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Abstract: A physical model for the precooler in a SABRE engine was established, and both the
influencing degrees and physical mechanisms of inlet conditions and geometric parameters on the
flow-heat transfer characteristics of the precooler unit were explored through parametric analysis
and sensitivity analysis, respectively. The results demonstrated that the air massflow rate exerted
the greatest influence on the total pressure loss coefficient of the precooler unit due to its significant
impact on airflow velocity and thermal loading. The inlet total temperature had a dominant effect on
heat transfer rate, owing to its substantial influence on air viscosity and thermal loading. Furthermore,
both alone and in combination with air massflow rate, inlet total pressure exhibited a greater impact
on total pressure loss of precooler unit compared to inlet total temperature and its coupling effects
with air massflow rate. In contrast, both air massflow rate and its coupling effects with inlet total
temperature significantly affected the heat transfer rate. On the other hand, tube spacing had the
most significant impact on both the total pressure loss coefficient and heat transfer rate due to its
substantial influence on air throughflow area and acceleration between microtubes. Moreover, the
number of tube rows played a predominant role in determining the heat transfer rate of the precooler
unit as it caused significant changes in the contact area between the hot air and the microtubes, as well
as airflow velocity. However, only two geometric interaction terms (corresponding to interactions
between the number of tube rows and tube spacing, as well as between tube spacing and tube
diameter) significantly affected the total pressure loss coefficient, and no interaction term was
found to be significant for influencing the heat transfer rate. Eventually, two optimal schemes
involving inlet conditions and geometric parameters were established to enhance the flow-heat
transfer characteristics of the precooler unit.

Keywords: precooler unit; flow-heat transfer characteristic; sensitivity analysis; coupling effect

1. Introduction

SABRE is a precooled, combined cycle engine developed by Reaction Engines Limited
(REL) [1,2]. When operating under Mab5 flight conditions, the incoming airflow temperature
in front of the inlet cone can exceed 1000 °C [3-5]. This elevated temperature inflow may
significantly degrade compressor performance, leading to a reduction in engine-specific
impulse and thrust [6]. Therefore, it is crucial to precool the high temperature incoming
flow before entering the air-breathing engine. SABRE accomplishes this by incorporating a
precooler between the supersonic intake and the compressor, and effectively cools down
the incoming airflow—with temperatures surpassing 1000 °C—to —140 °C, achieving
an impressive heat transfer rate of 400 MW [7]. Due to air’s relatively low heat transfer
coefficient, a substantial heat exchange area is required to meet high power demands [8].
Consequently, the SABRE engine utilizes lightweight materials for its high-performance
microchannel heat exchangers to efficiently precool the flowing air.
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The unique spiral structure and compact configuration of the precooler not only
enhance heat transfer performance, but also inevitably result in higher total pressure loss.
However, very limited research has been conducted on the flow-heat transfer characteristics
of misaligned tube bundles in the precooler. Zukauskas [9] discussed the flow and heat
transfer of misaligned tube bundles in the precooler, deriving empirical relationships for
heat transfer and pressure drop while considering fluid properties” influence. Murray [10]
developed the JMHX heat exchanger module, with a microtube diameter of 0.38 mm, to
investigate microtube heat transfer characteristics; analyzing classical theory’s and formulas’
applicability for evaluating the heat transfer coefficient and friction factor in microchannel
heat exchangers. Li [11] performed experiments and simulations to conduct an error
analysis on classical correlation equations used in heat exchanger design, proposing a new
correlation equation for staggered tube bundle precoolers with an error margin less than
5%. Gu [12] investigated the air-side thermal-hydraulic characteristics of bare tube and flat
finned tube heat exchangers used for precooling aircraft engines; and found that properly
designed flat finned tube heat exchangers outperformed bare tube ones. Kritikos [13]
utilized precise geometric modeling of heat exchangers and the porous media method to
compare the calculated overall Nusselt number, local Nusselt number, and temperature
distributions with existing experimental data. The results indicated that both approaches
were suitable for conducting comprehensive investigations into the thermal performance
of heat exchangers. Wang [14] investigated the coupling characteristics of flow and heat
transfer in the SABRE inlet-precooler system, and the findings suggested that decoupling
the designs of the inlet and precooler did not effectively mitigate the trade-off between high
Mach number heat transfer performance and low Mach number aerodynamic performance.
Ding [15] employed a porous model and a dual-cell heat exchanger model to simulate
the pressure drop and heat transfer processes, respectively. The study revealed that flux
distribution played a pivotal role in influencing the operation of the heat exchanger; while
variations in inlet velocity, total temperature, and total pressure could affect both pressure
drop and flow distortion. Xie [16] utilized the surface temperature method and logarithmic
mean temperature difference method to evaluate the air-side heat transfer characteristics,
while examining the influence of parameters such as inlet pressure, inlet temperature,
transverse pitch, coolant velocity, and performance variation on the heat transfer efficiency
of tube bundles.

In summary, while the precooler effectively enhances the functionality and operational
efficiency of the SABRE engine’s compression system, there is currently limited research
on the correlation between its three-dimensional geometric structure and flow-thermal
characteristics. The sensitive geometric parameters and boundary conditions that impact
its overall performance are particularly unclear, as well as their degrees of influence on the
comprehensive performance of the precooler. Therefore, a comprehensive precooler unit
model was established in this paper to elucidate in detail both the physical mechanisms
and extent to which key geometric parameters and inlet conditions affect its flow-heat
transfer characteristic, utilizing both the parametric analysis and the response surface
model analysis, based on numerous sample schemes and their numerical simulation results.
Ultimately, an optimal scheme for the precooler unit was determined and verified, provid-
ing theoretical support for optimizing its structure and enhancing the overall performance
of the SABRE engine.

