysis on FCTCP System


2.1. Working Principle


The storage temperature of hydrocarbon fuel in the tank is generally around 293 K [10,19], which creates a temperature difference for heat exchange with the critical temperature of CO2. However, using the fuel to directly cool CO2 below its critical temperature presents challenges due to poor heat exchange matching, making it difficult to improve thermal efficiency. To address this, a fuel split method was proposed to separately cool and condense CO2, enabling a transition from the supercritical Brayton cycle to the transcritical Brayton cycle under conditions of optimal heat transfer matching. Consequently, a fuel-based CO2 transcritical cooling and power (FCTCP) system is developed. The process schematic is shown in Figure 2, and the corresponding temperature–entropy diagram is illustrated in Figure 3.



As shown in Figure 2, on the CO2 circulation side, since CO2 has already condensed into a liquid phase before compression (at point 8), a working fluid pump is selected as the compression component. CO2 is pressurized from a liquid-phase state below the critical temperature in the working fluid pump and then enters the supercritical zone (8-1). Next, CO2 passes through the preheater, absorbing heat from the fuel at the cooler’s outlet (1-2), and then through the reheater, absorbing heat from the high-temperature CO2 at the outlet of the expander (2-3). It then enters the wall cooling channel of the scramjet engine, absorbing the high-temperature wall heat load and reaching the highest temperature (3-4). At this stage, CO2 has a strong potential to expand, which it transfers to the expander, converting thermal energy into axial work (4-5) to drive the operation of the pump. The CO2 temperature at the expander’s outlet is relatively high. Direct cooling with fuel would waste high-temperature heat and consume a large portion of the fuel’s heat sink. Therefore, a reheater transfers some of the heat to the low-temperature CO2 on the high-pressure side (5-6). The CO2 is then cooled and condensed by the fuel in the cooler (6-7) and condenser (7-8), completing one working cycle. On the fuel side, the fuel is discharged from the storage tank through the fuel pump (f,1-f,2) and divided into two streams for cooling and condensing CO2 (f,2-f,3 and f,2-f,4), respectively. After absorbing the cooling heat of CO2 in the cooler, the fuel reaches a higher temperature and enters the preheater for further energy coupling with CO2. The fuel coupled with CO2 undergoes combustion chamber wall cooling (f,5-f,6) and expansion work in the turbine (f,6-f,7).




2.2. Thermodynamic Model


2.2.1. Model Establishment


The FCTCP system involves multiple energy-coupling processes, and a thermodynamic model is developed based on the following assumptions:




	(1)

	
The energy exchange between the overall cycle and the external environment is negligible.




	(2)

	
The pressure loss in the pipelines and connections is negligible.




	(3)

	
The fuel consists solely of n-decane, and its thermal properties of the fuel in the wall cooling channels are unrelated to the thermal cracking reaction [7].









The energy-coupling relationship of the CO2 transcritical cycle, in conjunction with the workflow illustrated in Figure 2, establishes thermodynamic models for each working process based on the first law of thermodynamics. The corresponding calculation formulas are provided in Equations (1) to (10).



8-1. f,1-f,2 adiabatic compression:


   W  p ,   CO  2    =  q  m ,   CO  2     (   h 1  −  h 8   )  =  q  m ,   CO  2     (   h  1 s   −  h 8   )  /  η  p ,   CO  2     



(1)






   W  p , f   =  q  m , f    (   h  f , 2   −  h  f , 1    )  =  q  m , f    (   h  f , 2 s   −  h  f , 1    )  /  η  p , f    



(2)







1-2 isobaric preheating:


   Q  pre   =  q  m ,   CO  2     (   h 2  −  h 1   )  =  q  m , f , cool    (   h  f , 2   −  h  f , 3    )   



(3)







2-3, 5-6 isobaric reheating:


   Q  re   =  q  m ,   CO  2     (   h 3  −  h 2   )  =  q  m ,   CO  2     (   h 5  −  h 6   )   



(4)







3-4, f,5-f,6 isobaric heat absorption:


   Q     wall , CO   2    =  q  m ,   CO  2     (   h 4  −  h 3   )   



(5)






   Q   wall , f    =  q  m , f    (   h  f , 6   −  h  f , 5    )   



(6)







4-5 adiabatic expansion:


   W  e ,   CO  2    =  q  m ,   CO  2     (   h 4  −  h 5   )  =  η  e ,   CO  2    ⋅  q  m ,   CO  2     (   h 4  −  h  5 s    )   



(7)






   W  e , f   =  q  m , f    (   h  f , 6   −  h  f , 7    )  =  η  e , f   ⋅  q  m , f    (   h  f , 6   −  h  f , 7 s    )   



(8)







6-7 isobaric cooling:


   Q  cool   =  q  m ,   CO  2     (   h 6  −  h 7   )  =  q  m ,  f , cool     (   h  f , 2   −  h  f , 1    )   



(9)







7-8 isobaric condensation:


   Q  cond   =  q  m ,   CO  2     (   h 7  −  h 8   )  =  q  m ,  f , cond     (   h  f , 4   −  h  f , 1    )   



(10)




where the following points are presented:



Q represents the heat exchange capacity of the heat exchanger, kW;



   q m    represents the mass flow rate, kg/s;



h represents the enthalpy value at the state point, kJ/kg;



   W p    represents the power consumption of the working medium pump or fuel pump, kW;



   W e    represents the output power of the expander or turbine, kW;



   η p    represents the isentropic efficiency of the working medium pump or fuel pump;



   η e    represents the isentropic efficiency of the expander or turbine.



Subscripts are as follows:



f represents fuel;



CO2 represents carbon dioxide;



Pre represents preheater;



Re represents regenerator;



Wall represents the combustion chamber wall cooling channel;



Cool represents cooler;



Cond represents condenser.



In the thermodynamic model calculation process, the pinch temperature difference method is employed to calculate the heat exchange capacity of the preheater, cooler, and condenser, while the supercritical efficiency method is utilized to calculate the heat exchange capacity of the regenerator. The boundary conditions for the thermodynamic calculation are outlined in Table 1 [6,10,19].




2.2.2. Evaluation Metrics


The novel system employs fuel split cooling and condensation, incorporating a preheating process to enhance the work capacity and thermal efficiency of the cycle while simultaneously reducing the consumption of CO2 in fuel heat sinks. Therefore, the cycle evaluation criteria include the thermal efficiency of the CO2 cycle, the output power, and the consumption of fuel heat sinks, as defined by Equations (11)–(16).



Net output power of CO2 cycle:


   W    CO  2    =  W  e ,   CO  2    −  W  p ,   CO  2     



(11)







Thermal efficiency of CO2 cycle:


  η =  W    CO  2    /  Q     wall , CO   2     



(12)







Output power per unit mass flow rate of working fluid:


   W ˙  =     W    CO  2    +  W f     (  1 + γ  )   q  m , f       



(13)







Cooling capacity per unit mass flow rate of working fluid:


     Q  cool    ˙  =     Q  wall      (  1 + γ  )   q  m , f       



(14)







Output power per unit mass flow rate of CO2:


   W •  =  W    CO  2    /  q     m , CO   2     



(15)







Fuel heat sink consumption per unit mass flow rate of CO2:


   Q ⋅  =  (   Q  cool   +  Q  cond   −  Q  pre    )  /  q     m , CO   2     



(16)




where  γ  represents the mass flow ratio of CO2 to fuel in FCTCP system.






3. Establishment and Validation of the Steady-State Simulation Model


This section establishes steady-state simulation models for each component of the system to further analyze the steady-state performance of FCTCP system under various operational conditions.



3.1. Steady-State Simulation Model


The steady-state simulation model comprises a scroll expander, a working fluid pump, and multiple heat exchangers. The subsequent sections provide detailed explanations of the model’s development and validation.



3.1.1. Scroll Expander Model


In this section, the internal working process of the expander is divided into pressure drop in the suction section, heat loss in the suction section, isentropic expansion, and internal leakage for modeling. The schematic diagram of the semi-empirical simulation model is shown in Figure 4.



The model is established in the following section by being provided with the calculation formulas for each work process and the sub-model coefficients that need to be determined.



Isobaric heat loss in the suction section (su1–su2) [20]


   Q  su   =  q m  ⋅  (   h  su 2   −  h  su 1    )  =  [  1 −  e  −    A  U  s u      m ˙   c p        ]  ⋅  m ˙  ⋅  c p  ⋅  (   T  su 1   −  T w   )   



(17)




where the following points are presented:



   T w    is the temperature of the hypothetical wall, °C, calculated according to the average temperature of the working medium at the inlet and outlet of the expander.



