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Abstract
[bookmark: _Hlk226559522][bookmark: _Hlk226559282]Triply periodic minimal surface structures have emerged as promising candidates for compact thermal-hydraulic components in supercritical carbon dioxide Brayton cycles. However, under high heat flux or low mass flux scenarios, the drastic density gradients near the pseudo-critical point cause buoyancy forces to become comparable to inertial forces. This transition from forced to mixed convection induces significant flow distortion and thermal stratification, which can cause localized overheating and threaten equipment integrity. Unlike in circular tubes, the coupling mechanism between buoyancy forces and complex TPMS topologies remains unclear. To address this gap, this study employed pore-scale numerical simulations to investigate the flow and heat transfer characteristics of supercritical pressure carbon dioxide in horizontal I-WP and Primitive channels. The results indicate that the I-WP channel eliminates thermal stratification through intense turbulent mixing, while the straight-through pore structure of the Primitive channel results in high-velocity flows with relatively lower TKE under identical conditions, rendering its heat transfer more susceptible to buoyancy effects. Increasing mass flux suppresses buoyancy through enhanced inertia, whereas higher heat flux amplifies it through larger density gradients. Furthermore, the buoyancy parameter (Gr/Re2) is employed to quantitatively evaluate the competition between buoyancy and inertia. In the Primitive channel, this competition is dictated by the coupled effects of thermal property variations and geometric non-uniformity.
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Nomenclature
	Bo*
	buoyancy number (-)

	cp
	specific heat capacity (J·kg-1·K-1)

	D
	diameter (m)

	d
	cell size (m)

	dh
	hydraulic diameter (m)

	G
	mass flux (kg·m-2·s-1)

	Gr
	Grashof number (-)

	g
	gravitational acceleration (m·s-2)

	h
	heat transfer coefficient (W·m-2·K-1)

	p
	pressure (Pa)

	Pr
	Prandtl number (-)

	Prt
	turbulent Prandtl number (-)

	q
	heat flux (W·m-2)

	Re
	Reynolds number (-)

	Ri
	Richardson number (-)

	T
	temperature (K)

	Tpc
	pseudo-critical temperature (K)

	𝑇*
	dimensionless pseudo-critical temperature (-)

	u
	velocity (m·s-1)

	Greek symbols

	β
	volumetric thermal expansion coefficient (K-1)

	θ
	dimensionless wall temperature (-)

	λ
	thermal conductivity (W·m-1·K-1)

	μ
	dynamic viscosity (Pa·s-1)

	μt
	turbulent viscosity (Pa·s-1)

	ν
	kinematic viscosity (m2·s-1)

	ρ
	density (kg·m-3)

	Subscripts

	b
	bulk fluid

	bot
	bottom

	in
	inlet

	pc
	pseudo-critical

	top
	top

	w
	wall

	eff
	effective value

	Abbreviations

	ADS
	accelerator-driven system

	HTC
	heat transfer coefficient (W·m-2·K-1)

