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Installing a precooler behind the intake is an effective approach for hypersonic 
air-breathing pre-cooled engine to cool the hot incoming air. Synergetic air-
breathing rocket engine is a revolutionary hypersonic air-breathing pre-cooled 
engine with complex thermodynamic cycle i.e. air cycle, helium cycle. Air/helium 
precooler is a key component and its configuration and operating condition have 
great effect on the performance characteristics of air-breathing pre-cooled engine. 
Thus, the minimum periodic flow and heat transfer model of the precooler are es-
tablished. The effects of key parameters on the heat transfer performance of pre-
cooler are numerically studied. The results indicate that: when the tube row num-
ber increases from 7 to 15, the average heat transfer coefficient of air side de-
creases by 57%, the heat exchange rate increases by 19%, and effectiveness in-
creases by 18.4%. The tube transverse pitch can enhance the heat transfer coeffi-
cient of air and helium side, while the heat exchange rate decreases by 33 % when 
the tube transverse pitch increases from 1.5 to 3.5. The helium inlet velocity can 
improve the heat transfer performance of precooler and reduce the flow resistance 
of air side.  
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Introduction 

Power is the most critical and decisive technology for hypersonic vehicles. Turbine, 

rocket and scramjet combined engines are the hot spots in the research of hypersonic vehicle 

propulsion technology [1]. Hypersonic vehicles put forward higher requirements for new pro-

pulsion systems, such as wide speed range, reusability, single-stage orbit entry, high specific 

impulse and thrust-weight ratio [2-4]. In order to prevent the inlet stagnation temperature from 

exceeding the heat resistance limit of the compressor and maintain the performance of the 

power system, the precooler must be used to reduce the inlet temperature and increase the com-

pressor pressure ratio in the intake system when the air-breathing combined engine flies at high 

Mach number. This is of great significance for the hypersonic vehicle to expand the flight en-

velope and improve the thrust-to-weight ratio of the engine [5, 6]. Precooler is a key technology 
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with great application potential and development 

space. Applying the powerful cooling capacity of 

hydrogen fuel can further improve the efficiency 

of aero-engine, which is also one of the key tech-

nologies for complete decarbonization of aero-

engine. 

At present, there is an urgent need to 

develop a compact precooler with micro-channel 

for air-breathing combined engine [7, 8]. The 

SABRE engine [9] in the UK and the ATREX 

engine [10] in Japan have adopted the compact 

precooler structure with micro-channel, and the 

most noteworthy precooler scheme is the SA-

BRE precooler scheme [11-14]. The SABRE en-

gine adds a helium Brayton cycle between hydrogen and air, and the high efficiency heat trans-

fer between hot air and low temperature helium is realized by precooler [15, 16]. As shown in 

fig. 1, SABRE precooler is composed of a series of spiral micro-channel modules.  Air-flows 

through the tiny clearance between the tubes, and the low temperature helium exchanges heat 

with the external hot air in the micro-channel [17]. The micro-channel used in SABRE pre-

cooler have total length of more than 1000 kilometer, the tube diameter of 1 mm, the tube 

thickness of 20 μm, and the total heat transfer rate of more than 400 MW [18]. 

In view of the huge application potential of the precooler in the air-breathing pre-

cooled engine, many researchers have made consistent efforts in exploring the flow and heat 

transfer of precooler, mainly focusing on numerical simulation, experimental research and sim-

plified calculation methods. Li et al. [19] numerically investigate the effects of geometry size 

and compactness of tube arrangement on the flow and heat transfer characteristics of the pre-

cooler. Pan et al. [20] and Li et al. [21] investigated the thermal performance of staggered mini-

tube bundle as the compact precooler, the inlet pressure, inlet temperature, transverse pitch, 

coolant velocity. Murray et al. [22] built a small pre-cooling heat exchanger called JMHX with 

0.38 mm tubes and tested the performance of heat exchange with helium and nitrogen as coolant, 

it revealed that the Kays and London Stanton and friction factor correlations remained applica-

ble. Li et al. [23] proposed a segmental method to evaluate the performance of micro-channel 

heat exchanger for precooled engines and performed experimental study to validate the method. 