  A  U  s u     is an empirical parameter.



Energy balance equation under steady state.



The calculation formula for heat loss in the exhaust section is identical to that in the suction section. During steady-state simulation, based on the law of conservation of energy, the scroll expander is governed by Equation (18):


   W  loss   −  Q  ex   +  Q  su   = 0  



(18)




where the following points are presented:



Wloss refers to the loss of output power;



Qex refers to the energy of the outlet section;



Qsu refers to the energy of the inlet section.




3.1.2. Working Medium Pump Model


The working medium pump increases the pressure of CO2 in the transcritical cycle, and its operation is modeled using Equation (19).


   q m  =  η v   ρ 8  N  V p   



(19)




where the following points are presented:



   η v    is the correction factor for the working medium pump;



   ρ 8    is the density of the working medium at the pump inlet, kg/m3;



   V p    is the volumetric efficiency of the pump.



The work consumption of the working medium pump is calculated as follows:


   W p  =  q m  Δ h =  q m   (   h  p , out   −  h  p , in    )   η p   



(20)




where the following points are presented:



Δh represents the enthalpy difference between the outlet and inlet of the working fluid pump, kJ/kg;



   η p    denotes the isentropic efficiency of the working fluid pump.




3.1.3. Heat Exchanger Model


In the heat transfer calculation of printed circuit heat exchangers (PCHEs), the heat transfer of CO2 involves both single-phase and two-phase regions, with significant changes in physical properties. This section uses a discrete calculation method and selects heat transfer correlation equations for different heat transfer forms to achieve more accurate calculations of the heat transfer process [21,22,23]. There are many components of hydrocarbon fuel, and the calculation of its flow and thermodynamic characteristics is complex, so n-decane is generally used to replace it [24,25].



The overall heat transfer coefficient in PCHEs is based on the convective heat transfer coefficients of the fluids on the cold and hot sides, denoted as hhot, and hcold, as well as the thermal conductivity of the wall surface, denoted as λ617. The calculation is provided in Equation (21).


  U =   1   1   h  hot     +  δ   λ  617     +  1   h  cold         



(21)







In the steady-state simulation of the heat exchanger, the PCHE is discretized along the flow direction and calculated using the Logarithmic Mean Temperature Difference (LMTD) method, with the cold and hot fluids undergoing countercurrent heat exchange.





3.2. Model Validation


3.2.1. Validation of the Expander Model


In the genetic algorithm, the optimization objective is to minimize the fitness function value for fitting. The isentropic efficiency is derived from the output power and outlet parameters calculated by the model and then validated against experimental data from the literature to verify the accuracy of the fitted model [26]. The comparison results are presented in Figure 5, showing good consistency between the calculated and experimental values, with errors within ±5%. The results demonstrate that the semi-empirical model, based on the genetic algorithm (GA), can accurately predict the output performance of the scroll expander.




3.2.2. Validation of the Heat Exchanger Model


Experimental data from Saeed et al. [23] were used to compare the outlet parameters of the cold and hot fluids in the PCHEs under identical operating conditions to validate the established steady-state computational model of the PCHEs, as shown in Table 2. The maximum error between the calculated and experimental values was 4.9%.






4. Results and Discussion


4.1. Thermodynamic Analysis


To investigate the impact of various factors on the thermal efficiency of the FCTCP system, the effects of changes in fuel flow rate, wall cooling channel outlet temperature, endothermic pressure, and fuel temperature are analyzed.



4.1.1. Impacts of a Fuel Flow Rate on the Circulating Cooling Process


The impact of fuel splitting on the thermal efficiency of the CO2 Brayton cycle is first analyzed. If a transcritical cycle is not achieved through fuel splitting, the temperature distribution of CO2 and fuel in the condenser is shown in Figure 6. The inlet temperature of CO2 is set at 650 K, and the flow ratio is calculated to be 0.16, based on a pinch point temperature difference of 5 K. Due to the drastic changes in the specific heat capacity of CO2 near the critical region, its specific heat capacity at the critical point is approximately 2–3 times higher than in the supercritical region, as shown in Figure 7. However, the fuel experiences minimal temperature changes during heat exchange, and its specific heat capacity varies slowly. This mismatch between the specific heat capacities of the fuel and CO2 causes a rapid increase in the heat exchange temperature difference as the CO2 temperature rises. The average temperature difference throughout the entire cooling process is 120 K, with a maximum difference of up to 319 K. This significant disparity leads to poor heat exchange efficiency and high system irreversibility, ultimately resulting in relatively low thermal efficiency of the cycle [17]. Additionally, the fuel temperature after cooling the CO2 is only 331 K, which is insufficient for further energy coupling with CO2 in the preheater.