2. Modeling of the Precooler

The precooler in SABRE was manufactured by REL and comprised 28 heat exchange
units, with an outer diameter of 900 mm and an inner diameter of 430 mm [1]. Each spiral
precooling unit encircled the central axis and formed a structure with circumferentially
symmetrical arrangement (shown in Figure 1). Meanwhile, each heat exchange unit con-
sisted of four staggered microtubes arranged as a row of tube bundles. Each heat exchange
microtube had a diameter of 1 mm, with a spacing of 2 mm between adjacent microtubes
(measured as the distance between their centers). Due to its outer diameter being ten
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times larger than its wall thickness, the microtube can be simplified as a thin-wall cylinder
following Den Hartog’s guideline [17]. When operating within the engine, the hot air flows
radially inward to the precooler while liquid nitrogen serves as the coolant flowing through
spiral microtubes to precool the hot air.

Air inlet

Liquid nitrogen
Hot air

\  Airinlet

microtubes

Coolant outlet

Hot air
Air inlet

Figure 1. 3D image and physical models of the precooler [1].

Considering the relatively large size of the precooler, which includes numerous cross-
flow microtubes, simplification of the computational domain for the precooler structure was
necessary. Specifically, due to symmetry along both the axial and circumferential directions,
a thin body unit was extracted from its 3-D structure along the axial direction, comprising
only two rows of cross-flow microtubes. Subsequently, the thin body unit was divided into
28 symmetrical sector domains along the circumferential direction [18], with one of these
domains selected as the final computational domain (shown in Figure 2). Consequently,
only ten rows in the radial direction (corresponding to forty staggered microtubes) are
included within the sector domain, and the #, d, s in Figure 3 represent the number of tube
rows, tube diameter, and tube spacing between adjacent microtubes, respectively. Each of
the four staggered microtubes is a row in the sector domain, and the sum of all the tube
rows within the sector domain gives the number of tube rows n. The tube spacing s is the
linear distance between the centers of adjacent microtubes.

-

—

——\

==
) —
i ==
al taj, ‘—.

T, 7
Ilbe

Sector computational domain

Figure 2. Section view of the precooler and the sector computational domain.
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Figure 3. Sector computational domain and the boundary conditions.

A steady-state simulation was conducted in the computational domain of the precooler,
solving the Reynolds-averaged Navier—-Stokes equations. Specifically, numerical calcula-
tions were performed using ANSYS FLUENT 2021 commercial software solver. Liquid
nitrogen was utilized as the coolant in the precooler model unit, while air was considered
an ideal gas. The inlet of the sector computational domain in the precooler was subjected to
boundary conditions, including total temperature, total pressure, and radial flow direction.
A boundary condition of massflow rate was imposed on the outlet section. Both the left and
right sides were set as periodic boundary conditions, while the two fan-shaped surfaces
along the axial direction adopted symmetric boundary conditions. The specific values
for inlet total temperature, total pressure, and massflow rate of hot air were determined
based on corresponding outlet parameters from a supersonic inlet operating at Ma5 in
SABRE engine; and these values were 1181.7 K, 39,993.6 Pa, and 0.0014 kg/s (thin sector
body), respectively. Additionally, a geometric structure with a tube spacing of 2 mm, a
tube diameter of 1 mm, and 10 tube rows was employed in the prototype scheme of the
precooler. Correspondingly, a prescribed massflow rate and a total temperature of 77 K
were imposed at the inlet of the microtubes for the coolant (liquid nitrogen), while an outlet
boundary condition was set as a pressure of 101,325 Pa. Meanwhile, the flow-thermal
characteristics of air and coolant were coupled through heat-loading equilibrium.

The sector computational domain of the precooler unit employed periodic boundary
conditions, with a user-defined function (UDF) controlling the temperature at both the
inlet and outlet. This ensures that the temperature at each subsequent tube’s inlet matches
that of its preceding tube’s outlet. Figure 3 illustrates the method for establishing these
periodic boundary conditions, involving “groove” symmetrically at the first “inlet” and last
“outlet” positions of the microtubes. The groove depth is 0.1 mm, which can be disregarded
compared to the width of the entire air domain, but allows for periodic symmetry on both
sides in this sector computational domain

In order to validate the grid independence, five sets of grids were generated by varying
only the overall grid size, while maintaining consistent model, boundary conditions, and
turbulence model settings. The numerical simulation results are presented in Figure 4.
Upon reaching a grid count of 11 million, further increasing the number of grids had
negligible impact on both the total pressure loss coefficient of the precooler unit and heat
transfer rate. As a result, a total grid number of 11 million was ultimately selected.
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Figure 4. Grid independence verification in sector computational domain.

3. Numerical Method Validation

Since there is no publicly available experimental data on the precooler, a similar model
called the experimental module JMHX (described in reference [10]) has been employed for
numerical method validation in this study. The JMHX exhibits comparable microchannel
layouts and flow characteristics to SABRE’s precooler, while also providing geometric
and experimental data [10]. Figure 5 illustrates the three-dimensional structure of the
JMHX heat exchanger model. The model comprises microtube bundles with a diameter of
0.38 mm, where helium serves as the coolant inside the tubes and nitrogen acts as the hot
fluid outside them. Assuming a heat capacity ratio of 1 in numerical simulations, the SST
k-w turbulence model, incorporating cross-diffusion and propagation of turbulent shear
stress [19], demonstrates superior accuracy in fitting the depicted experiment’s results, as
shown in Figure 6. Consequently, the SST k-w turbulence model is adopted in this paper.

Nitrogen

Tube row 10 38.95mm

Helium

Figure 5. Schematic of the JMHX structure [10].
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Figure 6. Comparisons of the numerical and experimental results.

4. The Influence Rules and Mechanism of Key Factors on Precooler Performance

The flow-heat transfer characteristics of the precooler in the SABRE engine are simulta-
neously influenced by its primary geometric parameters and inlet conditions. Therefore, a
parametric analysis has been employed in this section initially to investigate the influencing
mechanism of the variations in the main geometric parameters and inlet conditions on the
internal flow-heat transfer characteristics of the precooler.
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4.1. Effects of Inlet Conditions on the Flow-Heat Transfer Characteristics

The influences of the inlet condition on the flow-heat transfer characteristics of the
precooler unit were analyzed by considering three key parameters: air massflow rate, inlet
total pressure, and inlet total temperature.