Webber et al. [16] experimentally studied the convective heat transfer capacity of staggered 

tube bundles similar to SABRE precooler in low speed wind tunnel. Moreover [24-28] have 

established simplified heat transfer models of the precooler in the 1-D thermodynamic cycle 

analysis of air-breathing pre-cooled engine, but the 1-D heat transfer model is too simple to 

reflect the real structure change of the precooler on the performance of the precooler. 

Although lots of research about the precooler for hypersonic air-breathing pre-cooled 

engine has been carried out, there are still some deficiencies in the precooler that deserve further 

study. At present, the flow and heat transfer characteristics of helium in the precooler at super-

critical state have not been considered in the research. Furthermore, most of the research objects 

are traditional staggered straight tube bundles, which are quite different from the structure of 

precooler in fig. 1. Therefore, considering the actual boundary conditions of the precooler dur-

ing hypersonic flight and the supercritical state of helium, it is definitely worth exploring the 

influence of the structural parameters and boundary parameters on the performance of the pre-

cooler for hypersonic vehicles. To this end, the minimum periodic flow and heat transfer model 

Figure 1.  Structure of SABRE precooler 
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of the precooler are established. The effects of key parameters such as tube transverse pitch, 

tube row number, and helium inlet velocity on the heat transfer characteristics of the air/helium 

precooler are discussed, and this can provide reliable theoretical basis for the practical engi-

neering design of the precooler. 

The air/helium precooler model for 

hypersonic air-breathing pre-cooled engine 

As shown in fig. 2, the air/helium precooler is installed behind the intake. The high-

speed  air-flow is decelerated and heated by the shock wave. As the flow area increases when 

the hot  air-flow into the precooler, the velocity of  air-flow is further reduced. The schematic 

diagram of the air/helium precooler model is 

shown in fig. 3. The precooler is composed of 

main pipes, branch pipes and precooler slices. 

The precooler slice consists of four rows of mi-

cro-channels arranged in an equilateral triangle 

shape, and rotates around the center of the circle 

to form a radial arrangement. There are 18 pre-

cooler slices in total, and the axial section of pre-

cooler slice is shown in fig. 4. The outer diameter of the micro-channel is 1 mm, the wall thick-

ness is 0.05 mm, and the material is inconel 718. Low temperature and high pressure helium 

flows from the inner main pipe of precooler into each branch pipe, then into each micro-channel 

to gradually absorb the heat of hot air. Subsequently, helium is collected into the outer branch 

pipe and eventually flows into the outer main pipe. Meanwhile, the hot  air-flows through the 

micro-channels and is gradually cooled by helium. 

Numerical methods 

Computational model and mesh dividing methods 

It can be seen from fig. 4 that the precooler is characterized by periodic repetition in 

the circumferential direction, and so do the flow and heat transfer of helium and air. The red 

sector in fig. 4 is the smallest periodic unit, which can be taken for numerical simulation model. 

The computational model is shown in fig. 5. Each precooler slice is composed of four rows of 

Figure 2. Schematic of the intake and precooler 

               Figure 3. Structure of air/helium precooler                          Figure 4. The axial section of 

                                                                                                                  precooler slice 



Wei, X., et al.: Numerical Investigation on the Heat Transfer of … 916 THERMAL SCIENCE: Year 2024, Vol. 28, No. 2A, pp. 913-927 

micro-channels, and tube row number rn is the number of precooler slices in the computational 

model. As shown in fig. 6, the array of micro-channels is arranged into equilateral triangle. 

Since the flow and heat transfer of helium have the characteristics of periodic repetition, the 

helium state parameters are the same at 1 and 1’, 2 and 2’, 3 and 3’,…, 8 and 8’ for the precooler, 

which could be set as the periodic boundary conditions. Since the included angle of the sector 

is relatively small, the  air-flowing at the upper and lower boundaries of the sector can be ap-

proximately regarded as the same, which can be set as periodic boundary conditions. 