Consequently, directly condensing CO2 to achieve a transcritical cycle without using fuel splitting is unlikely to enhance the thermal efficiency of the CO2 Brayton cycle or address the issue of high fuel heat sink consumption. Therefore, Figure 8 and Figure 9 show the temperature distribution in the cooler and condenser when fuel split injection is used for cooling and condensing CO2, respectively. In these calculations, the mass flow ratio of CO2 to fuel in the heat exchanger is denoted as γ.



The CO2 temperature T7 at the outlet of the cooler determines the flow ratio in the cooler and the temperature distribution during the cooling process. Figure 8a,b calculate the flow ratio and heat exchange temperature difference in the cooler and condenser when T7 is set at 313 K. The temperature of CO2 at the outlet of the cooler is slightly higher than the critical temperature, and the change in specific heat capacity is small, thus improving the heat exchange compatibility with the fuel. Under the premise of ensuring the pinch temperature difference, the maximum flow ratio of CO2 to fuel in the cooler is determined as    γ  cool    .The fuel outlet temperature rises to 560 K with a maximum temperature difference of 93 K, which is 1.73. The pinch point temperature difference in the condensation process occurs near the saturated vapor-phase point. At the same CO2 condensation and fuel storage temperatures, the flow ratio inside the condenser remains at 0.16, but the temperature variation range within the condenser is reduced, preventing an increase in the heat exchange temperature difference that leads to higher system irreversibility, as shown in Figure 7. Under the CO2 state parameters and flow ratio depicted in Figure 8, fuel split cooling reduces the average heat exchange temperature difference throughout the cooling process to 35 K. This indicates that employing a split-flow approach allows CO2 to achieve a transcritical cycle while improving heat exchange compatibility between CO2 and fuel, thereby enhancing the system’s thermal efficiency. Additionally, because the fuel at the cooler outlet maintains a certain heat exchange temperature difference with the CO2 at the working fluid pump outlet, preheating is feasible. Increasing the design temperature of T7 can further reduce the heat exchange temperature difference in the cooler and raise the fuel outlet temperature. By adjusting the flow diversion ratio and reducing the average heat transfer temperature difference, heat transfer matching can be improved, with a 5 K pinch point temperature difference as the limiting condition. Calculations show that when T7 is set to 343 K, optimal heat transfer matching in the cooler is achieved under a 5 K pinch point temperature difference, as shown in Figure 9.



In Figure 9a, the optimal flow ratio of γcool in the cooler is identified as 2.76, which significantly improves the heat exchange matching between CO2 and fuel. At this flow ratio, the average heat exchange temperature difference during the cooling process is reduced to 14 K, with a maximum temperature difference of 50 K. This improvement occurs because the outlet temperature of CO2 in the cooler is far from the critical point, resulting in a relatively slow change in specific heat capacity, which enables a more efficient heat exchange with the fuel. These findings further confirm that the fuel split-flow cooling method effectively meets the condensation requirements of the CO2 transcritical cycle while optimizing heat transfer during the cooling process. Consequently, the fuel outlet temperature at the cooler increases to approximately 630 K, allowing for greater heat transfer to the CO2 cycle in the preheater. This enhancement improves the cycle’s thermal efficiency and reduces fuel heat sink consumption. Overall, the results demonstrate that employing a fuel split-flow cooling and condensation approach effectively addresses both the condensation needs of the CO2 transcritical cycle and the heat exchange matching requirements during cooling.




4.1.2. Impacts of a Wall Cooling Channel Outlet Temperature on Performance


In the traditional Brayton cycle, considering the critical temperature and pressure of CO2 are 304.23 K and 7.38 MPa, respectively, the inlet temperature and pressure of the compressor are typically maintained slightly above these critical values to ensure stable operation in the supercritical region. For the supercritical Brayton cycle, the compressor inlet temperature is set at 306.15 K, while for the simple Brayton cycle, it is 311.15 K, with both cycles operating at a pressure of 7.6 MPa. The isentropic efficiency of the compressor is assumed to be 0.8 [27]. Under different flight conditions, scramjet engines are subjected to varying thermal conditions, causing fluctuations in the CO2 temperature at the exit of the wall cooling channel. This section calculates the performance variations in three CO2 cycles as the temperature T₄ ranges from 775 K to 1025 K.



