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Abstract 
In order to meet the needs of new space development, the recoverable single-stage-to-
orbit (SSTO) has become the main research goal in different countries. Taking SABRE 
(synergistic Air-Breathing Rocket Engine) as an example, helium is introduced as the 
third fluid as the intermediate cooling medium. guaranting the high thrust and specific 
impulse of the engine by the three heat exchangers. From heat exchangers, the helium 
path of engine in air-breathing mode is calculated and analyzed in this paper. It is found 
that the helium does not work in the power output of the whole system, but only acts as 
an intermediate medium for the heat transfer between air, hydrogen and gas. The direct 
cause of the variation of the parameters of the components in the helium path is the cycle 
pressure ratio and cycle temperature ratio of the air and the hydrogen, and the 
fundamental cause is the chamber pressure and the cooling temperature in the 
precooler. There are two special positions in the engine, 2Ma and 4Ma, which also a 
direction for the subsequent optimization of the overall performance. 
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1. Introduction 

In order to reduce the cost of round-trip between the sky and the earth, various countries have begun 
to develop reusable aerospace aircraft solutions, and have successively proposed two-stage orbit 
TSTO (Two Stage to Orbit) and single-stage orbit SSTO (Single Stage to Orbit) [1]. The first is a 
two-stage approach to orbit. The first stage is a hypersonic vehicle powered by an air-breathing engine, 
and the second stage is powered by a rocket engine, which can utilize the oxygen in the atmosphere 
at the low Mach stage. With the technological advancement of combined power and thermal 
protection materials, the single-stage orbit method has gradually emerged and has become the future 
development direction [2]. 

Carmichael RP proposed in 1955 that an engine that uses hydrogen as fuel can have higher 
performance under the action of a pre-cooler to cool the incoming flow. Under this theory, the United 
States first proposed the LACE engine, which uses the low temperature and high specific heat of 
liquid hydrogen to liquefy the incoming air [3], so that a higher pressure ratio can be reached under 
the same compressor power consumption, and it can enter The rocket combustion chamber is burning. 
The biggest advantage of this design scheme is that the intake mode and the rocket mode share the 
tail nozzle, which increases the compactness of the system and also provides a basis for the 
subsequent combined engine mode [4]. At the same time, due to the limitation of the condenser during 
the air liquefaction process, a large amount of hydrogen fuel consumption will be produced, so that 
the specific impulse of the theoretical cycle is only about 800s [3]. Later, the British Reaction Engine 
Company designed the SABRE (synergistic Air-Breathing Rocket Engine) engine on the basis of [5], 
the engine involves four working media, two working modes, and introduced helium as an 
intermediate medium to cool the air , The turbine and compressor of the helium gas circuit are added 
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[6], which solves the problem of hydrogen embrittlement caused by direct fuel cooling [7]. At the 
same time, the helium gas circuit completes a closed Brayton cycle through the heat exchanger, so 
that the entire engine maintains a high thrust-to-weight ratio while also obtaining a larger average 
specific impulse [8]. 

The domestic research on SABRE ranges from tracking to in-depth research. One part is the 
breakthrough of key technologies, such as the design and experiment of the precooler [9], and the 
other part is the optimization of system matching and performance parameters. Among them, the 
overall analysis of the system is more. In order to explain in turn from the perspective of each branch. 
For example, Luo Jiamao et al. [10] modeled the pre-cooling heat exchanger in TBCC, and further 
proved that liquid hydrogen can meet the cooling of 480K air at high Mach number in the heat 
exchange of micro-channels. The low-temperature intake air has a good protective effect on the 
turbine blades. However, Zhang Jianqiang, Wang Zhenguo and others [11] used the component 
method to establish a steady-state model for the entire engine, and then calculated that SABRE has 
the characteristics of both rocket engine high thrust and aero engine high specific impulse. The heat 
exchanger is the key to the SABRE engine's operation in a highly concentrated loop. This article sorts 
out the entire complex system from this perspective. In addition, this article has calculated the 
parameter changes of the three heat exchangers in the helium circuit, and found out the relevant laws 
among them, and analyzed how the helium circuit solves the problem of large thrust and high pressure 
while connecting the air circuit and the fuel circuit. The specific impulse, while finding the key node 
of 0-5Ma, provides a theoretical direction for the optimization of SABRE engines in the future. 