The unstructured meshes are firstly generated to spatially discretize the computational 

domain by ICEM 20.0. Very fine mesh is adopted in the near-wall region to capture the bound-

ary-layer and flow separation. The height of the first layer of mesh near the wall on the air side 

is 0.0028 mm, the growth ratio is 1.2, and the number of boundary-layers is 10. For the helium 

side, the height of the first layer of mesh is 0.0011 mm, the growth ratio is 1.2, and the number 

of boundary-layers is 10. The representative mesh is exhibited in fig. 7. Enhanced wall treat-

ment is adopted, the dimensionless y+ is set to be smaller than 5. The validation of mesh inde-

pendence is shown in fig. 8. It can be seen that when the grid number is greater than 11.9 million, 

the air outlet temperature changes slightly. Compared to the mesh with finest mesh (16.24 mil-

lion), the mesh with 11.9 million elements shows a discrepancy of 0.72% on air outlet temper-

ature, which has relatively higher accuracy and less computational consumption. Therefore, the 

mesh division method with 11.9 million elements is selected as the mesh division strategy for 

each model. 

 

 

 

 

     Figure 5. Computational model for the precooler             Figure 6. Cross arrangement of 
                                                                                                     the tube array for precooler slice 

      Figure 8. Validation of mesh independence 

Figure 7. The detail mesh of 

the computational domain 
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Boundary conditions and numerical methods 

As shown in fig. 5, the pressure inlet boundary condition is adopted for the air inlet, 

the total temperature and pressure are given according to actual operational environment of the 

precooler. The pressure outlet boundary condition is applied at the air outlet and helium outlet, 

and the target flow rate of air outlet is given according to actual operational environment of the 

precooler. The static pressure of helium outlet is 20 MPa. The helium inlet is set as the velocity 

inlet boundary condition, and the inlet static temperature is 340 K. Except for the helium inlet 

and helium outlet, the walls on both sides of the circumference are set as periodic boundary 

conditions. Besides, symmetric boundary condition is applied at the symmetry plane, and the 

tube wall is set as coupled heat-transfer. Since the helium cycle in the SABRE engine is a closed 

cycle, the total helium flow rate is set to a constant value [29]. Moreover, the flow rate of air 

side remains unchanged at the design point [30]. Therefore, the total  air-flow rate and helium 

flow rate of the precooler as well as the total axial length of the precooler are constant values, 

but the  air-flow rate and helium flow rate of the computational model increase with the increase 

of the tube transverse pitch. The boundary conditions and the detail setting for tube transverse 

pitch, tube row number, and helium inlet velocity on the heat transfer characteristics of the 

air/helium precooler are shown in tabs. 1 and 2. 

The physical properties of air and supercritical helium are determined by the NIST 

software. The air density is defined as the density of ideal gas. The specific heat capacity and 

thermal conductivity are functions of temperature and a polynomial function is used for the 

fitting. The kinematic viscosity is given by the Sutherland formula. Supercritical helium is a 

single-phase state and will not present a two-phase state due to the increase in temperature. The 

supercritical helium in the precooler is far from the critical point (5.19 K, 0.228 MPa) and its 

physical parameters do not change as drastically as those near the critical point. Therefore, in 

this present paper, the supercritical helium in the precooler tube belongs to single-phase heat 

transfer. The pressure of the precooler is basically constant due to the small flow resistance of 

supercritical helium, while the temperature varies greatly. Therefore, the kinematic viscosity, 

specific heat capacity, and thermal conductivity are also almost exclusively temperature de-

pendent and the relationships between physical properties of helium and temperature are shown 

in fig. 9. 

The CFD solver used in the present study is FLUENT 20.0, flux difference scheme 

adopts ROE-FDS, Second-order upwind scheme is used to solve for discretization schemes of 

pressure, density, momentum and energy. The enhanced wall function is used to solve the flow 

and heat transfer in the viscous sublayer to improve the simulation accuracy of flow and heat 

transfer in the near wall region. 

