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A pre-cooled combined engine based on a closed helium (He) cycle offers high specific thrust and high specific impulse. Therefore, evaluation of the performance of such an engine is crucial for engine applications and key technology research. This study employs an analytical approach to investigate the effects of key parameters on the performance of a pre-cooled core engine, assuming a perfect gas model. The findings revealed that the specific thrust and specific impulse of the pre-cooled core engine are related to the pressurized coefficient of the airflow passage and equivalence ratio (ER). An increase in the pressurized coefficient leads to an increase in both specific thrust and specific impulse. However, within a certain range, although the specific thrust is positively correlated with the ER, the specific impulse is greatly reduced. With specific component parameters and a fixed thermodynamic cycle, a minimum ER exists, which satisfies the cycle-matching requirement. Moreover, the value of the minimum ER is related to the closed-cycle efficiency. For a pre-cooled core engine with a simple closed He cycle, the minimum ER is approximately 2.5–3.5.
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1 INTRODUCTION
In recent years, the concept of reusable hypersonic vehicles in near space has attracted considerable research attention (Crawford, 2016; Yixiang, 2016). The key technology for such vehicles is a combined engine operable across a wide range of Mach numbers (Wen-hui, 2018; Xuhui, 2020). Inlet flow pre-cooling is an important way to broaden the operating Mach number range of an engine. Several countries have conducted a considerable amount of preliminary research on pre-cooled cycle engines. Among them, the “Synergetic Air-Breathing Rocket Engine” (SABRE) series and Scimitar engine concepts proposed by the British company Reaction Engines have received worldwide attention owing to their superior performance (Varvill and Bond, 2003; Jivraj, 2004). As shown in Figure 1, the SABRE4 and Scimitar schemes evolved from the early SABRE3 scheme by adding bypass and reheating components to improve the cruise-specific impulse of the engine and solve a frost problem in the pre-cooler (Jivraj, 2004; Hempsell, 2010).
[image: Figure 1]FIGURE 1 | “Synergetic Air-Breathing Rocket Engine” (SABRE) and Scimitar engine cycles. HX1∼2, Precooler; AC/C, Air Compressor; HeT/T1, Helium Turbine; HX3, Gas/Helium Heat Exchanger; HX4/HX4H/HX4L/HX5, Hydrogen/Helium Heat Exchanger; HX41∼48, Helium Cycle Regenerator; HeV, Confluence Valve; HeC/C1∼9, Helium Compressor; RC, Recycle Compressor; PRV, Pressure Recovery Valve; LHT, Liquid Hydrogen Tank; LHP, Liquid Hydrogen Pump; HT1∼3, Hydrogen Turbine; HV, Hydrogen Valve; BB, Bypass Burner; PB, Pre-burner; CC, Core Combustor; CN, Core Nozzle; BN, Bypass Nozzle; F, Bypass fan; HT, Gas Turbine.
With continuous breakthroughs in key technologies and positive evaluation results from the United States Air Force Research Laboratory (Zhicheng, 2015), the SABRE engine has attracted significant research and development funding and attention (Zy, 2015; E.S. Agency, 2011). Numerous research studies have been conducted on pre-cooling combined engines inspired by the progress of the SABRE engine (Zhengping, 2015; Zhang et al., 2017; Yuan, 2020; Zheng-ping, 2021). Fernández-Villacé and Paniagua (2013) indicated that a pre-cooled engine based on a closed cycle improves efficiency by recovering thermal energy from the freestream and aeroshell. However, the classic efficiency figures based on first-principle analyses were inaccurate performance indicators for the resulting combined cycle. Accordingly, the author defined an availability effectiveness parameter and then analyzed the Scimitar cycle, ultimately providing the availability loss distribution of the cycle at typical flight speeds. Zhang et al. (2017) conducted a classical availability analysis on the SABRE cycle and found that unburned hydrogen (H2) was the largest source of availability loss in the system. The equivalence ratio (ER) is the main influence on the cycle; it can be regulated by adjusting the parameters of the helium (He) cycle. Xuanfei (2020) argued that all pre-cooled engines could be simplified to a fundamentally similar cycle. The author proposed a unified cycle model and conducted a theoretical analysis. Then, the influences of the design parameters on the theoretical pressure ratio and engine performance were studied using numerical methods.