Firstly, three different air massflow rates were imposed on the outlet of the sector
computational domain, while keeping the inlet total pressure and temperature constant, to
investigate the impact of variations in airflow velocity on the overall performance of the
precooler unit. The comparisons of total pressure and temperature distributions within
the precooler unit are presented in Figures 7 and 8. As depicted in these figures, an
increase in air massflow rate led to a gradual rise in flow velocity, resulting in increased
flow resistance and total pressure loss coefficient of the precooler. Consequently, this
corresponded to a gradual decrease in total pressure at the outlet of computational domains
for all three cases shown in Figure 7. In contrast, the increase in air massflow rate not
only significantly contributed to the enhancement of heat transfer rate due to increased
airflow velocity (particularly for convective heat transfer coefficient), but also resulted in
higher thermal loading carried by hot air. Consequently, the combined effects of increasing
air massflow rate led to an elevation in the outlet temperature of the precooler, as shown
in Figure 8. Moreover, upon entering the precooler radially (as depicted in Figure 9),
the hot air experienced a certain degree of circumferential deflection, leading to slight
accumulation of airflow within the right-bottom region of the calculation domain and
consequently generating localized high-temperature zones accordingly (indicated by red
ellipse in Figure 8).

Total Pressure
4000000
3985000
3970000
3955000
3940000
3925000
3910000
3895000
38800.00
3865000
3850000

[Pa)

m=0.00112kg/s m=0.0014kg/s m=0.00168kg/s

Figure 7. Distributions of total pressures in a precooler unit with different air massflow rates.

Total Temperature
1200.00

1100.00
1000.00
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800.00
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600.00
500.00
400.00
30000
200,00

Local high-
temperature zone

m=0.00112kg/s m=0.0014kg/s m=0.00168kg/s

Figure 8. Distributions of total temperature in a precooler unit with different air massflow rates.

Secondly, the inlet total pressure was varied to investigate its impact on the overall per-
formance of the precooler unit, while keeping the inlet total temperature and air massflow
rate constant. The distributions of total pressure and total temperature on the cross-section
of the precooler unit under different inlet total pressures are illustrated in Figures 10 and 11,
respectively. As the inlet air total pressure increased (with relative increments of 20%), there
was a corresponding increase in air density, resulting in gradual reductions in both inlet
air velocity and flow resistance. Consequently, this led to a decrease in the total pressure
loss coefficient of the precooler unit and, ultimately, produced higher outlet values for total
pressure (as shown in Figure 10). Conversely, variations in inlet total pressure had only
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negligible effects on both the distribution features of total temperature, as well as its outlet
values observed from Figure 11.

m=0.00112kg/s m=0.0014kg/s m=0.00168kg/s

Figure 9. Distributions of spatial streamlines in a precooler unit with different air massflow rates.
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Figure 10. Distributions of total pressures in a precooler unit with different inlet total pressures.
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Figure 11. Distributions of total temperatures in a precooler unit with different inlet total pressures.

The distributed contours of total pressures and total temperature on the cross-section
of the precooler with different inlet total temperatures are shown in Figures 12 and 13.
With the inlet total pressure and air massflow rate remaining unchanged, an increase in
the inlet total temperature resulted in corresponding increases in both flow resistance
and the total pressure loss coefficient within the precooler. This can be attributed to
an accelerated molecular thermal motion at a microscopic level due to higher air inlet
temperatures, leading to stronger intermolecular collision effects. Consequently, there was
a noticeable increase in air viscosity within the precooler. Additionally, an increase in inlet
total temperature caused a decrease in air density, while increasing airflow velocity (with
constant air massflow rate and throughflow area). Consequently, the combined effects
resulting from the increase in the inlet total temperature led to a further elevation in total
pressure loss within the precooler unit. This corresponded to a lower outlet total pressure
value for the new case with higher inlet total temperature, as depicted in Figure 12.
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Figure 12. Distributions of total pressures in a precooler with different inlet total temperatures.
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Figure 13. Distributions of total temperatures in a precooler with different inlet total temperatures.

Furthermore, it can be observed from Figure 13 that the reduction in airflow velocity
caused by increasing inlet total temperature resulted in a higher outlet total air temperature
within the computational domain. However, this also led to an increased temperature dif-
ference between the inlet and outlet sections of the precooler unit, indicating an augmented
thermal loading of incoming hot air due to a larger temperature gradient between the hot
air and coolant within the microtubes, and an enhanced heat transfer rate.

The coupling effects of inlet total pressure, inlet total temperature, and air massflow
rate on the total pressure loss coefficient and heat transfer rate of the precooler unit are de-
picted in Figures 14 and 15. Both the total pressure loss coefficient and the heat transfer rate
of the precooler unit exhibited approximately linear increasing trends with an increase in
air massflow rate. Moreover, an increase in inlet total pressure attenuated the monotonous
rise of the total pressure loss coefficient, while it had no impact on the change in heat
transfer rate during an increase in air massflow rate. In contrast, an increase in inlet total
temperature contributed to increases in both the total pressure loss coefficient and heat
transfer rate of the precooler unit, with a larger increment observed for the latter. Specif-
ically, at any given massflow rate in Figure 15a, a reduction of the inlet total pressure to
31,994.9 Pa resulted in an approximate increase of 32.6% in the total pressure loss coefficient
compared to the condition with an inlet total pressure of 39,993.6 Pa; while an increase
in the inlet total pressure to 47,992.4 Pa led to a decrease of about 21.2%. Similarly, for a
given massflow rate, shown in Figures 14b and 15b, lowering the inlet total temperature to
945.4 K caused a decrease of approximately 17% in the total pressure loss coefficient and
a decline of about 22% in heat transfer rate compared to the condition with an inlet total
temperature of 1181.7 K. Conversely, raising the inlet total temperature to 1418.1 K resulted
in an increase of around 17% in the total pressure loss coefficient and an enhancement of
about 22% in the heat transfer rate.
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Figure 14. Coupling effects of different inlet conditions on total pressure loss. (a) Interactions of total
pressure and massflow; (b) Interactions of total temperature and massflow.
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Figure 15. Coupling effects of different inlet conditions on heat transfer rate. (a) Interactions of total
pressure and massflow; (b) Interactions of total temperature and massflow.