Table 1. Boundary conditions and the detail setting for 
the effect of tube row number and tube transverse pitch 

Boundary 
conditions 

Helium flow 
rate [kgs–1] 

Helium inlet 
temperature [K] 

Air inlet total 
pressure [Pa] 

Air inlet total 
temperature [K] 

Air-flow 
rate [kgs–1] 

Value 44 340 225680 695.7 230 

Table 2. Boundary conditions and the detail setting for 
the effect of helium inlet velocity 

Boundary 
conditions 

Helium inlet 
temperature [K] 

Air inlet total 
pressure [Pa] 

Air inlet total 
temperature [K] 

Air-flow 
rate [kgs–1] 

Value 340 225680 695.7 230 
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Table 3 shows the values of key parameters for the numerical simulation of the pre-

cooler. By controlling a single variable, studies have been conducted for tube transverse pitch, 

tube row number, and helium inlet velocity on the heat transfer characteristics of the air/helium 

precooler. 

Heat transfer validation 

An experimental study of the compact precooler module JMHX was carried out in 

[26], and the accuracy of the numerical calculation method was verified by comparison with 

the numerical simulation results. The JMHX is a 40 mm  38.95 mm  3.762 mm structure 

with 415 tubes of 0.38 mm in diameter, arranged in 10 rows and 83 columns, as shown in fig.10. 

The coolant in the tube is cryogenic high pressure helium or nitrogen. Experiments in the liter-

ature with an internal coolant of helium and a heat capacity ratio of 1 were selected for com-

parative analysis. Figure 11 has shown the comparison between the numerical and experimental 

results of the helium outlet temperature of each tube for different turbulence models. It can be 

found that the numerical results of the first few rows of tubes near the air inlet have a relatively 

Table 3. The values of key parameters for the numerical simulation of the precooler 

Parameter Value 

Tube row number 7,   9,   11,  13,  15 

Tube transverse pitch [S/D] 1.5,  1.7,  2,  2.5,  3.5 

Helium inlet velocity [ms–1] 5.57,  6.58 ,  7.59 ,  8.61 

Figure 9. The relationships between physical properties of helium and temperature; 
(a) density, (b) kinematic viscosity, (c) specific heat capacity, and (d) thermal conductivity  
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large error with the experimental results, and the numerical results of the temperature for the 

last few rows of tubes have a small error with the experimental results. This may be caused by 

the large temperature difference between the inside and outside fluid of the first few tube rows, 

resulting in large deformation of the first few tube rows. Taken together, SST-kω turbulence 

model was closer to the experimental results than other turbulence models, and the SST-kω 

turbulence model was thus chosen for turbulence model of numerical simulation in this present 

paper. 

 

 

 

Parameters definition of flow and 

heat transfer characteristic 

When the fluid inside the tube is turbulent, 

the average surface heat transfer coefficient re-

mains basically the same as long as the length-

to-diameter ratio is greater than 60 [31]. There-

fore, the average surface heat transfer coefficient inside the tube is approximately equal to the 

local heat transfer coefficient of the fully developed section. The local surface heat transfer 

coefficient inside the tube is defined as: 

 
i

w f

q
h

t t
=

−
 (1) 

where tw is the average inner wall temperature of the tube, q – the local heat flux, and tf – the 

average fluid temperature of the local section. 

The heat exchange rate, Q, is usually used to evaluate the heat transfer performance 

of the precooler. When the heat transfer of heat exchanger reaches a steady-state, the following 

energy conservation formula is as: 

 
air, pre air air He,pre He Hep, p,Q m c T m c T=  =   (2) 

where DTHe, DTair denote the temperature difference between the inlet and outlet of helium and 

air, respectively. 