2. Principle of SABRE Engine 

 
PC-precooler AC-air compressor CC-main combustion chamber PB-preburner HeT-helium turbine 

HeC-helium compressor LH-liquid hydrogen HP-hydrogen pump HT1-hydrogen turbine1 HT2-
hydrogen turbine2 HX3-Heatexchanger 3 HX4-heat exchanger 4 

Figure 1. Simplified system diagram of SABRE in air-breathing mode 

 

As shown in Figure 1, after the air passes through the air inlet, it exchanges heat with helium in the 
precooler PC to cool down, and then is compressed by the compressor (AC). After that, the air flows 
out in two ways, and one part directly enters the main combustion chamber (CC ) Participate in 
combustion, and the other part enters the pre-combustion chamber (PB) to mix and burn with 
hydrogen. The hydrogen is pumped out of the liquid hydrogen by the hydrogen pump (HP), and after 
the heat is absorbed in the heat exchanger (HX4), it first does work in the hydrogen turbine (HT1) to 
drive the liquid hydrogen pump, and then enters the hydrogen turbine (HT2) to do work to drive the 
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helium pressure Gas machine (HeC). The hydrogen finally enters the pre-combustion chamber and 
mixes and burns with air to form rich fuel gas. The gas first heats the helium in the heat exchanger 
(HX3), and then enters the main combustion chamber for supplemental combustion after the heat is 
released. After the heat is absorbed by the precooler and heat exchanger (HX3), helium becomes 
high-temperature and high-pressure helium, which performs work in the helium turbine (HeT) and 
drives the compressor. The helium gas after the work enters the heat exchanger HX4 to release heat, 
and finally returns to the state of high pressure and low temperature in the helium gas machine. In the 
whole cycle, the high-pressure and low-temperature helium in the precooler (PC) obtains heat from 
the air; the helium in the heat exchanger (HX3) obtains heat from the fuel gas; the helium in the heat 
exchanger (HX4) transfers the heat Give liquid hydrogen [12]. According to the above process, the 
calculation process in this article is mainly shown in Figure 2. 

 

 
Figure 2. Flow chart of SABRE parameter calculation 

3. Thermodynamic Analysis of Engine 

3.1 Engine Working Environment 

The SABRE engine takes off at sea level, climbs in aspirated mode, reaches Mach 5 (hereinafter 
abbreviated Ma) at 25Km, closes the inlet, and converts to a hydrogen-oxygen rocket engine [13]. 
Combined with the international atmospheric standard of flight environment, the temperature and 
pressure of air flow at different Mach numbers of starting engines can be calculated, as shown in 
Figure. 3. 
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Figure 3. Temperature and pressure of atmosphere at different Mach numbers 

 

Combined with Figure 3, it can be seen that after 0.4Ma, the altitude of the aircraft begins to climb, 
and the atmospheric temperature and pressure drop rapidly. After 2Ma, the aircraft enters the 
stratosphere, and the atmospheric temperature is almost unchanged, while the pressure drops slowly. 
According to formulas (2, 3), the total pressure and total temperature at entrance 1 of the core machine 
can be calculated, see figure 4. After supersonic, the inlet is obviously affected by shock loss, and the 
total pressure recovery coefficient of the inlet refers to mil-E-5008B [14] (Formula 4), and the 
pressure and temperature calculated in this paper are stagnation parameters. 

 

𝑇 = 𝑇       𝑃 = 𝜎  𝑃                                   (1) 

 
∗

= (1 + 𝑀𝑎 )                                   (2) 

 
∗

= (1 + 𝑀𝑎 )                                    (3) 

 

𝜎  = 1     𝑀𝑎 ≤ 1                                                    (4) 

𝜎  = 1 − 0.075(𝑀𝑎 − 1) .     1 ≤ 𝑀𝑎 ≤ 5 

 

 
Figure 4. Total pressure and total temperature at the intake 
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Figure 5. Total pressure and total temperature at outlet of intake 

 

With the increase of Mach number, the inlet air does absolute energy flow, while the total temperature 
remains unchanged and the total pressure decreases, as shown in Figure 5. The total temperature and 
pressure at the entrance of the core aircraft increased obviously after 2Ma, which was consistent with 
the atmospheric environment of the aircraft. After 4Ma, the engine enters the adjacent space, which 
is the upper limit height of the aircraft, and is greatly affected by the total pressure loss of the inlet. 