Therefore, it can be inferred that the air massflow rate exerted the greatest influence
on both the total pressure loss coefficient and heat transfer rate of the precooler unit. In
contrast, the impact of inlet total pressure on the total pressure loss coefficient was more
significant than that of inlet total temperature, while it had an almost negligible effect on
the heat transfer rate of the precooler unit; which was opposite to the impact of the inlet
total temperature on the heat transfer rate. Moreover, it became evident that the interaction
effects between inlet total pressure and air massflow rate had a stronger influence on
total pressure loss and a weaker influence on the heat transfer rate of the precooler unit
compared to interactions between the inlet total temperature and air massflow rate.

4.2. Effects of Main Geometric Factors on the Flow-Heat Transfer Characteristics

By conducting an analysis of the geometric parameters that determined the three-
dimensional geometry of the precooler, three primary geometric parameters—tube spacing,
tube diameter, and number of tube rows (as shown in Figure 3)—were selected to investigate
the impacts of changes in geometric structure on the flow-heat transfer characteristics of
the precooler unit.

The distributions of total pressure and total temperature on the cross-section of the
precooler unit with different tube spacing are shown in Figures 16 and 17, respectively. It is
worth noting that an increase in tube spacing (keeping inlet condition, tube diameter, and
number of tube rows constant) inevitably led to an enlargement of the throughflow area
perpendicular to the flow direction in the computation domain. This resulted in a reduction
in airflow velocity and subsequently decreased the total pressure loss within the precooler,
leading to a higher outlet total pressure, as depicted in Figure 16 for cases with larger tube
spacing. However, it should be noted that increasing tube spacing also contributed to an
elevated outlet total temperature and decreased convective heat transfer coefficient within
the precooler unit, as illustrated in Figure 17, due to decreasing airflow velocity.
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Total Pressure.
40000.00
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39540.00
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38390.00
38160.00
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(Pa)
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Figure 16. Distributions of total pressures in a precooler unit with different tube spacings.
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Figure 17. Distributions of total temperatures in a precooler unit with different tube spacings.

The distributions of airflow velocity and spatial streamlines among microtubes within
the precooler unit with different tube spacing are shown in Figure 18. As the tube spacing
increased from 1.6 mm to 2.4 mm, the flow accelerations between tubes have been weakened
significantly, while the wake vortex zone behind each microtube (corresponding to the
low-velocity zone) expanded gradually. Consequently, this led to a weakening of the overall
heat transfer effect of the precooler. However, although there was an increase in flow losses
due to the growing wake vortex zones, these losses were much smaller compared to the
total pressure losses caused by airflow interacting with the walls of microtubes. As a result,
there was a noticeable reduction in overall total pressure losses occurring due to reduced
flow accelerations between tubes.

Flow direction

Velocity Magnitude
2600

2540
2080
1820
1560

e
(ms)
Figure 18. Spatial streamline distributions in a precooler with different tube spacings.

The distributions of total pressure and total temperature on the cross-section of the
precooler with different tube diameters are illustrated in Figures 19 and 20, respectively.
While keeping the inlet condition, tube spacing, and number of tube rows unchanged,
an increase in tube diameter resulted in corresponding rises in both total pressure loss
coefficient and outlet total pressure. This phenomenon can be attributed to a reduction
in effective throughflow area of hot air relative to an increase in flow velocity between
microtubes, leading to significant increases in airflow resistance and convective heat transfer
coefficient within the precooler unit. Consequently, smaller outlet total pressure values
along with lower outlet total temperatures were observed in all three cases.
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d=0.8mm d= lmm

Total Pressure
40000.00
39850.00
39700.00
39550.00
39400.00
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38800.00
38650.00
38500.00

(Pa)

d=1.2mm

Figure 19. Distributions of total pressures in a precooler unit with different tube diameters.

Figure 20. Distributions of total temperatures in a precooler unit with different tube diameters.

In addition to these findings, Figure 21 presents distributions of airflow velocity
and spatial streamlines among microtubes within the precooler units with different tube
diameters. The results demonstrated that an increase in tube diameter enhanced airflow
acceleration within the narrow channels formed by microtubes while reducing wake vortex
zones accordingly, which was consistent with the analysis based on Figures 19 and 20.

Flow direction

Figure 21. Spatial streamline distributions in a precooler unit with different tube diameters.

The distributions of total pressure and total temperature on the cross-sections of the
precooler unit with different numbers of tube rows are illustrated in Figures 22 and 23,
respectively (with the inlet conditions, tube spacing, and tube diameter remaining un-
changed). Each individual row consists of four microtubes, as depicted in Figures 1 and 2,
resulting in numerous acceleration channels between the tubes within each row. Conse-
quently, both the total pressure losses and heat transfer efficiency of inlet hot air gradually
increased with an incremental number of tube rows. This led to a smaller outlet total
pressure, observed in Figure 22, and a lower outlet total temperature, observed in Figure 23.
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Figure 22. Distributions of total pressures in a precooler unit with different tube rows.
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Figure 23. Distributions of total temperature in precooler unit with different tube rows.

The spatial streamline distributions in the precooler unit with varying numbers of tube
rows are illustrated in Figure 24. Increasing the number of tube rows alone led to a gradual
reduction in the spacing between adjacent tubes among different rows, while keeping
both the tube diameter and spacing within each row unchanged; thereby resulting in an
augmented total heat transfer area within the precooler unit and consequently improving
its heat transfer rate. Since augmenting the number of tube rows did not impact the
structural layouts of tube rows within each row, there was minimal disparity observed
in flow characteristics among the three cases shown in Figure 24a. Simultaneously, due
to relatively large spacing between adjacent tubes from different tube rows, reducing the
spacing caused by an increase in tube rows did not affect flow evolution characteristics
between adjacent tubes. Therefore, similar flow characteristics were also exhibited across all
three cases presented in Figure 24b. However, it is worth noting that increasing the number
of tube rows significantly amplified the total heat transfer area within the computational
domain, which had a substantial effect on enhancing the heat transfer rate of precoolers.

Flow direction Flow direction

— Velocity Magnitude
0

Velocity Magnituda
26.01 26.00

23.40
2080

23.40

(b)

Figure 24. Spatial streamline distributions in a precooler with different numbers of tube rows.
(a) Within the tube row. (b) Between the adjacent tubes of different rows.