In general, existing research has mainly focused on the evolution and optimization of a pre-cooled engine’s thermodynamic cycle, such as the integration of a parallel heat return system. However, relatively few studies exist concerning the relationship between the performance of a pre-cooled engine and the parameters of its key components for a given thermodynamic cycle. Pre-cooled engines with closed cycles entail numerous components and intricate interrelationships among the coupled parameters. Such research would greatly aid in implementing an effective engine design. Accordingly, based on a simplified pre-cooled core engine model, this study analyzes the relationship between the key thermodynamic parameters and the specific thrust and specific impulse performance of the engine. Then, the relationships between the thermal efficiency of the closed He cycle and the parameters of the closed-cycle components are discussed.
2 ANALYSIS OF THE PRE-COOLED CORE ENGINE MODEL
The SABRE3 scheme (as shown in Figure 2) includes air-breathing and rocket modes. The air-breathing mode includes a bypass combustor and the core engine (Varvill and Bond, 2008). This study focuses on analyzing the performance of the core engine in the air-breathing mode of SABRE3. The pre-cooled core engine model can be simplified, as discussed in detail in the following paragraphs.
[image: Figure 2]FIGURE 2 | Pre-cooled core engine model.
The main parameters for evaluating the performance of the core engine are the specific thrust and specific impulse.
2.1 Specific thrust
For simplicity, it is assumed that the airflow at the outlet of the nozzle is fully expanded at the design point. The specific thrust can be expressed as follows:
[image: image]
Here, [image: image] denotes the mass flow rate of the nozzle outlet, with [image: image] denoting the mass flow rate of the fuel.
Evidently, the specific thrust is related to three variables: the flight speed [image: image], exhaust gas speed [image: image], and the ratio of the fuel mass flow rate to the air mass flow rate. Assuming the flight Mach number as [image: image], the ambient static temperature and pressure are T0 and P0, respectively. The total temperature and total pressure of the incoming flow are [image: image] and [image: image], respectively, according to the gas–dynamics relationship. The corresponding calculations are as follows:
[image: image]
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The product of the total pressure recovery coefficients of each component from sections 0–7 is defined as
[image: image]
The total pressure of the airflow in Section 7 is given as
[image: image]
Here, [image: image] is the total pressure ratio of the air compressor (AC in Figure 2). In Section 7, because the flow is fully expanded, the calculations are
[image: image]
[image: image]
In the aforementioned expression, [image: image] denotes the adiabatic index of the gas, with [image: image] being the Mach number in Section 7.
[image: image]
Meanwhile, assuming [image: image] as the ratio of the total temperature to static temperature in Section 7, the following calculation can be made:
[image: image]
The fuel ER is defined as the ratio of the actual fuel-to-air mass ratio to the stoichiometric fuel-to-air mass ratio as follows:
[image: image]
The mass flow rate ratio between H2 and air is 1:34.5 when stoichiometric combustion occurs. Therefore,
[image: image]
Simplifying the aforementioned formulas and substituting them into the expression for specific thrust yields
[image: image]
The specific thrust of the engine is related to eight parameters (denoted by the superscript * for the total parameters and the superscript [image: image] for the gas parameters) and can be expressed as
[image: image]
In the aforementioned expression, [image: image], and [image: image] are the gas constant, specific heat ratio, and total combustion temperature of the main combustion chamber in Section 7, respectively.
For H2 combustion in air with different ERs, the reaction equations are as follows:
[image: image]
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Based on the relationships between the components and averaged parameters of the mixture, the average molecular weight of the combustion gas mixture under different ERs can be obtained as
[image: image]
The gas constant and adiabatic index of the gas mixture can be expressed as
[image: image]
[image: image]
In Eq. 16, [image: image] is the mass fraction of each component in the gas mixtures and R is the universal gas constant [i.e., 8.3145 J/(mol·K)]. The aforementioned analysis shows that in Section 7, [image: image], and [image: image] can be expressed as functions of the ER:
[image: image]
The value of [image: image] is only related to the initial states of the air and fuel (initial temperature, pressure, and ER). It is independent of the heat exchanged in the pre-cooler (HX1) and high-temperature heat exchanger (HX3). Based on the aforementioned analysis, the thermal properties of H2–air combustion under different ERs are plotted in Figure 3, where the initial temperature of H2 and air is 288 K and pressure is 1 MPa. The gas constant exhibits a positive correlation with the ER, whereas the highest combustion temperature is observed at an ER of 1, as determined through the aforementioned analysis.