It can be found that with the increase of Mach number, the change of total pressure into the core 
engine is three processes, which are tropospheric stage (Ma≤2), relatively flat. Stratospheric stage 
(2≤Ma≤4), extreme velocity change; Entering the adjacent space (4≤Ma≤5), a new change occurs, 
and a turning point occurs at 2Ma and 4Ma.The whole change also affects the pressure ratio of the 
air compressor under the premise of constant chamber pressure in the combustion chamber, so that 
the parameters of the whole helium gas path have the variation characteristics of the above three 
processes. 

Design point parameters, see Table 1(refer to relevant literature [6,15]) 

 

Table 1. Design point parameter 

Parameter Symbol Value 

Helium turbine inlet temperature T12/K 1080 

Maximum compressor temperature T3/K 900  

Air mass flow mair/(kg/s) 385 

Helium mass flow mhe/(kg/s) 89 

Combustion chamber pressure P6/MPa 10 

Compressor efficiency ηC 0.88 

Turbine efficiency ηT 0.9 

Total pressure recovery coefficient of heat exchanger σHX 0.9 

Liquid hydrogen tank temperature T14/K 20 

Liquid hydrogen tank pressure P14/MPa 0.3  

Air-fuel ratio f 29.6 
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3.2 Heat Calculation of Precooler and Compressor 

The precooler is located at the entrance of the core machine, and the air flows through the precooler 
to release heat at isobaric pressure. The heat is transferred to the helium path to heat up the helium 
gas at low temperature and high pressure. In this paper, based on the literature and the actual situation 
[13,15], the minimum temperature after cooling of the future flow air is set as 200K, that is, the 
cooling temperature at takeoff. The highest temperature is set at 360K, that is, the cooling temperature 
at 5Ma. 2Ma and 4Ma at turning points correspond to 220K and 320K respectively. The variation 
rules refer to the three variation processes of the total pressure of the core flow, corresponding to 
troposphere, stratosphere and adjacent space respectively. 

 

𝑇 = −3.13 𝑀𝑎 + 10.38 𝑀𝑎 + 1.75 𝑀𝑎 + 200     𝑀𝑎 ≤ 2 

𝑇 = −13𝑀𝑎 + 122.86𝑀𝑎 − 322.38𝑀𝑎 + 477.56     2 ≤ 𝑀𝑎 ≤ 4          (5) 

𝑇 = −4.17𝑀𝑎 + 77.5𝑀𝑎 + 76.67      4 ≤ 𝑀𝑎 ≤ 5 

 

Thus the power of the precooler can be calculated by the temperature difference of the air path. 
According to the design principle 𝑚  𝑐 .  𝛥𝑇 = 𝑚  𝑐 .  𝛥𝑇  and helium inlet temperature, 
the outlet temperature of pre-cooler helium outlet can be calculated. 

 

 
Figure 6. Precooler power and air path inlet and outlet temperature 

 

Figure 6 shows that after 2Ma, the aircraft enters the stratosphere, and the power of the precooler 
increases with the temperature difference, which is consistent with the change of the total temperature 
of the incoming flow. After strong precooling, the air enters the compressor to ensure that the outlet 
temperature T3 is stable within the allowable range of the material, without excessive cooling 
protection measures. 

 

𝜋 =                                             (6) 

 

𝑇 = 𝑇 (1 + )                                   (7) 
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𝑙 = 𝑚  𝑐 .  𝑇 ( )                             (8) 

 

 
Figure 7. Compressor pressure ratio and outlet temperature 

 

 
Figure 8. Compressor power and outlet temperature 

 

As can be seen from Figure 7, due to the use of the high-pressure combustion chamber of the rocket 
engine, the SABRE engine has a maximum pressure ratio of 110 at the initial take-off stage, much 
higher than that of ordinary aero-engines. After that, the pressure ratio drops steadily and stabilizes 
at 20 after 4Ma.In Figure 8, the compressor law and outlet temperature decrease in general at first, 
reach a minimum at 4Ma, and then rise sharply. The temperature T3 is roughly maintained at 800-
850K, with the highest temperature of 855K appearing at 5Ma, meeting the outlet temperature below 
900K to ensure the compressor material requirements. 