For the SABRE engine precooler, it is difficult to directly calculate the heat transfer 

coefficient of the air side surface due to the complexity of the structure. In this present paper, 

the average heat transfer coefficient of the air side is obtained by indirect method to evaluate 

the heat transfer intensity of the air side. The following describes the solution method of the 

average heat transfer coefficient of the air side. 

Figure 11. The relationship of helium outlet 
temperature with the tube row number along 
the flow direction based on different turbulence 

models 

Figure 10. Geometric model of JMHX 
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The total heat transfer coefficient, K, of the precooler is defined as: 

 
( )

ctfm

Q
K

A T
=


 (3) 

where A is the shell-side area of the precooler, (∆Tm)ctf – the logarithmic mean temperature 

difference of counterflow heat exchanger, y – the correction factor, which could be calculated 

according to [29]. According to the tube arrangement of the precooler, the range of y is calcu-

lated to be 0.98~1, indicating that the fluid-flow form of the precooler is close to the counter-

flow arrangement. The total heat transfer coefficient, K, of the precooler can be also expressed 

by the concept of thermal resistance: 
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where do and di are the outer and inner diameter of the tube, respectively. Due to the thin wall 

thickness of the capillary tube, the thermal conduction resistance, Rw, and fouling resistance, 

RS, are neglected, and the average heat transfer coefficient on the air side can be calculated as: 
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  (5) 

The effectiveness of the heat exchanger is defined as ( ) ( )max 1 2t - t t - t    =  [32]. The de-

nominator is the maximum temperature difference that can occur in the heat exchanger for the 

fluid, and the numerator is the larger of the actual temperature difference for the cold fluid or 

the hot fluid in the heat exchanger. 

Analysis and discussion 

Effect of tube row number on the heat transfer performance of 

air/helium precooler 

The number of tube rows is the number of precooler slices that the  air-flows along 

the radial direction, as shown in fig. 5. The number of tube rows determines the heat exchange 

area and compactness of the precooler, as is shown in tab. 4, thus affecting the heat exchange 

performance of the precooler. The influence of tube row number on the heat transfer of the 

precooler was studied under the condition that the boundary conditions, the tube spacing, the 

total axial length of the precooler, and the inner and outer diameters are constant. 

To have a better understanding of the effect of tube row number on the heat transfer 

of air/helium precooler, the relationship between heat transfer coefficient of air side and helium 

side with tube row number is shown in fig. 12. It can be seen that the heat transfer coefficient 

of air side and helium side are decreasing with the increment of tube row number. The incre-

ment of tube row number can cause pretty decrease of the heat transfer coefficient of air side, 

it decreases by amount 57% at rn = 15 compared the value at rn = 7. However, the decrease of 

the heat transfer coefficient of helium side is not pronounced, and it decreases only by amount 

3.8% at rn = 15 compared the value at rn = 7. This phenomenon is probably due to the fact that 

Table 4. Relationship between tube row number and compactness of precooler 

Tube row number 7 9 11 13 15 

Compactness of precooler [m2/m3] 303.34 383.82 461.04 541.90 624.10 
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the number of tube rows has no effect on the helium inlet velocity, while an increment in the 

number of tube rows means an increment in the length of the precooler slices and thus the heat 

transfer enhancement on the inlet of helium side has attenuation on the average helium heat 

transfer coefficient. For the air side, an increment in the number of tube rows results in a linear 

increment in the heat transfer area. However, the increment in logarithmic mean temperature 

difference and heat exchange rate, Q, is not as significant as the increment in heat transfer area. 

According to eqs. (1) and (3), the increment of tube row number can cause pretty decrease of 

the heat transfer coefficient of air side. 