The coupling effects of tube diameter, number of tube rows, and tube spacing on the
flow-heat transfer characteristics of the precooler unit are illustrated in Figures 25 and 26.
These figures clearly demonstrated that, in addition to an increase in air massflow rate,
enhancing the tube diameter and number of tube rows while reducing the tube spacing
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significantly contributed to notable elevations in both total pressure loss coefficient and
heat transfer rate within the precooler. Specifically, in comparison to the case with a tube
diameter of 1.0 mm, a reduction in tube diameter to 0.8 mm resulted in a decrease of
approximately 26.3-28.9% and 6.59-9.71% for the total pressure loss coefficient and heat
transfer rate, respectively. Conversely, an increase in tube diameter to 1.2 mm led to an
increase of around 29.1-34.8% and 5.1-8.4%, respectively, for these parameters. Similarly,
compared to the case with 10 tube rows, reducing the number of rows to 8 caused both the
total pressure loss coefficient (by about 22.1-24.1%) and heat transfer rate (by approximately
9.8-12.5%) to decrease; whereas increasing it to 12 resulted in an approximate increase
of 19.7-22.8% and 6.8-9.7% for these two parameters. In contrast, when compared to a
tube spacing of 2.0 mm, reducing it to 1.6 mm resulted in significant increases in both
the total pressure loss coefficient (by 120.3-132.2%) and heat transfer rate (by 4.6-6.0%).
Conversely, increasing the tube spacing to 2.4 mm led to notable decreases in these factors
by approximately 45.4-47.1% and 5.0-7.6%, respectively. Furthermore, it is worth noting
that all changes observed in heat transfer rates were smaller than those seen for total
pressure loss coefficients due to the influence of these geometric factors.

o
=
s
=

s
g
s
g

Total pressure loss coefficient
e 4 4 4
g 8 & 2
Total pressure loss coefficient
4 4 4
s = z
Total pressure loss coefficient
= = =
s & 3

—=— d=0.8mm
—e—d=1.0mm
d=1.2mm

£ 010 —=—s=1.6mm
—e—s=2.0mm

——n=8
—e—n=10

n=12

s
s
=

s=2.4mm

0.00

0.00056  0.00084 0.00112  0.00140 0.00168 0.00196 0.00224

0.014

0.00 X T T T T T 1
0.00056 0.00084 0.00112 0.00140 0.00168 0.00196 0.00224 0.00056 0.00084 0.00112 0.00140 000168 0.00196 0.00224

mass flow (kg/s) mass flow (kg/s)

mass flow (kg/s)

(a) (b) (©

Figure 25. Coupling effects of different geometric factors on total pressure loss. (a) Interactions of
tube diameter and massflow; (b) Interactions of number of tube rows and massflow; (c) Interactions
of tube spacing and massflow.
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Figure 26. Coupling effects of different geometric factors on heat transfer rate. (a) Interactions of tube
diameter and massflow; (b) Interactions of number of tube rows and massflow; (c) Interactions of
tube spacing and massflow.

Therefore, the preceding analysis has demonstrated significant variations in the de-
grees of influence exerted by tube diameter, tube row, and tube spacing on the overall
performance of the precooler unit. Among these three geometric factors, it is evident that
tube spacing exerted the most pronounced impact on the total pressure loss coefficient,
followed by tube diameter; whereas the number of tube rows exhibited a comparatively
lesser effect. Simultaneously, it can be observed that the number of tube rows predomi-
nantly influenced the heat transfer rate of the precooler unit, followed by tube diameter,
with relatively minimal impact from tube spacing.
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5. Identifying the Significant Factors Affecting the Performance of the Precooler Unit

Based on the parametric analysis mentioned above, the Box-Behnken Design (BBD)
module of the response surface model (RSM) embedded in Design-Expert 3.0 software was
employed to identify the significant factors influencing the flow-heat transfer characteristics
of the precooler and further determine their specific degrees of impact.

5.1. Sensitivity Analysis of Inlet Conditions

Three experimental variables—namely, inlet total pressure, inlet total temperature,
and air massflow rate—were selected to analyze the effects of changes in inlet conditions on
internal total pressure loss and heat transfer rate in the precooler unit. These variables were
considered as independent factors (A for inlet total pressure, B for inlet total temperature,
and C for air massflow rate); each with three levels of sample values. The levels of these
factors were adjusted by increasing or decreasing them proportionally by 20% based on
the prototype, resulting in a design table consisting of three factors and three levels. The
establishment of variable ranges of inlet conditions is based on the actual flight conditions
(Ma0~5) of the SABRE engine and the corresponding outlet parameters of the supersonic
inlet upstream of the precooler. Table 1 presents the levels of these factors.

Table 1. Factors of inlet conditions and three influencing levels.

Factor Decreasing Prototype Increasing
A—inlet total 31,994.9 39,993.6 47,9924
pressure (Pa)

B—inlet total
temperature (K) 945.4 1181.7 1418.1
C—air massflow rate 0.00112 0.0014 0.00168

(kg/s)

Two central points were selected and a total of 14 experiment sets were generated.
Since these 14 sets mainly focused on the coupling effects among three factors, an additional
six sets were established based on these designs, to analyze the influence of single-factor
variations on precooler characteristics exclusively. In total, 20 experimental designs were
formulated. The details of these experimental designs and corresponding numerical simu-
lation results are presented in Table 2. Herein, R; denotes the target of total pressure loss
coefficient, while R; represents heat transfer rate.

Pin_Pout

R, =
1 2

1
In Equation (1), P;;, denotes the inlet total pressure of the precooler unit, while P,;;
represents the outlet total pressure.

Ry = cMAt )

In Equation (2), the ¢, M and At represent specific heat capacity of air, air massflow
rate, and temperature difference between inlet and outlet sections of computational domain,
respectively.

Based on the results in Table 2, an analysis of variance (ANOVA), was conducted to
assess the significance of the response surface model and the factors. A higher value for F
indicates greater significance for the model under consideration. Furthermore, a p-value
was incorporated into ANOVA to estimate the probability of getting the F value of a factor,
with the original hypothesis that the factor does not influence the response value, and
factors with a p-value less than 0.05 were generally considered as significant items.