In Figure 10a, the fuel heat sink consumption for all three cycles increases as the outlet temperature of the wall cooling channel rises. This trend occurs because a higher T4 indicates that CO2 absorbs more heat from the high-temperature wall, resulting in an elevated CO2 temperature at the expander outlet. Consequently, more fuel heat sinks are required to cool the CO2 to the desired temperature before it enters the compressor. The transcritical cycle offers an advantage by re-transferring the heat from the high-temperature fuel at the cooler outlet back into the CO2 cycle through preheating, thereby reducing fuel heat sink consumption. As the inlet temperature increases from 775 K to 1025 K, fuel heat sink consumption per unit mass flow rate of CO2 increases by 273 kW/kg and 164 kW/kg for the simple and supercritical cycles, respectively, but only by 24 kW/kg for the transcritical cycle. Furthermore, although the expansion power of CO2 remains the same under identical temperature and pressure conditions, the compression power required after CO2 condensation in the transcritical cycle is reduced by 51.8% compared to in the simple cycle and by 37.7% compared to in the supercritical cycle. As a result, across different T4 values, the transcritical cycle’s output power increases by 27.8% to 41.4% relative to the simple Brayton cycle. Compared to the supercritical Brayton cycle, the transcritical cycle exhibits a substantial performance improvement, with an increase in output power ranging from 17.1% to 23.4%.




4.1.3. Impacts of an Endothermic Pressure on Performance


Figure 11 shows the performance changes in three CO2 cycles under different endothermic pressures.



The increase in endothermic pressure significantly enhances the work capacity of CO2 in the expander. As illustrated in Figure 11a, the output power of the three cycles generally increases by approximately 35% when the pressure rises from 15 MPa to 20 MPa. Due to the reduction in compression power following the condensation of the working fluid in the transcritical cycle, the output power of the transcritical cycle ranges from 1030 to 1378 kW/kg. In terms of thermal efficiency, the transcritical cycle achieves a thermal efficiency of 28.0% to 35.0%, which is substantially higher than that of both the simple and supercritical cycles. This improvement is primarily because increasing the endothermic pressure elevates the average specific heat capacity of CO2 at constant pressure in the preheater, thereby allowing CO2 to recover more fuel heat. Consequently, the thermal efficiency of the transcritical cycle is more sensitive to changes in endothermic pressure. Specifically, when the inlet pressure rises from 15 MPa to 20 MPa, the cycle’s thermal efficiency increases from 28.0% to 35.0%, which represents an improvement of 171.9% to 199.2% compared to that of the simple Brayton cycle. And compared to that of the supercritical Brayton cycle, the efficiency increase ranges from 88.9% to 100.1%.




4.1.4. Impacts of Fuel Temperature on Performance


Figure 12 illustrates the changes in CO2 cycle performance when the fuel storage temperature increases from 293 K to 333 K in a high-temperature environment. The additional compression work required by the fuel reduces the thermal efficiency of the CO2 transcritical cycle from 32.8% to 19.2% as the fuel storage temperature rises to 298 K, yet it still outperforms the supercritical and simple Brayton cycles. As the fuel flow in the condenser increases, the compression work on the fuel also rises, consequently lowering the thermal efficiency of the CO2 transcritical cycle until it aligns with the supercritical Brayton cycle at a storage temperature of 318 K. Within the fuel storage temperature range of 298 to 318 K, the thermal efficiency of the CO2 transcritical cycle is up to 6.0% higher than that of the supercritical Brayton cycle, highlighting its advantages within this temperature span.



The analysis demonstrates that the CO2 transcritical cycle, enhanced by integrating a finite fuel heat sink, reduces fuel consumption and improves the work capacity of CO2. As the CO2 endothermic pressure and cooling-stage outlet temperature increase, the enhancement in CO2 cycle thermal efficiency, facilitated by the split cooling condensation and preheating processes, becomes more pronounced.





