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Abstract

For horizontal take-off and landing reusable hypersonic vehicles, thermal
management of aerodynamic stagnation heat at high Mach numbers consti-
tutes the most critical thermal challenge. Usually, the researcher addresses
this through an integrated thermal allocation strategy employing lightweight
high-efficiency precoolers, which systematically redistribute thermal loads
by reducing inlet/outlet temperatures while enhancing energy input to
power components, thereby achieving superior energy utilization efficiency.
However, the ultra-fine characteristic dimensions (~1 mm scale) of modern
precoolers intensify fluid-thermal coupling effects, rendering conventional
design methodologies inadequate with prediction deviations exceeding
30%. To resolve this, we present an inverse design framework based on a
prototype sCO, precooler. Through 15 meticulously designed operational
cases encompassing air inlet temperatures around 800 K and CO,/air flow
ratios of 1-1.5, we establish a data-informed methodology that synergizes:
(1) Experimental characterization of thermal-hydraulic performance (includ-
ing heat transfer coefficients and pressure drop correlations). (2) Reverse
determination of critical design parameters through integration with con-
ventional heat exchanger design protocols. (3) Validation under representa-
tive hypersonic flight conditions. Experimental verification demonstrates
that the proposed methodology reduces temperature prediction errors to
<15% compared to empirical data, while maintaining pressure drop devia-
tions within +10%. This advancement provides a validated design paradigm
for next-generation hypersonic thermal management systems requiring
strong multi-physics coupling resolution.

Introduction

A critical challenge impeding the advancement of hypersonic propulsion
systems lies in the pronounced thermal extremes encountered during
operation (Kays and London, 1984; Murray et al., 2001; Sato et al.,
2003; Kobayashi, 2004; Varvill, 2010; Hempsell, 2011, 2013; Feast,
2020; Meng et al.,, 2021; Zou et al., 2022). At Mach numbers exceed-
ing 3, the stagnation temperature of the engine inlet flow reaches 600 K,
exhibiting an exponential growth pattern with increasing Mach number.
When the Mach number surpasses 5, the compressor inlet temperature
exceeds 1,300 K, a condition incompatible with existing compressor
designs. Consequently, effective thermal management strategies—either
through heat dissipation or utilization—must be implemented. To
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address propulsion requirements at high Mach numbers, researchers have proposed novel engine concepts such as
scramjets, pulse detonation engines (PDEs), rotating detonation engines (RDEs), and oblique detonation engines
(ODEs). These systems eliminate multistage turbomachinery by leveraging the kinetic energy of hypersonic
inflow and its thermal conversion to sustain operation. However, these propulsion methods face inherent limita-
tions, including ignition difficulties and limited self-sustaining operational durations.

Subsequent developments introduced combined-cycle propulsion systems (Dong, 2018), wherein conventional
engines are integrated with advanced thermodynamic cycles to mitigate startup challenges. Nevertheless, a new
issue arises: both conventional and novel propulsion systems exhibit suboptimal performance in the Mach 3-5
regime, characterized by significant thrust degradation. This underscores that mere mechanical integration
without corresponding thermodynamic cycle optimization remains insufficient to overcome the “thrust gap” phe-
nomenon. Subsequent research efforts have led to the proposal of adaptive thermodynamic cycle systems and pre-
cooled engine concepts. The former adopts a dual-flowpath configuration inspired by the SR-71 Blackbird’s
propulsion system, enabling the activation of distinct flow-paths across varying Mach numbers to switch between
multiple operational modes (three or more). This approach integrates thermodynamic cycles with structural
design, significantly increasing system complexity in terms of both mechanical architecture and control logic.
However, it effectively mitigates the limitations inherent in conventional combined-cycle propulsion systems that
rely on simplistic mode transitions (Dong, 2018).