The analysis of variance (ANOVA) table for the target of R; is presented in Table 3,
where a larger F value and smaller p-value indicated greater significance of the related
factors. It can be observed from Table 3 that the p-values for inlet total pressure, inlet total
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temperature, and air massflow were all less than 0.05, indicating their significant influence.
Furthermore, based on the F values, it can be determined that the air massflow rate had
the most significant impact on total pressure loss in the precooler; followed by inlet total
pressure, and then inlet total temperature. The p-value of the fitted model was less than
0.0001, indicating the high significance of this fitted model.

Table 2. Experimental design schemes and corresponding numerical results.

C(x10-3

Scheme A (Pa) B (K) ke/s) Ry R, (kW)
case 1 31,994.9 945.4 14 0.025 915.0
case 2 47,992.4 9454 14 0.015 915.0
case 3 31,994.9 1418.1 14 0.036 1429.4
case 4 47,992.4 1418.1 14 0.021 1429.5
case 5 31,994.9 1181.7 1.12 0.019 974.9
case 6 47,9924 1181.7 1.12 0.011 975.0
case 7 31,994.9 1181.7 1.68 0.045 1361.8
case 8 47,9924 1181.7 1.68 0.026 1361.9
case 9 39,993.6 945.4 1.12 0.012 761.6
case 10 39,993.6 1418.1 1.12 0.017 1188.9
case 11 39,993.6 945.4 1.68 0.028 1062.9
case 12 39,993.6 1418.1 1.68 0.039 1661.7
case 13 39,993.6 1181.7 14 0.023 1171.8
case 14 39,993.6 1181.7 14 0.023 1171.8
case 15 31,994.9 1181.7 14 0.031 1171.7
case 16 47,992.4 1181.7 14 0.018 1171.8
case 17 39,993.6 945.4 1.4 0.019 915.0
case 18 39,993.6 1418.1 14 0.027 1429.4
case 19 39,993.6 1181.7 1.12 0.015 974.9
case 20 39,993.6 1181.7 1.68 0.034 1361.4

Table 3. Variance analysis results of total pressure loss coefficient in precooler unit.

Source Sum of Squares Mean Square F-Value p-Value
Model 15.7 1.74 1785.5 <0.0001
A 3.98 3.98 4076.6 <0.0001
B 1.68 1.68 1718.9 <0.0001
C 9.50 9.50 9729.8 <0.0001
AB 0.05 0.05 46.4 <0.0001
AC 0.27 0.27 271.7 <0.0001
BC 0.11 0.11 112.6 <0.0001
A? 0.08 0.08 83.5 <0.0001
B? 0.00 0.00 0.03 0.8596
C? 0.04 0.04 40.4 <0.0001

The coefficient of determination R? served as an evaluative metric that reflected the
degree to which the regression equation aligned with the data, ranging from 0 to 1. A
higher R? value indicated a better fitting effect. In this fitted model, the calculated value of
R? equaling to 0.9994 signified a strong alignment between the predicted and measured
values within the experimental range.

Figure 27 illustrates the response surfaces of the total pressure loss coefficient under
different inlet conditions. All three interaction items (AB, AC, BC) exerted significant
influences on the total pressure loss coefficient. Specifically, decreasing both air massflow
rate and inlet total temperature, as well as increasing inlet total pressure, contributed to
reducing the total pressure loss coefficient. Table 3 and Figure 27 indicate that the p-values
of interaction terms AB, AC, and BC were all less than 0.05, indicating their significance
on the total pressure loss coefficient. Although considering interactions between two
factors resulted in a curved surface shape with certain curvature, all these interaction terms
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had reducing significance on overall total pressure loss, compared with the impacts of
single-factor effects.

1418.06
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Figure 27. Response surfaces of total pressure loss with coupling effects of inlet conditions.
(a) Response surface with interactions of inlet total pressure and total temperature. (b) Response
surface with interactions of inlet total pressure and air massflow rate. (c) Response surface with
interactions of inlet total temperature and air massflow rate.

The analysis of variance table for the R, target was presented in Table 4. Both the
inlet total temperature and air massflow rate exhibited p-values less than 0.05, indicating
their significance as influential factors. Conversely, the p-value for inlet total pressure
exceeded 0.05, suggesting it was not the significance for the heat transfer rate of the
precooler. Based on the F-values, it can be concluded that inlet temperature had the most
substantial influence on the precooler’s heat transfer rate, followed by air massflow rate,
while the influence of inlet total pressure was not significant. Moreover, this fitted model
demonstrated high significance with a p-value less than 0.0001. The R? value of this fitted
model is 1, demonstrating excellent agreement between the predicted and measured values
within the experimental range.

Table 4. Variance analysis of heat transfer rate with different inlet conditions.

Source Sum of Squares Mean Square F-Value p-Value
Model 1.0 x 10° 1.2 x 10° 8.4 x 10° <0.0001
A 0.0076 0.0076 0.0557 0.8181
B 6.6 x 10° 6.6 x 10° 4.8 x 100 <0.0001
C 3.7 x 10° 3.7 x 10° 2.7 x 10° <0.0001
AB 0.0003 0.0003 0.0025 0.9614
AC 0.0015 0.0015 0.0106 0.9201
BC 7354.46 7354.46 53,592.33 <0.0001
A2 0.021 0.021 0.15 0.7069
B2 0.9895 0.9895 7.21 0.0229
C? 51.74 51.74 377 <0.0001

The response surface shapes of heat transfer rate with different inlet conditions are
depicted in Figure 28. The p-values for the interaction terms of AB and AC, as shown in
the figures, were found to be greater than 0.05; indicating their insignificance for the heat
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transfer rate. Furthermore, both response surfaces obtained from the interaction terms
of AB and AC appeared as planes with minimal curvature, suggesting that these two
interaction terms had a negligible impact on the heat transfer rate and were not significant
terms. In contrast, it can be observed from Figure 28 and Table 4 that the interaction term
of BC exhibited a p-value less than 0.05, signifying its significance for the heat transfer rate.
Therefore, it appears that the inlet total pressure was not a significant factor either alone or
when coupled with other factors, whereas both inlet total temperature and air massflow
rate were significant factors, whether acting independently or in combination.
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Figure 28. Response surfaces of heat transfer rate with coupling effects of inlet conditions.
(a) Response surface with interactions of inlet total pressure and total temperature. (b) Response
surface with interactions of inlet total pressure and air massflow rate. (c) Response surface with
interactions of inlet total temperature and air massflow rate.