3.3 Heat Calculation in HX3 

HX3 is located at the exit of the precooler and precombustion chamber. After the hydrogen is worked 
by turbine HT2, it enters the precombustion chamber and is mixed with air in two ways to get the rich 
combustion gas. The gas passes heat through the heat exchanger HX3 to the helium channel, which 
is then reburned in the main combustion chamber. The helium absorbs heat and heats up to the point 
where the turbine can do work. According to the experimental hypothesis, the inlet temperature of 
the helium turbine is stabilized at 1080K, so that it does not need additional cooling protection. At 
low Mach number, the helium outlet temperature of the precooler is not high, so it needs to continue 
heating in HX3. With the increase of Mach number, the heat absorption in HX3 also decreases 
accordingly. Calculate the power of HX3 according to the formula 𝑙 = 𝑚  𝑐 .  𝛥𝑇 .As can 
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be seen from Figure 9, the power of HX3 reaches its maximum in the take-off stage, and then slowly 
decreases. After 2Ma, it begins to decline significantly, corresponding to the total temperature of air 
incoming flow. 

 

 
Figure 9. HX3 power and outlet temperature 

 

From the observation of the whole helium gas path, it can be found that the precooler PC and the heat 
exchanger HX3 jointly complete the heating of high-pressure and low-temperature helium gas. As 
shown in Figure 11, under different Mach numbers, there are differences in the heat transfer of helium 
between the two heat exchangers. HX3 is the main one below 2Ma, and then the heat transfer of the 
precooler increases. The heating power of the two heat exchangers is only affected by the outlet 
temperature of the helium compressor when the inlet temperature of the helium turbine T12 is kept 
constant. As shown in Figure 10, with the increase of flight altitude, the total heating power decreases 
at first and then increases, with 2Ma as the change node and a minimum value at 4Ma. After entering 
the critical space, the heating power begins to rise, and the change rule is opposite to that of T10 
temperature. The relationship between the two is complex, and the branches of each working medium 
influence each other, which is intricate. If the helium gas path is analyzed, it is found that this is a 
closed Brayton cycle, and the total temperature of the working medium remains unchanged after heat 
absorption, and its heat absorption power is in an opposite trend to the compressor outlet temperature. 

 

 
Figure 10. Heat power of helium path and helium compressor outlet temperature 

3.4 Heat calculation in HX4 

The function of heat exchanger HX4 is to release the helium gas after work here and return to its 
initial state of low temperature and low pressure. This heat is used to heat the hydrogen and vaporize 
the liquid hydrogen to the point where work is required. Observe the helium gas path. According to 
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the design principle, the power of helium turbine (HeT) and compressor AC is equal, and T13 
temperature can be calculated, namely, the inlet temperature of HX4 helium path. The outlet 
temperature T13 and drop pressure ratio 𝜋  can be obtained from the analysis of helium turbine. 

 

𝑙 = 𝑙 = 𝑚 𝑐 . (𝑇 − 𝑇 )                           (9) 

 

𝑇 = 𝑇 − 𝑇 [1 − ]𝜂                           (10) 

 
Figure 11. Helium turbine power and expansion ratio 

 

 
Figure 12. Helium turbine power and outlet temperature 

 
Figure 13. Helium turbine expansion ratio and outlet temperature 
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Figure 11 shows that under the condition of constant turbine inlet temperature, the power of the 
compressor determines the expansion ratio and outlet temperature of the helium turbine. The drop 
pressure ratio of helium turbine changes in accordance with the power, which does not change much 
before 2Ma, then decreases sharply and reaches a minimum value at 4Ma, and then begins to rise.In 
Figure 12 and 13, turbine outlet temperature is on the contrary, but their parameter changes have the 
same characteristics as those of the compressor. 