	HTD
	heat transfer deterioration

	HTE
	heat transfer enhancement

	IHX
	intermediate heat exchanger

	LBE
	liquid lead-bismuth eutectic

	NHT
	normal heat transfer

	PCHE
	printed circuit heat exchanger

	SCO2
	supercritical carbon dioxide

	TKE
	turbulent kinetic energy

	TPMS
	triply periodic minimal surface




1. [bookmark: _Hlk123156563]Introduction
The high conversion efficiency, compactness and power density, and flexible layout of supercritical carbon dioxide (SCO2) Brayton cycle technology have been key drivers behind the broad interest in this technology in frontier fields such as nuclear power generation [1], solar energy harvesting and conversion [2], heat pump and refrigeration systems [3], waste heat recovery [4]. In these applications, triply periodic minimal surface (TPMS) structures have emerged as promising candidates for the achievement of effective heat exchange within restricted spaces, thanks their superior thermal and mechanical performance [5].
In the pseudo-critical region, SCO2 exhibits drastic variations in thermophysical properties, characterized by a peak in specific heat capacity (cₚ) and sharp decreases in density (ρ) and dynamic viscosity (μ) with rising temperature [6]. The continuous transition from a liquid-like to a gas-like state results in flow and heat transfer behaviours that deviate significantly from those of conventional fluids [7]. The fluid may manifest distinct heat transfer regimes, including normal heat transfer (NHT), heat transfer enhancement (HTE), and heat transfer deterioration (HTD) [8], with possible transitions or alternations among these regimes. Of particular concern is the HTD regime, in which the pronounced increase in wall temperature can induce severe local thermal stresses, compromising the structural integrity and operational safety of the equipment. The onset and evolution of these regimes are governed by the coupled effects of pressure [9], heat flux [10], mass flux [11], and channel geometry [12]. Therefore, a comprehensive investigation of the flow behaviour and heat transfer mechanisms of SCO2 in TPMS channels is imperative for accurate prediction and optimization of the thermal-hydraulic performance of novel heat and fluid flow components.
As highlighted in a comprehensive review by Ehsan et al. [13], buoyancy effects constitute a primary mechanism driving the anomalous heat transfer behaviours of SCO2. Based on the classical theory proposed by Jackson and Hall [14], buoyancy effects arise from the radial density gradients formed in pseudo-critical fluids during heating. The density disparity between the high-temperature fluid near the wall and the relatively low-temperature fluid in the core region generates buoyancy forces under gravity, which subsequently modify the shear stress distribution in the flow field. The specific influence of buoyancy strongly depends on the relative orientation between the flow direction and the gravity vector.
For vertical upward flow, the buoyancy force aligns with the bulk flow direction, accelerating the near-wall fluid. This acceleration induces a characteristic “M-shaped” velocity profile distortion, which reduces or even eliminates the wall shear stress. Consequently, turbulence production is suppressed, leading to laminarization and the subsequent onset of HTD. In contrast, for vertical downward flow, the buoyancy force opposes the bulk flow. The retarding effect augments the turbulent shear stress and enhances fluid mixing, thereby resulting in HTE [15]. In horizontal flow channels, where gravity acts perpendicular to the flow direction, buoyancy effects primarily manifest as significant thermal stratification [16]. Xie et al. [17] conducted an investigation using a large-diameter test section to analyse the influence of mass flux, heat flux, inlet temperature, and pressure on buoyancy effects of SCO2. The results showed that under buoyant drive, low-density fluid accumulates at the channel top, forming a thermal resistance layer that induces local HTD, whereas high-density fluid settles at the bottom, leading to significantly enhanced heat transfer, with improvements reaching up to eightfold. This circumferential thermal stratification results in a substantial disparity in Nusselt numbers between the top and bottom regions. Although natural convection-induced secondary flows exist in horizontal tubes, they are often insufficient to disrupt the severe thermal stratification under high heat flux conditions.
To predict the transition mechanisms of SCO2 heat transfer regimes and to quantify the extent of buoyancy-induced perturbations on forced convection, various evaluation frameworks have been established, ranging from direct thermal-hydraulic parameters to complex dimensionless criteria. The heat-to-mass flux ratio (q/G), which represents the relative intensity of thermal load versus the flow capacity, is widely used to define the macroscopic boundaries governing the onset of HTD.