4.2. Performance Analysis under Steady States


Based on the established steady-state simulation model and performance evaluation criteria, a steady-state simulation analysis was conducted to evaluate the combined cooling and power supply performance of the FCTCP system under varying combustion chamber wall temperatures and fuel flow rates in a scramjet engine. The results were then compared with those of the conventional FVT system and the supercritical Brayton system.



4.2.1. Impacts of Combustion Chamber Wall Temperature on Steady-State Performance


The heat-source condition of the FCTCP system is a critical factor influencing its performance. This study analyzes the combined cooling and power supply performance of the FCTCP system as the combustion chamber wall temperature varies from 950 to 1600 K. The calculations are based on the following assumptions:




	(1)

	
The fuel composition is n-decane.




	(2)

	
The thermal properties of the fuel and the thermal cracking reactions in the wall-cooled channels are unrelated.




	(3)

	
There is no pressure loss in the working fluid flow within the heat exchanger.









Figure 13 shows the cooling capacity of the FCTCP system as a function of the combustion chamber wall temperature under a unit working medium flow. And it is compared with that of the supercritical Brayton and FVT systems. The FCTCP system exhibits a significantly higher cooling capacity per unit mass flow rate of working fluid flow than that of the supercritical Brayton system. Specifically, the heat load per unit mass flow rate of working fluid of the FCTCP system is 75.4% to 80.8% greater than that of the supercritical Brayton system at various combustion chamber wall temperatures. This improvement can be attributed to two main factors: (1) The endothermic process of the CO2 transcritical cycle and the enhanced preheating process extend the endothermic temperature range of CO2 on the high-pressure side, increasing CO2’s heat-carrying capacity at the same wall temperature. (2) The fuel absorbs less heat in the condenser of the FCTCP system. After condensation, CO2 retains a sufficient low-temperature heat sink, and the heat load absorbed at the cooler side is transferred to CO2 in the preheater. Therefore, after fuel mixing, there are more available heat sinks in the wall cooling channel than the Brayton system, and the cooling capacity of the system is also improved.



Figure 14 illustrates the variation in output power per unit mass flow rate of working fluid for the three systems at different combustion chamber wall temperatures. As the temperature of the combustion chamber wall increases, the power output of CO2 and fuel also increases due to greater heat absorption from the combustion chamber wall. This leads to an overall rise in the power generation capacity of all three systems. At lower wall temperatures (950–1200 K), the FCTCP system shows a significantly higher increase in output power per unit mass flow rate of working fluid compared to that of the FVT system, with an increase of 110–164%. The results indicate that, under identical conditions, the FCTCP system achieves the highest thermal efficiency compared to that of other systems.




4.2.2. Impacts of Fuel Flow on Steady-State Performance


The working conditions of a hypersonic vehicle dictate that fuel is the sole cold source available for the vehicle. As flight conditions vary, the fuel flow will also change. Research from the previous section indicates that fuel flow significantly affects the cooling and power supply performance of the FCTCP system. Therefore, this section examines how variations in fuel flow within the cooler and condenser impact the system’s combined cooling and power supply performance.



Figure 15 illustrates how the cooling capacity per unit mass flow rate of working fluid in the FCTCP system varies with fuel flow rate in the cooler at different combustion chamber wall temperatures. The calculations are based on wall temperatures of 1100 K, 1400 K, and a maximum of 1600 K. As both the combustion chamber wall temperatures and fuel flow rates increase, the heat transfer efficiency of CO2 and fuel improves, gradually enhancing the cooling capacity per unit mass flow rate of working fluid. At wall temperatures of 1100 K, 1400 K, and 1600 K, the cooling capacity per unit mass flow rate of working fluid of the FCTCP system increases by 1.0%, 4.9%, and 5.8%, respectively, with an increase in fuel flow. These findings indicate that at lower wall temperatures, increasing the fuel flow to the cooler has a modest effect on the system’s cooling capacity, while at higher temperatures, increased fuel flow substantially enhances cooling performance.