The precooled engine, as an alternative solution, innovatively incorporates the thermodynamic principles of
intercooled-recuperated engines while further amplifying their energy recovery advantages. By integrating a pre-
cooler into the intake system to absorb stagnation heat from incoming air—later released in the combustion
chamber or afterburner—this design achieves superior specific impulse, thereby overcoming the aforementioned
propulsion challenges (Lee, 2017; Zou et al., 2022). The precooler serves as the core component of this system.
Compared to industrial heat exchangers, it demands exceptional performance metrics: ultrahigh heat transfer
density, compact structural packaging, minimal flow resistance, and lightweight construction. These requirements
impose elevated standards for design, experimental validation, and manufacturing processes (Chen et al., 2019,
2022; Li et al,, 2022, 2023; He and Li, 2024; Xu et al., 2024). Furthermore, the coupling of strongly variable
material properties with extreme thermal environments results in complex fluid-thermal interaction mechanisms,
introducing substantial uncertainties in precooler performance prediction. Such complexities establish more strin-
gent conditions for the practical implementation of precooling technology in aerospace propulsion systems. First,
traditional precooler design methods have been discussed to some extent in Reference (Li et al., 2022) of this
paper. Based on this, the author identifies two main limitations: (1) Applicability of empirical correlations for
convective heat transfer (this paper does not delve further into this aspect). (2) The level of refinement in the
design method and its ability to capture real-world conditions. The characteristics of the supersonic thermal
environment include extremely high heat flux density and high stagnation Mach number at the inlet (represent-
ing the gas side in this study). These factors lead to design requirements such as low flow resistance in the heat
exchanger, Consequently, a low Reynolds number on the gas side. These constraints and features exceed the
applicability boundaries of previous studies to some extent, necessitating experimental supplementation and val-
idation. Currently, low-dimensional model predictions lack sufficient refinement and often fail to account for
issues such as non-uniform parameter distribution encountered in real-world applications. Additionally, periodic
models are frequently employed, leading to oversimplification (“generalizing from a partial perspective”).
Therefore, experimental data are required to correct empirical correlations and support insufficiently refined
models for accurate performance prediction.

This study investigates a typical precooler with fixed geometric configuration, employing supercritical carbon
dioxide (sCO,) as the working fluid—a well-established medium in current thermal management research (Ma,
2016; Li and Yu, 2021; Moradkhani et al., 2023). The experimental phase initially characterized the precooler’s
hydrodynamic and thermal performance through systematic measurements, yielding comprehensive flow resist-
ance and heat transfer coefficient curves. Building upon these empirical results, the analysis establishes intrinsic
connections between precooler design methodology and performance evaluation criteria. The study identifies two
critical parameters governing the assessment (and design) framework: internal flow resistance and external con-
vective heat transfer coefficients. Subsequent methodology development proceeds through three analytical stages:
Firstly, derivation of an empirical correlation between internal core-region friction factors and Reynolds numbers,
followed by isolation and formulation of external flow heat transfer coefficient correlations with Reynolds
number. Finally, iterative refinement based on the Kays & London loss model (Kays and London, 1984) of
these empirical relationships through experimental data regression, followed by validation against independent
test results. The finalized correlations demonstrate satisfactory agreement with experimental measurements,
providing an enhanced engineering design tool for precooler development.
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Figure 1. sCO2 precooler physical diagram.

Geometric model

The precooler model employed in this study is illustrated in Figure 1, with detailed geometric parameters pro-
vided in Table 1. Figure 2 presents a cross-sectional view of the precooler header and tube bundle, indicating a
cross-flow arrangement with one side mixed and the other side unmixed.

Introduction to the experimental validation system and test conditions

A detailed description of the experimental system can be found in Reference (Chen et al., 2022). Here, this
paper primarily focus on the test conditions. In this study, the experimental conditions are divided into two
groups, each consisting of 15 cases. The first group of conditions Table 2 is designed to obtain the corrected
empirical correlations for flow resistance and heat transfer, while the second group Table 3 serves as validation
cases, primarily used to verify whether the evaluation model under the current design framework can provide rea-
sonably accurate assessment results. This study employs supercritical CO, as the working fluid. As shown in
Table 2, the inlet pressure and temperature significantly exceed the critical point (7.3 MPa and 305 K), meaning
all operating conditions remain entirely within the supercritical state.