[image: Figure 3]FIGURE 3 | Relationships of gas parameters to equivalence ratio. When the quantity ratio is 1, the combustion temperature is the maximum.
The actual combustion temperature is lower than the theoretical combustion temperature owing to factors such as incomplete combustion and heat dissipation to the environment. Thus, the actual specific thrust is smaller than that obtained from the theoretical analysis. The effects of incomplete combustion and external heat dissipation are ignored to simplify the analysis. Therefore, the specific thrust can be expressed as follows:
[image: image]
At the design point, [image: image] can be considered as known conditions. Therefore, the specific thrust depends only on three parameters: the air passage total pressure recovery coefficient [image: image], ER, and the air compressor total pressure ratio [image: image]:
[image: image]
A pressurized coefficient [image: image] is defined to characterize the degree of pressurization from the airflow passage by treating [image: image] as a combined variable, where [image: image]:
[image: image]
Figure 4 shows the relationships between the specific thrust and pressurized coefficient, as well as between the specific thrust and ER. Compared to traditional turbojet and ramjet engines, the pre-cooled core engine, which uses an He turbine (HT) to drive the air compressor, does not expand the air through a gas turbine. This results in a significant increase in the total pressure at the nozzle exit, the specific thrust that is more than twice that of traditional air-breathing engines under similar cycle parameters.
[image: Figure 4]FIGURE 4 | Relationships between specific thrust, pressurized coefficient, and equivalence ratio. (A) The specific thrust increases with an increase in the pressurized coefficient. (B) A positive correlation exists between the specific thrust and equivalence ratio within a certain range.
Figure 4A shows that the relationship between the pressurized coefficient and specific thrust is logarithmic. The specific thrust increases with an increase in the pressurized coefficient. At present, the engine with the highest total pressure ratio in the world is GE9X, with a total pressure ratio of 61. Considering the total pressure loss of each component of the airflow path, the pressurized coefficient is approximately 45. However, the pressurized coefficient needs to be considered in combination with the engine indicators and the difficulty of the component design.
Figure 4B shows that the trend of the specific thrust with the equivalent ratio has a significant difference at approximately ER = 1, but both show a positive linear correlation. When ER < 1, the combustion temperature of the main combustion chamber increases with the equivalent ratio. The gas flow rate in Section 7 increases gradually owing to the increase in the fuel flow rate, resulting in an increase in the specific thrust. When ER > 1, the excess H2 absorbs the heat generated by combustion, resulting in a decrease in the theoretical combustion temperature. However, the excess H2 acts as a working fluid in Section 7, increasing the mass flow rate of the nozzle. Therefore, the specific thrust increases with the equivalent ratio, but the slope is smaller than with ER < 1. Nevertheless, an excessively high equivalent ratio may lead to problems such as unstable combustion and flameouts. Therefore, it can be considered that a positive correlation exists between the specific thrust and ER within a certain range.
2.2 Specific impulse
The specific impulse of an engine is defined as the thrust produced per unit mass flow rate of the fuel burned and can be expressed as follows:
[image: image]
The constant “g” represents the acceleration of gravity and is taken as 9.8 m/s2. The equation shows that the specific impulse of the engine is only related to the pressurized coefficient and ER (i.e., it is independent of other factors):
[image: image]
Figures 5A, B show the relationships of the specific impulse with the ER and pressurized coefficient, respectively. It can be seen that the specific impulse of the core engine increases with the increase in the pressurized coefficient but is negatively correlated with the ER. Similar to the situation of the specific thrust, the relationship between the specific impulse and pressurized coefficient is approximately logarithmic.