According to the sensitivity analysis results recommended by BBD, an optimal combi-
nation scheme for the inlet conditions was established. This scheme included an inlet total
pressure of 47,992.4 Pa, an inlet total temperature of 1418 K, and an air massflow rate of
0.00112 kg/s. These values corresponded to a predicted total pressure loss coefficient of
0.0132 and a heat transfer rate of 1189.47 kW in the new scheme. Furthermore, numerical
simulations were also conducted to determine both the total pressure loss coefficient and
heat transfer rate for the optimal precooler unit scheme (as shown in Table 5). The errors
between the predicted values and numerical results were found to be within 1%, indicating
a high level of accuracy in predictions from analysis of variance.

Table 5. Comparisons of predicted and simulated results for optimal scheme of inlet conditions.

Total Pressure Loss Heat Transfer Rate (kW)

Coefficient
BBD 0.0132 1189.47
CFD 0.0133 1188.96
Errors —0.68% 0.04%

5.2. Sensitivity Analysis of Geometric Factors in Precooler

The number of tube rows (A), tube spacing (B), and tube diameter (C) were designated
as three factors with three levels. Each level was adjusted by £20% from its original value,
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resulting in design schemes with three factors and three levels. The determination of the
variable ranges of key geometric factors in the precooler unit is based on the geometric size
constraints imposed by the supersonic inlet and its rear transition segment in the SABRE
engine. The factor level table is presented in Table 6. The center point number was chosen
as two, and an additional six sets of schemes were established to examine the impact of
single-factor variations on precooler characteristics. In total, 20 experimental schemes
were formed as well. Both the experimental schemes and numerical simulation results are
displayed in Table 7. Similarly, R; represents the target for total pressure loss coefficient,
while R, represents the target for heat transfer rate.

Table 6. Factors of geometric structure of precooler unit and three influencing levels.

Factor Decreasing Prototype Increasing
A—number of tube rows 8 10 12
B—tube spacing (mm) 1.6 2 24
C—tube diameter (mm) 0.8 1 1.2

Table 7. Experimental design schemes of geometric factors and corresponding numerical results.

Scheme A B (mm) C (mm) Ry R, (W)
case 1 8 1.6 1 0.037 1123.4
case 2 12 1.6 1 0.065 1344.6
case 3 8 24 1 0.01 964.7
case 4 12 24 1 0.015 1201.3
case 5 8 2 0.8 0.013 942.7
case 6 12 2 0.8 0.02 1178.9
case 7 8 2 1.2 0.023 1114.5
case 8 12 2 1.2 0.038 1352.2
case 9 10 1.6 0.8 0.036 1164.5
case 10 10 24 0.8 0.009 1000.2
case 11 10 1.6 1.2 0.067 1344.1
case 12 10 2.4 1.2 0.016 1177.4
case 13 10 2 1 0.023 1171.8
case 14 10 2 1 0.023 1171.8
case 15 8 2 1 0.018 1034.9
case 16 12 2 1 0.028 1273.8
case 17 10 1.6 1 0.052 1237.2
case 18 10 2.4 1 0.012 1098.3
case 19 10 2 0.8 0.017 1074.0
case 20 10 2 1.2 0.030 1255.4

The analysis of variance for R; due to variations in geometric factors was conducted
and presented in Table 8. The p-values associated with the number of tube rows, tube
spacing, and tube diameter were all found to be less than 0.05, indicating their significant
influences on the total pressure loss coefficient of the precooler unit. Furthermore, based on
the p-values obtained, it can be concluded that tube spacing exhibited the most pronounced
impact on the total pressure loss coefficient within the precooler unit, followed by tube
diameter and then tube rows. Additionally, it is worth noting that this fitted model
demonstrated high significance, as indicated by its p-value being less than 0.0001.
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Table 8. Variance analysis of total pressure loss coefficient with different geometric factors.

Source Sum of Squares Mean Square F-Value p-Value
Model 54.99 6.11 148.68 <0.0001
A 4.37 4.37 106.33 <0.0001
B 37.53 37.53 913.20 <0.0001
C 6.37 6.37 154.94 <0.0001
AB 1.35 1.35 32.78 0.0002
AC 0.18 0.18 4.25 0.0662
BC 1.48 1.48 35.93 0.0001
A? 0.004 0.004 0.097 0.7619
B? 3.35 3.35 81.43 <0.0001
2 0.004 0.004 0.11 0.7508

The response surface shapes of the total pressure loss coefficient with different geomet-
ric factors are illustrated in Figure 29. It can be observed from Table 8 and Figure 29 that
the interaction term of AC had an insignificant effect on the total pressure loss coefficient of
the precooler unit, as indicated by the nearly flat response surface shown in Figure 29b and
the larger p-value of more than 0.05. In contrast, both AB and BC interaction terms exhib-
ited p-values less than 0.05, indicating their significant impacts on the total pressure loss
coefficient. However, despite exhibiting significance in their respective response surfaces
formed by these interaction terms (AB and BC), their F-values were considerably smaller
compared to those of individual factors, suggesting a weakened influence of these two
interaction terms on precooler pressure loss.

08 1.6

(©

Figure 29. Response surfaces of total pressure loss with coupling effects of geometric factors.
(a) Response surface with interactions of the number of tube rows and tube spacing. (b) Response
surface with interactions of the number of tube rows and tube diameter. (c) Response surface with
interactions of tube spacing and tube diameter.

The analysis of variance table for the Ry, due to variations in geometric factors, is
presented in Table 9. The p-values for number of tube rows, tube spacing, and tube diameter
were all less than 0.05, indicating their significant influence on the heat transfer rate of the
precooler unit. Moreover, based on F-value analysis, it can be concluded that the number of
tube rows had a more pronounced impact on heat transfer rate compared to tube diameter,
followed by tube spacing. The fitted model’s p-value being less than 0.0001 indicated its
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significance, and a R? value equaling to 0.9984 suggested good fitting between predicted
values and actual results within the experimental range.