Analysis of flow and heat transfer characteristics in the SCO, precooler

Heat transfer capacity and thermal balance deviation of the heat exchanger

As shown in Figure 3, the heat transfer capacity during the experiment varies with the mass flow ratio of CO,/
air, while the air-side temperature is maintained within 800 + 40 K. When the air flow rate increases, the heat

Table 1. Precooler geometric parameters.

Parameters Value
Flow direction row of number 48
Transverse row of number 8

S1 (mm) 3.25
S2 (mm) 4.8
Diameter D(mm) 1
Total numbers of tube 384
Thickness of tube (mm) 0.1
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Figure 2. Schematic diagram of the precooler tube bundle geometric parameters.
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Table 2. Inverse design data in experiment.

Parameter M2 (kg/ P,/ Gas(KPa) Tin/Gas(K) P;,/CO2 Tin/CO2(K) CO,/Gas
s) (Mpa) ratio
Casel 0.20 215.2 835.6 7.70 371.0 1.07
0.22 218.4 814.1 7.85 369.3 113
0.25 218.5 812.3 7.90 364.6 125
0.28 218.6 8179 8.26 364.5 1.36
0.30 218.8 813.6 8.27 369.2 1.49
Case2 0.22 220.3 772.6 7.84 369.9 0.99
0.24 220.7 779.4 791 365.0 1.08
0.28 221.4 8015 8.11 368.4 1.26
0.30 220.2 789.7 8.32 368.7 1.40
0.33 221.0 792.8 8.32 363.7 1.49
Case3 0.24 2235 777.2 794 3615 1.00
0.26 222.6 775.8 8.04 362.4 1.09
0.28 2235 782.4 8.08 358.6 113
0.30 222.6 7835 8.14 358.3 1.29
0.31 2239 775.2 8.17 356.8 127
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Table 3. Validation condition data in experiment.
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Parameter M2 (kg/ Pi,/Ga Tin/Gas P,,/CO2 Tin/CO2(K) CO,/Gas
s) (KPa) (K) (Mpa) ratio
Case4 0.19 2157 795.9 7.66 370.5 1.03
0.22 217.8 803.9 7.84 370.0 1.08
0.27 218.6 813.3 8.15 362.0 1.32
0.28 217.7 817.3 8.26 364.5 1.37
0.29 218.6 8235 8.30 369.1 1.47
Caseb 0.29 220.6 7855 8.08 367.4 1.26
0.29 221.6 812.0 8.11 368.6 1.28
0.30 219.8 790.5 8.31 369.2 1.42
0.31 2209 799.8 8.13 369.3 1.38
0.32 2212 776.7 8.26 363.1 1.45
Caseb 0.25 223.4 765.2 7.97 360.1 1.03
0.25 2239 778.9 7.99 362.9 1.04
0.27 222.8 769.6 8.07 358.4 113
0.28 223.4 782.1 8.08 361.3 117
0.31 2231 787.1 8.14 358.0 131
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Figure 3. The hot/cold unbalance validation and power.

transfer capacity also rises at the same mass flow ratio (evidenced by the parallel vertical trend lines). Overall, the
heat transfer capacity exhibits an approximately linear growth trend with increasing CO, flow rate.

The scattering of data points in the Figure 3 (left figure) is primarily attributed to flow fluctuations on the
combustion gas side, suggesting that at high temperatures, the flow rate on the combustion side may exert a
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more dominant influence than that of CO,. The deviation in the Figure 3 (right figure) between the heat trans-
fer capacities of the cold and hot sides indicates that the experimental data were obtained under steady-state con-
ditions, which will not be reiterated in subsequent analyses. The heat exchanger’s power was determined by
averaging the power values calculated from both the gas side and the CO, side. The specific calculation method
involved multiplying the mass flow rate by the enthalpy difference between the inlet and outlet. For the CO,
side, the thermophysical property data were obtained from the NIST REFPROP 9.1 database, while the gas-side
calculations assumed a constant specific heat capacity (¢, = 1.33 kJ/(kg-K)) based on textbook approximations.
The deviation in heat transfer power was quantified as the ratio of the difference between the average power and
the gas-side power to the average power itself.