[image: Figure 5]FIGURE 5 | Relationships between specific impulse, pressurized coefficient, and equivalence ratio. The specific impulse of the core engine increases with an increase in pressurized coefficient but decreases with an increasing equivalent ratio.
3 RESEARCH ON THE INFLUENCE OF CLOSED-CYCLE EFFICIENCY
The previous analysis shows that the engine’s specific thrust and specific impulse are only related to the pressurized coefficient and ER. However, unlike the pressurized coefficient, the ER of the engine is not an independent design parameter. Under certain component performance and thermodynamic cycle conditions, a minimum ER exists. When the ER is lower than this minimum value, the engine cannot be matched. The most significant manifestation of this phenomenon is that the effectiveness of the low-temperature heat exchanger (HX4 in Figure 2) exceeds 1.
Webber et al. (2006) stated that at a thermal capacity ratio of 1 between the pre-cooler and the low-temperature heat exchanger, the entropy increase in the system is minimal and the cycle thermal efficiency is the highest. At this time, the required liquid H2 flow rate for cooling is approximately 2.5 times that required for stoichiometric combustion.
In actual engineering design, the maximum temperature of He can reach 1,200 K if the heat capacity ratio is kept at 1, which is higher than the current material tolerance limit of 950 K. Therefore, the general design equivalent ratio is higher than 2.5. Taking the thermodynamic cycle shown in Figure 2 as an example, the required liquid H2 flow for cooling is approximately 2.5–3.5 times the equivalent combustion liquid H2 flow. Thus, the overall ER is approximately 2.5–3.5.
In the thermodynamic cycle of Figure 2, the closed He cycle system plays a role in the heat-to-power conversion. QH denotes the heat absorbed from the airflow path through the pre-cooler and high-temperature heat exchanger, and WT denotes the power generated to drive the air compressor. QC is the heat transferred to the liquid H2 through the low-temperature heat exchanger. A simplified model of the closed He cycle is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Closed-cycle diagram. Turbine, Helium Turbine; Comp, Helium Compressor; 1∼4, Cycle Section Number.
The thermal efficiency is the ratio of the net output power of the cycle to the heat absorbed by the cycle and is calculated as follows:
[image: image]
Evidently, improvement in the thermal efficiency of the closed cycle would reduce the amount of heat that needs to be cooled by the liquid H2, resulting in a lower overall ER. In practical matching, an increase in the closed-cycle thermal efficiency from 20% to 30% reduces the overall ER from 3.8 to 2.6, resulting in a 42% increase in the engine’s total specific impulse.
Assuming that He is an ideal gas with a constant adiabatic index and specific heat at constant pressure, the ratio between the maximum temperature and minimum temperature of the cycle can be defined as the cycle temperature ratio:
[image: image]
Thus, the aforementioned calculations can be transformed as
[image: image]
The calculations according to the balance of pressure in the closed cycle are
[image: image]
Here, [image: image] is the product of the total pressure recovery coefficient of the other components in the closed cycle except for the compressor and the turbine; it is defined as the cycle pressure recovery coefficient. The closed-cycle efficiency can be expressed as follows:
[image: image]
Figures 7, 8, 9, 10 show the relationships between the cycle efficiency and component parameters.
[image: Figure 7]FIGURE 7 | Thermal efficiency and compressor pressure ratio. The cycle thermal efficiency increases with an increase in the compressor pressure ratio [image: image].
[image: Figure 8]FIGURE 8 | Thermal efficiency and cycle pressure recovery coefficient. The cycle pressure loss coefficient and cycle thermal efficiency demonstrate an approximately linear relationship [image: image].
[image: Figure 9]FIGURE 9 | Cycle efficiency and turbomachinery efficiency. The cycle efficiency shows an approximately linear relationship with the compressor efficiency [image: image].
[image: Figure 10]FIGURE 10 | Cycle efficiency and cycle temperature ratio. The temperature ratio has a greater impact on high-pressure ratio cycles [image: image].