 

𝜋 =
  

                                   (11) 

 

The inlet temperature of heat exchanger HX4 helium passage has been calculated. Observe the 
hydrogen circuit, the liquid hydrogen is pumped from the liquid hydrogen tank by the hydrogen pump, 
the pressure increases, the temperature does not change. After heat absorption by the heat exchanger, 
the high-pressure and high-temperature hydrogen enters the precombustion chamber successively 
through the expansion work of HT1 and HT2.According to relevant literature and combined with the 
combustor chamber pressure and liquid hydrogen tank pressure of this experiment, the power of the 
hydrogen pump can be set as 16.57MW and the outlet pressure as 15.4mpa [16], and the pressure 
ratio of HT1 is set as 1.4 to stably ensure that the hydrogen pump works at a constant power. Based 
on the above assumptions, the inlet temperature of the hydrogen pump turbine T16=1080K, which is 
also the outlet temperature of the hydrogen channel of the heat exchanger HX4, and then the power 
of the heat exchanger and the outlet temperature of the helium channel can be calculated, 𝑙 =
197.15𝑀𝑊.According to the pressure balance of the combustion chamber, as shown in Formula (12), 
the expansion ratio 𝜋 = 1.1 of the hydrogen turbine HT2, and the power of HT2 can be further 
calculated. According to the design principle of 𝑙 = 𝑙 = 4.53MW, the pressure ratio 𝜋  
and the outlet temperature T10 of the helium compressor can be calculated. 

 

𝑃  𝜎  𝜎 𝜋 =
 

                               (12) 

 

𝑙 = 𝑚  𝑐 .  𝑇 [1 − ]𝜂                          (13) 

 

𝑙 = 𝑚  𝑐 .  (𝑇 − 𝑇 )                            (14) 

 

𝜋 = ( 
 .  

+ 1)                             (15) 

 

 
Figure 14. Helium compressor pressure ratio and inlet&outlet temperature 
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By observing the hydrogen circuit, it can be found that the power of the hydrogen pump is to pump 
liquid hydrogen with a fixed mass flow into the system at a fixed pressure. After the main parameters 
are determined, the power of the heat exchanger HX4 and helium compressor is also determined and 
kept constant along with the hydrogen circuit. According to the power balance, the outlet temperature 
T9 of HX4 and the outlet temperature T10 of helium compressor change in a consistent way with 
temperature T13, and the temperature difference remains constant, as shown in Figure 14.The 
pressure ratio of helium compressor is opposite to the outlet temperature T13 of helium turbine. At 
this point, the temperature parameters of the whole helium gas path can be obtained, and the system 
flow is shown in Figure 15. 

 

 
Figure 15. Closed cycle of helium path 

 

Analyze the entire helium route. In the precooler, helium acts as a cold source to cool the air, so in 
the whole calculation, the inlet temperature of helium path is less than the outlet temperature of air 
path (T10≤T2), see Figure 16.The helium gas enters the turbine to do work after the heat absorption 
of PC and HX3 in the two heat exchanger, that is, the outlet temperature of the helium gas path of the 
precooler should be lower than the inlet temperature of the helium turbine (T11 < T12), as shown in 
Figure 17.The analysis of this experiment shows that the above design principles are met and it has 
practical significance. 

 

 
Figure 16. The temperature of air outlet and helium inlet in Precooler 
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Figure 17. Precooler power and helium outlet temperature 

4. Conclusion 

In this paper, the cycle process of SABRE engine is analyzed from the perspective of heat exchanger, 
and the parameters of helium path components are quantitatively calculated. The following 
conclusions can be drawn: 

1) The three heat exchangers closely connect the closed helium gas with the open air, hydrogen and 
gas, and interact with each other. Heat is transferred through the adjustment of mass flow rate, thus 
affecting the power output of the whole system. 

2) According to the design points given in this paper, it can be found that the parameters in the helium 
gas path are jointly affected by the air path and the hydrogen path. There are three processes: 
tropospheric stage (Ma≤2);Stratospheric stage (2≤Ma≤4);At the critical space stage (4≤Ma≤5), the 
parameter changes appear turning points at 2Ma and 4Ma. 

3) combined with the flow chart can further adjust the relevant parameters, can make the heat 
exchanger better match the system. The pressurization ratio of air path determines the parameter 
variation of each component, and the precooling temperature determines the specific variation. 
Combined with the special position of 2Ma and 4Ma, this provides a solution direction for improving 
engine cycle efficiency and specific impulse in the future. 
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