Table 9. Variance analysis of heat transfer rate with different geometric factors.

Source Sum of Squares Mean Square F-Value p-Value
Model 2.8 x 10° 30,693.3 680.1 <0.0001
A 1.14 x 10° 1.14 x 10° 3036 <0.0001

B 59,581.9 59,581.9 1320.2 <0.0001

C 78,013.1 78,013.1 1728.6 <0.0001
AB 59.2 59.2 1.31 0.2788
AC 0.6 0.6 0.013 0.9107
BC 1.4 14 0.031 0.8648
A? 1195.8 1195.8 26.5 0.0004
B? 91.3 91.3 2.02 0.1854
c? 76.6 76.6 1.70 0.2218

Figure 30 illustrates the response surfaces of heat transfer rate with varying geometric
factors. As indicated in Table 9, all the p-values for the three interaction terms (AB, AC, and
BC) were found to be greater than 0.05, suggesting their insignificance in relation to the
heat transfer rate. Additionally, the relatively flat shapes in Figure 30 further confirmed
that these three interaction terms had minimal impact on the heat transfer rate.
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Figure 30. Response surfaces of heat transfer rate with coupling effects of geometric factors.
(a) Response surface with interactions of the number of tube rows and tube spacing. (b) Response
surface with interactions of the number of tube rows and tube diameter. (c) Response surface with
interactions of tube spacing and tube diameter.

According to the recommended solution proposed by BBD, an optimal geometric
combination scheme was determined, with 12 tube rows, a tube spacing of 2.4 mm, and a
tube diameter of 1.2 mm. Consequently, employing this optimal geometric scheme resulted
in predicted values for the total pressure loss coefficient and heat transfer rate at 0.0173 and
1285.159 kW, respectively. Furthermore, the numerical simulation was also conducted to
validate these predicted solutions, as presented in Table 10; demonstrating that the errors
between the predicted results and numerical results for both total pressure loss coefficient
and heat transfer rate were within 5%. These findings indicated an acceptable accuracy in
predictions derived from analysis of variance.



Energies 2024, 17, 5890 21 of 23

Table 10. Comparisons of predicted and simulated results for the optimal geometric scheme.

Total Pressure Loss Heat Transfer Rate (kW)

Coefficient
BBD 0.0173 1285.16
CFD 0.0181 1279.2
Errors —4.49% 0.47%

6. Conclusions

The degrees of influence and mechanism of inlet conditions and the main geometric
factors on the flow-heat transfer characteristics of the SABRE engine’s precooler unit were
thoroughly elucidated through parametric and sensitivity analyses. Additionally, optimal
structural schemes for the precooler were established. The key findings are as follows.

(1) The air massflow rate exerted the greatest influence on the total pressure loss coef-
ficient of the precooler unit, primarily due to the largest changes in airflow velocity
and thermal loading. This was followed by the secondary effect of inlet total pres-
sure, and the tertiary effect of inlet total temperature. In contrast, both the inlet total
temperature and the air massflow rate had substantial influences on the heat transfer
rate of the precooler unit (with inlet total temperature having a much larger influence
than air massflow rate), mainly due to their considerable effects on air viscosity and
thermal loading. Conversely, the inlet total pressure had minimal impact on the heat
transfer rate.

(2) The three geometric factors exhibited significant influences on both the total pressure
loss coefficient and heat transfer rate of the precooler unit. Furthermore, a ranking
was established based on the importance for the total pressure loss coefficient, with
tube spacing, tube diameter, and number of tube rows identified as key contributors,
due to their impact on air throughflow area and acceleration between microtubes.
Similarly, another ranking was determined for the heat transfer rate, highlighting the
significance of the number of tube rows, tube diameter, and tube spacing in terms of
their influences on the contact area between the hot air and the microtubes, as well as
airflow velocity.

(3) According to the results of the analysis of variance, all pairwise interaction terms
among the three factors of inlet conditions were found to be significant for the total
pressure loss coefficient of the precooler unit. These interaction terms are ranked in
order of significance as follows: interaction term between inlet total pressure and air
massflow rate, followed by the interaction term between the inlet total temperature
and the air massflow rate, and finally, the interaction term between the inlet total
pressure and total temperature rate. However, only the interaction term between
the inlet total temperature and the air massflow rate was found to have a significant
effect on the heat transfer rate. In contrast, only two interaction terms (corresponding
to the interaction term between the number of tube rows and tube spacing, as well
as the interaction term between tube spacing and tube diameter) were identified as
significant factors affecting the total pressure loss coefficient of the precooler unit.
None of these pairwise interactions among geometric factors had a significant impact
on heat transfer rate. Furthermore, it is worth noting that all significant interaction
terms, regardless of whether they involved inlet conditions or geometric parameters,
had much weaker effects on flow-heat transfer characteristics compared to those
observed from individual significant factors.

(4) Two optimal schemes of the precooler unit were eventually proposed, based on
sensitivity analysis, to significantly enhance its overall performance. One scheme
involved a geometric structure with 12 tube rows, a tube spacing of 2.4 mm, and a
tube diameter of 1.2 mm. The other scheme incorporated inlet conditions comprising
a total inlet pressure of 47,992.4 Pa, a total inlet temperature of 1418 K, and an air
massflow rate of 0.00112 kg/s.
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Nomenclature

n Number of microtube rows; number of required experiments
d Diameters of microtube

s Tube spacing between adjacent microtubes

Ry Target of total pressure loss coefficient

Ry Target of heat transfer rate

Pin Inlet total pressure of the precooler unit

Pout Outlet total pressure of the precooler unit

c Specific heat capacity of air

At Temperature difference between inlet and outlet sections of computational domain
M Air massflow rate

F Value of the F-test in significance analysis

P The parameter that determines the result of a hypothesis test
R? Multiple correlation coefficient

ANOVA  Analysis of variance

RSM Response surface model/method

BBD Box-Behnken design module

UDF User-defined function
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