Ehsan et al. [13] reviewed studies on SCO2 heat transfer under both heating and cooling conditions and identified that for specific operating parameters, a distinct critical q/G threshold exists, exceeding this limit precipitates a sharp peak in wall temperature, thereby inducing HTD. Regarding vertical tubes, Vikhrev et al. [18] classified HTD phenomena into two categories. The first type of HTD originates from flow structures within the channel entrance region, predominantly occurring under conditions of low mass flux and high heat flux, and tends to vanish at higher mass fluxes. The second type of HTD typically manifests when the wall temperature exceeds the pseudo-critical temperature (Tpc), specifically emerging when q/G > 0.40 kJ·kg-1. This threshold aligns closely with the critical value of q/G > 0.49 kJ·kg-1 proposed by Styrikovich et al. [19]. In the context of horizontal flows, an experimental investigation by Li et al. [20] demonstrated that q/G dominates the evolution of heat transfer regimes. Their results indicated that increasing mass flux effectively suppresses HTD, whereas increasing heat flux aggravates HTD. For a horizontal tube with a 10 mm inner diameter, optimal heat transfer performance was observed at q/G = 0.17, with deviations from this value increasing the susceptibility to HTD. Furthermore, Li et al. [21] analysed mixed convection characteristics in horizontal microchannels, reporting a transition from HTE to NHT as q/G increased to 83 J·kg-1. Ornatsky et al. [22] emphasized that the HTD threshold is contingent upon flow stability. They observed that the critical q/G range under pulsating flow (0.68 – 0.90 kJ·kg-1) is significantly lower than that under steady flow conditions (0.95 – 1.05 kJ·kg-1) [23].
Beyond the q/G, dimensionless parameters with deeper physical significance have been introduced to quantify buoyancy effects. Guo et al. [24] demonstrated that the dimensionless parameter Gr/Re2.7 provides superior accuracy in identifying buoyancy effects compared to the buoyancy number (Bo*). Pu et al. [25] conducted a comparative evaluation of three buoyancy parameters (BuC, BuJ and BuP) in horizontal microchannels and found that the BuP criterion most effectively captures the variations in heat transfer performance driven by buoyancy forces. By contrasting results under normal gravity and zero-gravity conditions, they established a critical threshold of BuP = 6.0, beyond which natural convection exerts a significant influence on forced turbulent convection. For micro-scale laminar flows, numerical investigations by Manda et al. [26] on square microchannels indicated that gravitational effects become negligible when the Richardson number (Ri) falls below 10-4.
Based on the fundamental understanding of HTD mechanisms in simple tubular geometries, researchers have further explored methods to suppress this phenomenon through structural optimization and flow regulation, aiming to enhance heat transfer performance by mitigating buoyancy effects or intensifying near-wall turbulence. Xiang et al. [27] introduced a three-claw lattice array in a vertical heating tube. The numerical results demonstrated that the vortex motion induced by the topology significantly amplified fluid turbulence and mixing, thereby effectively weakening buoyancy effects. The peak wall temperature was reduced by 57 K, while the turbulent kinetic energy (TKE) increased approximately fivefold. Similarly, Cong et al. [28] analysed the suppression mechanism of twisted tape inserts on HTD in SCO2 flows. They found that under conditions of low mass flux and high heat flux, twisted tapes effectively suppress HTD by thinning the viscous sublayer and enhancing near-wall turbulence intensity. Eze et al. [29] evaluated the performance of turbulence promoting structures in horizontal microchannels based on the Jackson criterion [30]. Their comparative analysis confirmed that these structures suppress the growth rate of Gr/Re2 with respect to increasing heat flux, verifying their efficacy in counteracting buoyancy effects. Hong et al. [31] reported that increasing system pressure in rectangular microchannels is conducive to suppressing HTD. By employing single-sided axial non-uniform heating and positioning the heat source away from the liquid-like region, they achieved a reduction in maximum wall temperature of 151 K, alongside an 12% increase in the maximum heat transfer coefficient (HTC) compared to uniform heating.
In summary, existing studies on buoyancy effects of SCO2 have been predominantly confined to circular tubes or simplified channel geometries. The coupled effects of buoyancy forces and the complex TPMS topologies remain unclear. In this study, the pore-scale numerical simulations are employed to investigate the flow and heat transfer characteristics of SCO2 within TPMS channels. Through a comparative analysis with buoyancy effects in circular tubes, the suppression mechanism of HTD in horizontal TPMS channels is revealed. Additionally, the influences of mass flux and heat flux on buoyancy effects are clarified, and the competitive mechanism between buoyancy and inertial forces within the TPMS channels is quantitatively analysed using the buoyancy parameter (Gr/Re2).
2. Physical and numerical models
This section details the physical and numerical frameworks established for this study. It sequentially introduces the geometric models with corresponding boundary conditions, outlines the governing equations along with grid independence and model validations, and finally presents the data reduction methodology.
2.1. Physical model and boundary conditions
TPMSs are mathematically defined using implicit level-set equations constructed from trigonometric functions. The specific mathematical expressions governing the I-WP and Primitive topologies employed in this study are presented in Table 1. In these equations, the parameters α, β, and γ regulate the periodicity of the structure along the axes, thereby determining the dimensions of the unit cell. The constant c serves as the iso-level parameter, which controls the volume fraction of the fluid domains.
Table 1. Implicit equations and 3-D model of TPMS structures.
	Type
	Mathematical expressions
	3-D model