Figure 16 presents the output power per unit mass flow rate of working fluid for the FCTCP system at three different combustion chamber wall temperatures. The work capacity of the FCTCP system decreases with increasing working medium flow rates, as the rise in output power is less than the increase in the working medium flow. At the highest wall temperature, the thermal coupling process of CO2 and fuel, as well as the cracking rate, have minimal impact, resulting in a relatively large growth rate of output power. Consequently, despite a continuous increase in flow rate, the output power per unit mass flow rate of working fluid decreases by only 4.7%. At the intermediate wall temperature (1400 K), excessive fuel flow on the cooler side diminishes the preheating effect of the CO2 transcritical cycle and hinders the formation of cracked gas. Therefore, there is a limit to the fuel flow on the cooler side; exceeding this limit causes a rapid decline in work capacity. To further explore the influence of fuel flow on the combined cooling and heating performance of the system, Figure 17 shows the variations in the cooling supply performance of the FCTCP system.



The coupling degree between the fuel in the condenser and the CO2 cycle is relatively low. After condensing CO2, the fuel enters the combustion chamber wall to absorb heat. Consequently, changes in fuel flow rate on the condenser side have a limited impact on the various state points of the CO2 cycle. As shown in Figure 17, the cooling capacity per unit mass flow rate of working fluid in the FCTCP system gradually increases with a rise in fuel flow on the condenser side. Higher combustion chamber wall temperatures improve the heat transfer efficiency of the wall cooling channels, allowing the increased fuel flow to substantially enhance the cooling capacity of the FCTCP system at elevated temperatures. Specifically, at a wall temperature of 1600 K, the cooling capacity per unit mass flow rate of working fluid increased by 13.2% as the fuel flow on the condenser side rose from 28.3 g/s to 62.9 g/s. In contrast, at wall temperatures between 1100 K and 1400 K, the cooling capacity per unit mass flow rate of working fluid increased by only 2.0% to 5.1%. The results indicate that the cooling capacity of the system is significantly enhanced at higher wall temperatures.






5. Conclusions


A novel FCTCP system is presented to address the challenge of limited fuel heat sink of hypersonic aircrafts in this study. The system employs a fuel split cooling approach to facilitate a CO2 transcritical cycle and enhances the cycle’s thermal efficiency through energy coupling between the fuel and CO2 in the preheater. Thermodynamic calculations and comparisons for the CO2 transcritical cycle within the FCTCP system are conducted, followed by the development of a steady-state simulation model. The effects of combustion chamber wall temperatures and fuel flow mass rates on the steady-state combined cooling and power supply of the FCTCP system are analyzed. The main research findings are as follows:



(1) Thermodynamic results indicate that the fuel split cooling approach effectively reduces the average heat transfer temperature difference from 153.4 K to 16 K, significantly improving the heat exchange temperature matching between CO2 and fuel, and thereby reducing the system’s heat exchange losses. The thermal efficiency of the CO2 transcritical cycle reaches 25.2% to 32.8% under varying expander inlet temperatures and endothermic pressures, representing improvements of 54.5% to 80.9% over the supercritical Brayton cycle and 111.6% to 161.9% over the simple Brayton cycle.



(2) Steady-state simulation results show that, across various combustion chamber wall temperatures, the FCTCP system enhances cooling capacity by 75.4% to 80.8% and increases power generation by 12.9% to 51.6% compared to that of the supercritical Brayton system. The output power per unit mass flow rate of working fluid increases by 110% to 164% compared to that of the FVT system, demonstrating a significant improvement in the power generation of the FCTCP system over both the FVT system and the supercritical Brayton system.



(3) Steady-state simulation results indicate that increasing the fuel mass flow rate significantly enhances the cooling capacity of the FCTCP system at higher wall temperatures. At combustion chamber wall temperatures between 1100 K and 1400 K, the cooling capacity per unit mass flow rate of the working fluid increases by 2.0% to 5.1% when the fuel mass flow rate on the condenser side rises from 28.3 g/s to 62.9 g/s. At 1600 K, the cooling capacity per unit mass flow rate of the working fluid increases by 13.2% under the same conditions. Higher combustion chamber wall temperatures improve the heat transfer efficiency of the wall cooling channels, allowing the increased fuel flow to significantly enhance the cooling capacity of the FCTCP system at elevated temperatures.