Most of the deviations (Figure 3 right side) in heat transfer between the cold and hot sides ranged between 5
and 10%. At lower CO,/air mass ratios, the time required to reach thermal equilibrium was shorter. Due to
experimental parameter fluctuations, most errors remained within 10%. However, at higher CO,/air mass ratios,
the data points exhibited greater dispersion. This was attributed to the longer time required to achieve thermal
equilibrium, combined with parameter fluctuations, leading to larger deviations.

Variation of total pressure loss coefficient and logarithmic mean temperature difference
(LMTD)

The variation of the total pressure loss coefficient generally lacks a definitive correlation with the Reynolds
number (Re). However, in this study, an intriguing relationship between the two is observed. As shown in
Figure 4, the trends of the total pressure loss coefficient on both the cold and hot sides are presented. On the
combustion gas side (Figure 4 left), when Re < 520, the relationship follows a quadratic function, while for 520
<Re <650, it exhibits an approximately linear correlation. According to conventional pipe flow or flat-plate flow
theory, the flow under the current conditions should predominantly be laminar. Thus, the primary source of
pressure loss is expected to be wall friction. Notably, under minimal fluctuations in pressure and temperature on
the combustion gas side, the results demonstrate a linear dependence on velocity, closely resembling the fully
developed laminar flow described by the Hagen-Poiseuille equation (Equation 1), which aligns with laminar flow
characteristics.

From another perspective, assuming the empirical formula for laminar pipe flow holds and adopting the sim-
plest treatment—where the pressure drop is normalized by the dynamic pressure at a reference temperature—sub-
stituting Equation 3 into Equation 2 theoretically yields Equation 4, which is fundamentally consistent with
Equation 1. Figure 5 (left figure) confirms reasonable agreement with Equation 4. Therefore, within this narrow
Re range, a theoretical solution exists when neglecting complex external flow loss mechanisms classification.
However, it should be noted that the Re range in this study is limited, and the above conclusions may not be
generalizable to broader conditions.

From the CO2-side results in Figure 4 (right side), within the Reynolds number (Re) range of 70,000 to
140,000, the total pressure loss coefficient exhibits a linear relationship with Re, indicating turbulent flow condi-
tions in the pipe. First, considering the entrance length of the pipe flow, Equation 5 suggests a maximum
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Figure 4. The total pressure loss coefficient in hot/cold side.
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Figure 5. Relationship between pressure loss and velocity.

entrance length of approximately 253 mm and a minimum of 225 mm. Given that the inlet Re significantly
exceeds the critical value of 2,300, the flow is governed by turbulent inlet boundary conditions. This implies
that within the 300-mm-long pipe, the influence of the boundary layer (laminar sublayer) is relatively limited.

Applying the Blasius solution for turbulent friction factor (Equation 6) to analyse the friction factor, the theor-
etical pressure loss versus velocity relationship should follow Equation 7. However, Figure 5 (right side) reveals
an empirically fitted coefficient of 2.27, exceeding the theoretical value of 1.75. This discrepancy may be par-
tially attributed to turbulence enhancement caused by heat transfer under supercritical conditions. This suggests
that empirical correlations for flow resistance in pipes must account for additional losses arising from strongly
coupled heat transfer processes with variable thermophysical properties.

dp  32uU
b D M
L
_ 20 L
Ap=05pVf 5 )
64
f== 3)
Ap ~ V (4)

According to the Moody chart (Wang, 2014), surface roughness exceeding 0.0015 times the pipe diameter
would significantly influence friction factors in this Re range. In this study, the tube bundle features hydraulically
smooth walls. Therefore, turbulence amplification due to temperature gradients near the heat transfer surfaces
and increased turbulence-affected regions resulting from the small pipe diameter are likely dominant factors
affecting the friction factor (Jackson, 2013).