Figures 13 and 14 show that effect of tube row number on the temperature of air, 

helium outlet, logarithmic mean temperature, DTm, effectiveness and heat exchange rate of pre-

cooler. It can be seen that an increment of tube row number leads to a decrement in the air outlet 

temperature, an increment in the heat exchange rate, an increment in the heat transfer effective-

ness, and a corresponding increment in the average tube wall temperature. Although the incre-

ment in the number of tube rows reduced the heat transfer coefficient, the overall precooling 

capacity of the precooler is enhanced due to the increase of heat transfer area. Nevertheless, it 

can also be seen from fig. 13 that when tube row number is greater than 11, the growth rate of 

heat exchange rate is also decreasing. From 7 rows to 11 rows, the heat transfer power increases 

by 13% and effectiveness increases by 12.5%, while from 11 rows to 15 rows, the heat transfer 

Figure 12. Effect of tube row number on heat                   Figure 13. Effect of tube row number on 
transfer coefficient of air side and helium side                  temperature of air, helium outlet, tube wall, 
                                                                                                and Tm 

Figure 14. Effect of tube row number on                          Figure 15. Effect of tube row number on 

effectiveness and heat exchange rate                                 total pressure loss coefficient 
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power only increases by 6% and effectiveness increases by 5.9%, indicating that the increase 

of tube row number will reduce the precooling benefit obtained by increasing the number of 

tube rows, which is mainly caused by the decrease of the heat transfer coefficient on the air side. 

Figure 15 shows the effect of tube row number on the total pressure loss coefficient 

of air side. When tube row number increases from 7 to 15, the total pressure loss coefficient on 

the air side of the precooler increases from 1.5% to 7%. And it can be seen that the total pressure 

loss coefficient on the air side is approximately linearly related to tube row number. 

Effect of tube transverse pitch on the heat transfer performance of 

air/helium precooler 

The tube transverse pitch can influence the total heat transfer area of the precooler as 

well as the fluid velocity inside and outside the tube, which in turn influences the flow resistance 

and heat transfer performance of the precooler. This paper has investigated the effect of tube 

transverse pitch on the heat transfer of precooler under specific operating conditions with con-

stant tube row number, total axial length of precooler, and inner and outer diameter of precooler. 

The compactness of the precooler corresponding to tube transverse pitch S/D is given in tab. 5. 

Figure 16 shows the variation of the average heat transfer coefficient with tube trans-

verse pitch for the air side and helium side of the precooler. As the tube transverse pitch S/D 

increases from 1.5 to 3.5, the average heat transfer coefficient on the air side increases by a 

factor of about 4.4 and by a factor of about 2 on the helium side. It can also be seen that the 

heat transfer coefficient on the helium side is much larger than that on the air side. As the tube 

transverse pitch increases, the helium inlet velocity increases and thus the heat transfer coeffi-

cient on the helium side increases. As for the heat transfer coefficient on the air side, it might 

be ascribed to the reason that the reduction rate of the heat transfer area is greater than that of 

the heat exchange rate and the logarithmic mean temperature difference, as can be seen from 

figs. 17 and 18. Obviously, the average heat transfer coefficient on the air side increases ac-

cording to eqs. (1) and (3). 

Table 5. Relationship between tube transverse pitch S/D and 
compactness of precooler 

Tube transverse pitch [S/D] 1.5 2 2.5 3.5 

Compactness of precooler [m2/m3] 383.82 287.87 230.29 164.50 

Figure 16. Effect of tube transverse pitch                          Figure 17. Effect of tube transverse pitch 
S/D on heat transfer coefficient of air and                         S/D on temperature of air, helium outlet, 
helium side                                                                            tube wall, and DTm 
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Figures 17 and 18 show that effect of tube transverse pitch S/D on the temperature of 

air, helium outlet, logarithmic mean temperature DTm, effectiveness and heat exchange rate of 

precooler. An observation can be made that the increment of tube transverse pitch S/D leads to 

the increment of the air outlet temperature, the decrement of helium outlet temperature and the 

average temperature of the tube wall, as well as the decrement of the heat exchange rate and 

effectiveness of the precooler. When the tube transverse pitch S/D increases from 1.5 to 3.5, the 

effectiveness of precooler decreases from 0.77 to 0.53, and the heat exchange rate decreases by 

33 %. Although the increment of tube transverse pitch increases the heat transfer coefficient of 

air side and helium side, the heat transfer area and logarithmic mean temperature difference 

DTm decreases. As a consequence, the heat exchange rate and effectiveness of the precooler 

decreases. 