Figures 7, 8 indicate that under certain component efficiency and cycle temperature ratios, the cycle thermal efficiency increases with an increase in the compressor pressure ratio. The cycle pressure loss coefficient and cycle thermal efficiency demonstrate an approximately linear relationship. For low-pressure ratio cycles (e.g., [image: image]), for every 10% increase in the pressure loss coefficient, the cycle thermal efficiency increases by 3%–6%. For high-pressure ratio cycles (e.g., [image: image]), for every 10% increase in the pressure recovery coefficient, the cycle thermal efficiency increases by approximately 2%–3%.
In Figure 9, the cycle efficiency shows an approximately linear relationship with the compressor and turbine efficiency. When the efficiency of turbomachinery increases by 10%, the cycle efficiency increases by approximately 0.5%–2%. The relationship between the cycle temperature ratio and cycle thermal efficiency in Figure 10 shows that the temperature ratio has a greater impact on high-pressure ratio cycles. When the temperature ratio increases from 10 to 20, the efficiency of the low-pressure ratio (e.g., [image: image]) cycle increases by 1.3%, whereas the efficiency of the high-pressure ratio (e.g., [image: image]) cycle increases by approximately 4.8%.
4 METHOD VALIDATION
We performed engine performance calculations with the system parameters of Fernández Villacé (2013) at Ma5. The comparison of thrust and specific impulse is shown in Table 1. The thrust coefficients of nozzles are considered in the literature, but no specific design parameters are given. Therefore, a thrust coefficient of 0.9–1.0 was selected for calculation in this section. The results show an error of 3.27–12.43% for specific thrust and 4.08–13.63% for specific impulse.
TABLE 1 | Thrust and specific impulse at Ma5 in the literature (Fernández Villacé, 2013), with the thrust coefficient from 0.9 to 1.0.
[image: Table 1]Next, we performed a validation calculation for the ground point of the engine shown in the literature (Cao-Bin et al., 2021) with a thrust factor of 0.9. The results of the calculation are shown in Table 2. The results show that the errors of the thrust and specific impulse are 3.06% and 3.93, respectively.
TABLE 2 | Thrust and specific impulse at the ground point, with an error of about 3% from the results in the literature (Cao-Bin et al., 2021).
[image: Table 2]5 CONCLUSION
This study established a performance analysis model for a pre-cooled engine core with a simple closed He cycle. Based on the perfect gas assumption, research was conducted on the relationships between the specific thrust, specific impulse, and engine parameters. The conclusions are as follows:
(1) A new performance analysis method based on analytical methods was proposed for providing overall performance analyses of pre-cooled core engines with closed He cycles, providing a new means for quickly and intuitively establishing the relationships between the overall performances of pre-cooled core engines and their component parameters.
(2) The specific thrust and specific impulse performance of the pre-cooled core engine are related to the pressurized coefficient and ER. The specific thrust is positively correlated with the pressurized coefficient and ER. The specific impulse increases with an increase in the pressurized coefficient and decreases with an increase in the ER. Considering the engine performance and the difficulty of compressor design, the pressurization factor should be selected from 20 to 40.
(3) The liquid H2 flow rate used for cooling is approximately 2.5–3.5 times that of the equivalent combustion flow rate; in other words, the ER is approximately 2.5–3.5, with the lowest ER related to the thermal efficiency of the closed He cycle. Improvement in the efficiency of the closed cycle is an effective approach to reducing the ER.
(4) The thermal efficiency of closed He cycles is related to five parameters: the He compressor pressure ratio, cycle total pressure recovery coefficient, cycle temperature ratio, compressor efficiency, and turbine efficiency. At present, turbomachinery efficiency is already at a relatively high level, and it is difficult to greatly improve it. The cycle efficiency can be improved by increasing the cycle temperature ratio and the total pressure ratio of the He compressor. If the temperature ratio increases from 10 to 20, the efficiency of the low-pressure ratio (e.g., [image: image]) cycle would increase by 1.3%. Similarly, the efficiency of the high-pressure ratio (e.g., [image: image]) cycle would increase by approximately 4.8%.
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ER equivalence ratio
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Cv constant volume specific heat
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Q exchange heat

Abbreviations

SIT intake

HX1 pre-cooler

AC air compressor

PB pre-burner

HX3 high-temperature heat exchanger
MC main combustion
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HX4 low-temperature heat exchanger
H2T hydrogen turbine
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¢ air compressor
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