L
5 =44 Re'/® )

£ =0.316Re" /4, 4,000 < Re < 10° (©)
Ap ~ VP )

As evident from Figure 6 (left side), the logarithmic mean temperature difference (LMTD) remains essentially
constant during the actual heat transfer process. Even under the same gas-side Reynolds number (Re), significant
variations in the CO,-side Re (i.e., flow rate) exhibit minimal influence on the LMTD. This observation suggests
that the current heat transfer limitation primarily stems from the thermal resistance on the gas side.
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Figure 6. The LMTD in the heat transfer process.

Consequently, the gas-side heat transfer coefficient emerges as the critical factor governing the overall thermal
performance of the precooler. Further explanation is provided as follows:

The right panel of Figure 6 illustrates the variation in the Reynolds number (Re) of the cold-side supercritical
CO, corresponding to the gas-side Reynolds number range (Re: 450—-650). Taking Case 3 as an example, while
the gas-side Reynolds number remains constant, the CO,-side Reynolds number increases from 9,300 to
13,000. However, the left panel of Figure 6 demonstrates that the corresponding logarithmic mean temperature
difference (LMTD) remains essentially stable at 210 K, with a variation of less than 5%. Consequently, the
change in CO, conditions exerts minimal influence on the temperature potential field. This observation will be
further elucidated in Figure 7, which examines the impact on the overall average heat transfer coefficient.

The distribution of the overall average heat transfer coefficient (UA)

As illustrated in Figure 7 (left panel), the overall average heat transfer coefficient (UA) increases with the rising
Reynolds number (Re) on the gas side, exhibiting an approximately linear trend. This observation further corro-
borates the conclusion derived from Figure 6—that the gas-side heat transfer coefficient is the dominant factor
limiting the thermal performance of the precooler.

Although the analysis of Case 3 (arrows in left panel) indicates that the cold-side Re number contributes to
enhanced heat transfer to some extent, the primary governing factor remains the hot-side (gas-side) Re number.
This is evident from the magnitude of variation in UA, which is predominantly influenced by the thermal-side
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Figure 7. The overall average Heat transfer per K on unit area.
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conditions. The right panel of Figure 7 illustrates the relationship between the UA value and the cold-side
Reynolds number (Re) in Case 3. It can be clearly observed that, regardless of the variation in the CO,-side Re
number, the overall average heat transfer coefficient fluctuates around 290 K without exhibiting a distinct linear
or exponential correlation. Combined with the results from the left panel of Figure 7 and the corresponding find-
ings in Figure 6, this suggests that the convective heat transfer capability on the gas side is the primary limiting
factor governing the performance of the precooler.

Design and evaluation methodology for the precooler

The design and evaluation methods of the precooler share a fundamentally similar computational framework.
The design method involves determining the detailed geometric configuration of the heat exchanger based on
thermodynamic performance requirements, given a predefined basic heat exchanger type (or, in practical applica-
tions, a minimal periodic geometric structure). This process includes iterative geometric adjustments to simultan-
eously meet both heat transfer and flow resistance constraints, followed by structural strength validation.

Conversely, the evaluation method operates under known geometric conditions, computing the outlet tem-
perature and thermal efficiency of the heat exchanger based on inlet parameters. This requires iterative calcula-
tions of the outlet temperature until a steady-state solution is achieved. Both approaches rely on dimensionless
correlations governing heat transfer and flow resistance as their computational core. To enhance accuracy, a dis-
cretized sub-heat-exchanger approach is typically employed, wherein thermophysical properties within each
sub-unit can be approximated as varying linearly. This mitigates significant errors in logarithmic mean tempera-
ture difference (LMTD) calculations under strong property variations.

Given that the feasibility of the design method can be indirectly validated by the precision of the evaluation
method, the present study focuses exclusively on the latter, omitting further elaboration on the design process.