This study provides a detailed theoretical analysis of the FCTCP system concept for combined cooling and power generation in hypersonic aircraft, highlighting the benefits of this novel system and proposing a new approach for future hypersonic aircraft development. However, current research on this concept has certain limitations, such as the stringent cold source temperature requirements for the FCTCP system. Future studies should focus on analyzing and evaluating the implementation of the FCTCP system across various ambient temperatures and cycle design parameters to determine whether the transcritical cycle retains its advantages.
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Nomenclature




	
FCTCP

	
fuel-based CO2 transcritical cooling and power system




	
FVT

	
Fuel Vapor Turbine




	
PCHE

	
printed circuit heat exchanger




	
S-CO2

	
supercritical CO2




	
ORC

	
organic Rankine cycle




	
Subscript




	
cond

	
condenser




	
cool

	
cooler




	
cri

	
critical state




	
d

	
design parameter




	
e

	
expansion process of expansion chamber




	
ex

	
expander outlet section




	
f

	
fuel




	
loss

	
loss




	
p

	
working fluid pump




	
pre

	
preheater




	
re

	
regenerator




	
su

	
expander inlet section




	
wall

	
combustion chamber wall




	
cold

	
cold fluid




	
hot

	
hot fluid
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Figure 1. Schematic diagram of fuel-cracking gas turbine system. 
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Figure 2. Schematic diagram of the FCTCP system. 
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Figure 3. Temperature–entropy diagram of the FCTCP system. 
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Figure 4. Schematic diagram of a semi-empirical model of the scroll expander. 
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Figure 5. Validation of isentropic efficiency for scroll expander. 
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Figure 6. Temperature distribution of the heat exchange process between fuel and CO2 during direct condensation. 
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Figure 7. Change in specific heat capacity at constant pressure of CO2 during heat exchange process. 
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Figure 8. Temperature distribution inside the heat exchanger at T7 = 313 K. (a) Cooler. (b) Condenser. 
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Figure 9. Temperature distribution inside the heat exchanger at T7 = 343 K. (a) Cooler. (b) Condenser. 
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Figure 10. Variation in cycle performance under different wall cooling channel outlet temperatures. (a) Fuel heat sink consumption and output power. (b) Thermal efficiency. 
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Figure 11. Changes in performance under different endothermic pressures. (a) Fuel heat sink consumption and output power. (b) Thermal efficiency. 
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Figure 12. Impacts of fuel temperature on performance. (a) Change in flow ratio under different fuel storage temperatures. (b) Variation in thermal efficiency under different fuel storage temperatures. 






Figure 12. Impacts of fuel temperature on performance. (a) Change in flow ratio under different fuel storage temperatures. (b) Variation in thermal efficiency under different fuel storage temperatures.



[image: Energies 17 04853 g012]







[image: Energies 17 04853 g013] 





Figure 13. Comparison of cooling capacity per unit mass flow rate of working fluid in the various systems. 
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Figure 14. Comparison of output power per unit mass flow rate of working fluid in the various systems. 
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Figure 15. Variation in cooling capacity per unit mass flow rate of working fluid in the cooler of FCTCP system. 
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Figure 16. Variation in output power per unit mass flow rate of working fluid in the cooler of FCTCP system. 
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Figure 17. Variation in cooling capacity per unit mass flow rate of working fluid in the condenser of FCTCP system. 
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Table 1. Thermodynamic boundary conditions.
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	Name
	Numerical Value
	Unit





	Fuel storage temperature
	293
	K



	Fuel storage pressure
	101
	kPa



	Fuel operating pressure
	3
	MPa



	CO2 condensation temperature
	303
	K



	Condenser pinch temperature difference
	5
	K



	Temperature difference at the cooler pinch point
	5
	K



	Temperature difference at the pinch point of the preheater
	20
	K



	Efficiency of the regenerator
	0.4
	



	Isentropic efficiency of working medium pump
	0.9
	



	Isentropic efficiency of fuel pump
	0.6
	



	Isentropic efficiency of fuel turbine
	0.9
	



	Expansion machine isentropic efficiency
	0.85
	










 





Table 2. Validation of the PCHE model.
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Input

Parameter

	
Hot Side

	
Cold Side




	
Pressure (kPa)

	
Temperature (K)

	
Mass flow rate (kg/s)

	
Pressure (kPa)

	
Temperature (K)

	
Mass flow rate (kg/s)




	
2520

	
553.05

	
150.28

	
8353

	
381.05

	
327.81




	
Output

Parameter

	
Hot Side Temperature Difference(K)

	
Cold Side Temperature Difference(K)




	
Experimental value

	
Calculated value

	
Error (%)

	
Experimental value

	
Calculated value

	
Error (%)




	
161.5

	
169.4

	
4.90

	
141.1

	
147.8

	
4.70
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