Figure 19 shows the total pressure loss coefficient, s, on the air side of the precooler 

and the variation of the maximum velocity, Vmax. between the tubes with the tube transverse 

pitch. It can be seen that as the tube transverse pitch increases from 1.5 to 3.5, the total pressure 

loss coefficient decreases from 2.6% to 0.5%. Moreover, as the tube transverse pitch increases, 

the decrement rate of the total pressure loss coefficient slows down and the maximum flow 

velocity Vmax decreases. 

Effect of helium inlet velocity on the heat transfer performance of 

air/helium precooler 

When the structure of the precooler and the boundary conditions of the air inlet remain 

unchanged, the helium inlet velocity will affect the heat transfer coefficient on the helium side, 

thereby affecting the flow and heat transfer on the air side of the precooler. Therefore, it is 

necessary to investigate the effect of helium inlet velocity on the flow and heat transfer perfor-

mance of the air/helium precooler. 

Figure 20 shows the relationship between the average heat transfer coefficient on the 

air side and the helium side of the precooler with the helium inlet velocity. It can be seen that 

the average heat transfer coefficient on the air side and the helium side increases with the in-

crease of the helium inlet velocity. As the helium inlet velocity increases from 5.57 m/s to 8.61 

m/s, the average heat transfer coefficient on the air side increases by 30% , and the average heat 

transfer coefficient on the helium side increases by 40%. According to the empirical formula 

of heat transfer Nusselt number in the tube [30], the average heat transfer coefficient of the 

Figure 18. Effect of tube transverse pitch S/D                   Figure 19. Effect of tube transverse pitch S/D 

on effectiveness and heat exchange rate                             on total pressure loss coefficient and Vmax 
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helium side is positively correlated with the helium inlet velocity. The increase of the average 

heat transfer coefficient on the air side is mainly due to the decrease of the logarithmic mean 

temperature difference, as shown in the fig. 21, and the increase of the heat exchange rate of 

the precooler, as shown in the fig. 22. According to eqs. (1) and (3), total heat transfer coeffi-

cient, K, increases, and thus the average heat transfer coefficient on the air side increases. Mean-

while, it can be seen that the heat transfer coefficient on the helium-side has a linear relationship 

with the helium inlet velocity, and the rising rate of the air-side heat transfer coefficient gradu-

ally slows down. As the helium inlet velocity increases from 5.57 m/s to 6.58 m/s, the air-side 

heat transfer coefficient increases by 8.9 % , while the air-side heat transfer coefficient increases 

only by 5.7 % with the helium inlet velocity increasing from 7.59 m/s to 8.61 m/s. 

Figures 21 and 22 shows that the air outlet temperature, helium outlet temperature and 

average tube wall temperature decrease with the increase of helium inlet velocity, and the rate 

decreases gradually. However, the heat exchange rate and efficiency of the precooler increases, 

and the rising rate decreases with the increase of helium inlet velocity. As the helium inlet 

velocity increases from 5.57 m/s to 6.58 m/s, the air outlet temperature decreases by 16.5 K, 

and the heat exchange rate increases by 5.6%. When the helium inlet velocity increases from 

7.59 m/s to 8.61 m/s, the air outlet temperature decreases by 9.3 K, and the heat exchange rate 

Figure 20. Effect of helium inlet velocity on heat              Figure 21. Effect of helium inlet velocity on 

transfer coefficient of air side and helium side                  temperature of air, helium outlet, tube wall, 
                                                                                                and DTm 

Figure 22. Effect of helium inlet velocity on                     Figure 23. Effect of helium inlet velocity on 
effectiveness and heat exchange rate of precooler           total pressure loss coefficient 



Wei, X., et al.: Numerical Investigation on the Heat Transfer of … 
THERMAL SCIENCE: Year 2024, Vol. 28, No. 2A, pp. 913-927 925 

increases only by 2.4%. This phenomenon could be attributed to the fact that as the helium inlet 

velocity increases, the decrease rate of the average tube wall temperature slows down, and the 

increase rate of the fluid temperature gradient near the air side wall also slows down corre-

spondently, which decelerates the increase rate of the heat exchange rate. 