This study employs the flow resistance separation model proposed by Kays and London (1984) for theoretical
analysis. As illustrated in Figure 8, the flow losses on the gas side primarily consist of inlet contraction loss,
outlet expansion loss, as well as core friction loss and acceleration loss in the intermediate section. On the CO,

e Plossz
S .
~Heading Mixing ﬁ o
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Figure 8. Numerical discretization model for flow loss separation and evaluation.
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side, the situation is more complex, incorporating additional header loss. Furthermore, since the capillary tube
bundle is divided into front and rear sections, the flow resistance losses must be evaluated separately. Two key
assumptions are adopted: first, the mixing temperature is approximated as the arithmetic mean of the inlet and
outlet temperatures; second, the outlet header loss is neglected by default.

Design framework with experimental data-driven performance calibration

In the preceding analysis, this paper have established that the convective heat transfer coefficient on the gas side
significantly influences the accurate evaluation of heat exchange capacity, while the friction factor on the CO,
side deviates from conventional analytical solutions. Therefore, this study primarily focuses on these two aspects
and proposes a design correction methodology based on experimental data, as illustrated in Figure 9.

For calibrating the hot-side heat transfer coefficient, given the abundance of mechanistic experiments and data
on supercritical CO, in micro-tube bundles—which are already well-established—we directly adopt Jackson’s
low-dimensional predictive model (Jackson, 2013) for the cold side. Regarding cold-side flow resistance, the
reduced tube diameter and coupled heat transfer effects induce near-wall flow structures resembling rough par-
ticle interactions. Consequently, this study derives an empirical correlation for the Reynolds number exponent
(approximately 0.2717) through comparative analysis of experimental data and theoretical predictions, followed
by coefficient fitting.

The hot-side flow resistance aligns well with theoretical solutions, so the well-validated empirical correlations
for staggered tube bundles (e.g., (Kays and London, 1984)) are retained without modification. Upon obtaining
the corrected hot-side Nusselt number (Nu) and cold-side friction factor (f), a two-dimensional discretized
sub-heat exchanger model is employed for numerical evaluation, followed by comparison with experimental val-
idation data.

Mathematical framework for performance evaluation

For detailed explanations of the formulas in Table 4, please refer to Reference (Tang et al. 2023).
In the context of supercritical CO, internal flow heat transfer models for micro-tube bundles, Equation 20
indicates that there are explicit constraints among the total average heat transfer coefficient, the thermal
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Figure 9. Schematic of the pre-cooler design (evaluation) method based on experimental data-driven.
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Table 4. Flow resistance loss separation model based on

Figure 8.
Pressure Loss Equations Index
2
APey 0.595”1?ul (8)
2
AP, ’% {( 14— 6% + (6?) V—m} ©)
Vi
PmUf
AP 0.59527 7 (10)
\/2
AP 4 P {( 14— %) + (6?) ﬁ] (11)
Vm
2
APes Vi {2 (V—m - 1)} (12)
2 V1
Ym
AP o (13)
- f p_l\/f i_2
4 AC V1
2
AP “ '"2\/’" {2 (2 - 1)} (14)
Vm
PmV2, A Vim)2
AP, fl——n =7 15
<8 ( 4 Ac vm 1S
APpy 0 (16)
2
APps Vi {(1 +o?) (2 . 1)] (17)
2 V1
pl\/]? A Vm
AP, Pli g2 Vm 18
h.3 > A (18)
APhs 0 (19)

conductivity of the capillary tube bundle, and the convective heat transfer coefficients of the internal and external
flows. The total average heat transfer coefficient was determined experimentally, the thermal resistance of the
solid was obtained from material properties, and the internal flow convective heat transfer coefficient was derived
from empirical correlations. Thus, the convective heat transfer coefficient of the external hot flow and the corre-
sponding low-dimensional Nusselt number model could be determined.

1 1 dln(d,/d) d,
1_1 dh@/d)

- 20

U b, 2 dh, (20)
Nud,

- 7” Q1)

Nu, = 0.0183 Re"% P> (22)

Results and discussion

In this study, the Nusselt number (Nu) on the gas side and the friction factor (f) on the CO, side were empiric-
ally correlated with the Reynolds number (Re) and Prandtl number (Pr) based on experimental data. When
modifying the CO, friction factor, it was inferred from previous analysis that surface roughness likely plays a
role, possibly due to turbulence-induced flow structures, which are themselves influenced by heat transfer.
Therefore, the Prandtl number was also incorporated to account for convective heat transfer effects. The original
semi-empirical Prandtl correlation (Wang, 2014) does not consider roughness effects, so the empirical correlation
by Paalanen, which shares a similar form, was selected as a reference and subsequently modified. The final results
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are presented in Equations 23-25.

Nu, = 0.406R™% P75 (23)

1 6. 0.002\ "'
7= —19.9 log Fj+ (37) /Pr'? —69.09 (24)
f = —0.00005 Re"*” + 0.0025 (25)

As shown in Figure 10, the predicted values of the heat-side heat transfer coefficient, modified based on
experimental data, exhibit good agreement with the measured values. However, since the properties of air from
NIST (Lemmon, 2002) were used in this study to approximate those of the actual fuel gas, the overall predic-
tions tend to be slightly overestimated, and the intermediate parameter variations are not fully captured.

Similarly, predictions based solely on a power-law relationship with the Reynolds number (Re) show reason-
able overall agreement but fail to adequately reflect property variations and generally underestimate the results. In
contrast, the modified correlation incorporating roughness and the Prandtl number (P7) better captures property-
dependent variations but yields systematically higher values. Therefore, a more balanced and accurate prediction
may be achieved by taking the average of the two approaches.

In this study, a co-current flow arrangement was adopted for two-dimensional discretization. Compared to a
counter-current flow configuration, the co-current layout leads to a larger discrepancy between the predicted and
experimental values of the outlet temperature difference.

As illustrated in Figure 11, the comparison between the model predictions (modified based on experimental
data) and actual experimental values reveals a maximum deviation of 14.8% for the air-side outlet temperature
and 7.3% for the CO,-side temperature. Additionally, the maximum deviations in outlet pressure are 4.8% for
the air side and 7.0% for the CO, side. These results indicate that the predictive model achieves reasonable
accuracy. Subsequent verification using a counter-current flow arrangement is expected to further reduce devia-
tions, demonstrating that the data correction method and results presented in this study possess significant refer-
ence value.

However, the findings of this study are still not entirely mature at present. The following discussion elaborates
on this point:

Point 1: deviation in CO,-side flow resistance and heat transfer correlation

The study observed that the flow resistance coefficient on the CO, side deviates from classical interpretations.
According to the Chilton-Colburn analogy, the empirical correlation for the convective heat transfer coefficient
(or Nusselt number, Nu) should also exhibit a corresponding deviation (i.e., Nu ~ f; where f'is the friction
factor). However, in this work, the Jackson et al. correlation (originally developed for supercritical CO,
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Figure 10. Modified prediction model based on the experiment data.
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Figure 11. Comparison between experimental and model-predicted results.

convective heat transfer in tubes) was directly applied without accounting for this deviation. Future studies
should refine the model to incorporate this discrepancy and improve accuracy.

Point 2: gas-side flow resistance and heat transfer characteristics under compact heat
exchanger

Experimental results indicate that the gas-side flow resistance coefficient aligns well with classical pipe flow fric-
tion correlations (e.g., Moody chart). However, due to the high compactness of the heat exchanger, its heat
transfer mechanism resembles that of a porous medium heat exchanger. Despite low flow velocities and small
Reynolds numbers (Re), the heat transfer performance remains strong, which we tentatively attribute to “size
effects” in this study. The gas-side heat transfer coefficient emerges as the dominant constraint in the system.
Increasing the CO, flow rate provides less heat transfer enhancement compared to increasing the gas-side flow
rate, suggesting that: The gas side acts as the “master switch” (controlling overall heat transfer) and the CO, side
acts as a “sub-switch” (secondary influence). This observation further supports the deviation from the
Chilton-Colburn analogy, reinforcing the second major uncertainty in this study.