Figure 23 shows that the relationship between the total pressure loss coefficient on the 

air side with the helium inlet velocity. As the helium inlet velocity increases, the total pressure 

loss coefficient on the air side gradually decreases. The total pressure loss coefficient on the air 

side decreases from 4.03% to 3.59% with the helium inlet velocity increasing from 5.57 m/s to 

8.61 m/s. This could be attributed to the fact that the increase of helium inlet velocity enhances 

the precooling effect of the air side, resulting in a decrease in air temperature along the path, 

which in turn increases air density, thus the air velocity along the flow direction slows down, 

making the total pressure loss on the air side decrease. 

Conclusions 

In this paper, we establish the minimum periodic flow and heat transfer model of the 

air/helium precooler. The effects of key parameters such as tube transverse pitch, tube row 

number, and helium inlet velocity on the heat transfer characteristics of the air/helium precooler 

are numerically explored. The following conclusions can be drawn: 

• The increment of tube row number rn can cause pretty decrease of the heat transfer coef-

ficient of air side, it decreases by 57% at rn = 15 compared the value at rn = 7. However, 

the heat transfer coefficient of helium side decreases only by 3.8% at rn=15 compared the 

value at rn = 7. Thus, the increase of tube row number will reduce the precooling benefit 

obtained by increasing the number of tube rows. The total pressure loss coefficient on the 

air side of the precooler increases from 1.5% to 7% with the tube row number increasing 

from 7 to 15. 

• When the tube transverse pitch S/D increases from 1.5 to 3.5, the average heat transfer co-

efficient on the air side increases by a factor of about 4.4 and the total pressure loss coeffi-

cient decreases from 2.6% to 0.5%. While the increase of tube transverse pitch S/D can 

reduce the heat transfer area, and thus the heat exchange rate decreases by 33%. 

• The helium inlet velocity can enhance the heat transfer coefficient on the air side and heat 

exchange rate of precooler. As the helium inlet velocity increases from 5.57 m/s to 8.61 m/s, 

the average heat transfer coefficient on the air side increases by 30%, the air outlet temper-

ature decreases by 25.8 K, and the heat exchange rate increases by 8%. 

• When the tube row number increases from 7 to 15, the heat transfer area increases by 106%, 

the heat transfer coefficient decreases by 57%, and the heat exchange rate increases by 

19.7%. When tube transverse pitch S/D decreases from 3.5 to 1.5, the heat transfer area 

increases by 134%, and heat exchange rate increases by 46%. As the helium inlet velocity 

increases from 5.57 m/s to 8.61 m/s, the heat exchange rate increases only by 8%. Obviously, 

the tube transverse pitch S/D has a greater impact on the heat transfer performance of the 

precooler than the tube row number. The helium inlet velocity has a smaller impact on the 

heat transfer of the precooler than tube row number and tube transverse pitch S/D. Therefore, 

on the premise of meeting the heat transfer area, the design of the precooler should give 

priority to the combination of smaller tube row number and smaller tube transverse pitch. 

In terms of the research scope of this paper, the combination of 7 rows and 1.5 S/D tube 

transverse pitch is recommended. 
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Nomenclature 

A – area [m2] 
cp – specific heat capacity [Jkg–1K–1] 
h – heat transfer coefficient [Wm–2K–1] 
K – total heat transfer coefficient, [Wm–2K–1] 
ṁ – mass-flow rate  [kgs–1] 
Q – heat exchange rate [MW] 
DT – temperature difference [K] 

Greek symbols 

e – effectiveness of precooler 
s – total pressure loss coefficient 
ψ – correction factor 

Acronym 

SABRE – synergistic air-breathing rocket engine
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