Under the observed deviations (gas-side “size effects” & CO,-side Chilton-Colburn analogy breakdown), exist-
ing predictive models (e.g., empirical correlations, CFD simulations) may fail to accurately capture the actual
heat transfer and flow resistance behaviour. Given these uncertainties, direct calibration using experimental data
is adopted in this study to ensure robustness. This approach compensates for the limitations of conventional
models, particularly in highly compact heat exchangers. The flow and heat transfer mechanisms in ultra-compact
precoolers remain partially unresolved, necessitating: further theoretical investigations and multi-fluid experimen-
tal validation.

From the perspective of the actual flow and heat transfer mechanisms and their coupling processes, the frame-
work in this study remains unchanged, but the specific calculation methods within the framework can be
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modified. The current results are based on the assumption of parallel-flow heat exchange, and their limitations
stem from the following aspects:

1. The predictive model adopts the assumption of parallel-flow heat transfer. In reality, if counter-flow heat
exchange were applied, the deviation could likely be further reduced.

2. However, in practical computations, when multiple sub-heat exchangers are configured, the solution tends to
diverge easily and requires excessive computational time, which remains an issue to be resolved.

3. Nevertheless, this study found that, for this specific heat exchanger configuration, the parallel-flow assumption
still exhibits reasonable accuracy, suggesting that the staggered tube bundle flow pattern may have a more sig-
nificant influence than the relative flow direction of the hot and cold sides.

Additional limitations arise from experimental measurement uncertainties and deviations in thermophysical prop-
erties. In the future, the counter-flow calculation should solve the above questions.

Summary

Although this study aims to enhance the precision of the design methodology, it does not directly validate the
design method itself. Instead, by examining the core computational principles shared between the design and
evaluation methods, it reveals that both approaches fundamentally rely on the same critical calculations.
Consequently, the primary objective of this work—the development of a data-driven design methodology—is
inherently centered on the accuracy of the evaluation model, with both methods adhering to the same precision
criteria.

Through theoretical analysis and experimental data, this study identifies the convective heat transfer coefficient
on the gas side and the pressure loss coefficient on the refrigerant side as the primary sources of uncertainty in
the current evaluation method. The following empirical correlations were derived and validated through inde-
pendent experiments, demonstrating excellent applicability within the investigated Reynolds number range.

¢ A dimensionless correlation for the Nusselt number (V#) on the hot side was established:
Nu, = 0.406Re?‘67])r?‘75

The maximum deviation of the air-side outlet temperature was 14.8%, while that of the CO,-side temperature
was 7.3%.

* A dimensionless correlation for the cold-side friction factor f'was obtained:

6.9 0.002
= —1990g| — + 37

1.1
) /P13 —69.09 &
Re

1
F1/3
£ = —0.00005R"*" + 0.0025

The maximum deviation of the air-side outlet pressure was 4.8%, while that of the CO,-side pressure was 7.0%.

Nomenclature

Lenth of tube, mm

LMTD, K

Pressure loss coefficient

Pressure, Pa

(1) The average velocity, m/s; (2) The average heat transfer coefficient, W/k/m*
Density, kg/m3

The velocity, m/s

Surface Area, m”

Nusselt number

The convective heat transfer coefficient, W/k/m2
Diameter, mm

The convective heat transfer in unit area, w/k
Mass flow rate, kg/s

Temperature, K

Pressure loss, Pa
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V' The maximum velocity, m/s

f The friction coefhcient

Re  Reynolds number

Pr  Prandtl number

A The thermal conductivity coefficient, W/m/k

Subscripts

1 Inler position, hot side

3/2  The average between middle and the end

in  Inler position

¢ Cold side, heat transfer in either side

CO, COs; side, cold side

loss; Inlet loss in hot side, head loss at the inlet of front part
loss; Friction loss in hot side, head loss at the inlet of rear part
losss Flow acceleration loss of the front part core

loss; Flow acceleration loss of the rear part core

2 Outlet position, cold side

m  The middle position

out Ouler position

h Hot side

gas  Gas side, hot side

loss, Acceleration loss in hot side, inlet and outlet loss of front part
loss; Outlet loss in hot side, inlet and outlet loss of rear part
losss  Friction loss of the front part core

lossg Friction loss of the rear part core
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