	I-WP
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	Primitive
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Computational domains were constructed by arranging an array of 10 TPMS unit cells along the streamwise direction to ensure fully developed flow within the periodic structures. The unit cell of TPMS was set to 5 mm. A schematic diagram of the numerical computational domain is illustrated in Figure 1, where the red region denotes the heat transfer fluid domain, while the blue region denotes the unit domain. To mitigate the influence of inlet and outlet boundary effects, extension sections of 37.5 mm were added to both the upstream and downstream ends of the TPMS channel. SCO2 was employed as the working fluid, with the operating pressure maintained at 8 MPa. Since this pressure is proximate to the critical point (7.38 MPa) where thermophysical property variations are most drastic, evaluating buoyancy effects at 8 MPa captures the regime of maximum buoyancy sensitivity, ensuring a conservative and robust baseline for buoyancy analyses at higher pressures.
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Figure 1. Physical model of the computational domain. 
[bookmark: _Hlk226541548]A mass-flow inlet at 300 K and a pressure outlet with zero gauge pressure were applied to the computational domain. The TPMSs were modelled as no-slip walls subjected to a constant heat flux. The four exterior side walls of the heating and extension sections were treated as adiabatic boundaries. The detailed operating parameters are summarized in Table 2. For a fixed heat flux of q = 450 kW·m-2, the mass flux was varied from 20 to 180 kg·m-2·s-1. For a fixed mass flux of G = 20 kg·m-2·s-1, the heat flux was varied from 50 to 450 kW·m-2. Notably, the constant wall heat flux assumption neglects the heat conduction inherent to the solid, thereby amplifying local temperature gradients, which provides a conservative baseline for assessing buoyancy effects. Concurrently, the constant mass flux assumption remains robust, as the intense flow acceleration and mixing induced by the tortuous TPMS geometries effectively dwarf minor external flow perturbations.
Table 2. Operating parameters for the numerical simulations of TPMS channels.
	Case
	q (kW·m-2)
	G (kg·m-2·s-1)
	q/G (kJ·kg-1)

	1
	450
	20
	22.50

	2
	450
	30
	15.00

	3
	450
	40
	11.25

	4
	450
	50
	9.00

	5
	450
	60
	7.50

	6
	450
	70
	6.43

	7
	450
	80
	5.63

	8
	450
	120
	3.75

	9
	450
	180
	2.50

	10
	300
	20
	15.00

	11
	225
	20
	11.25

	12
	180
	20
	9.00

	13
	150
	20
	7.50

	14
	129
	20
	6.43

	15
	113
	20
	5.63

	16
	75
	20
	3.75

	17
	50
	20
	2.50


2.2. Computational fluid dynamics method
[bookmark: _Hlk216211408]The velocity and temperature fields in the TPMS channels were obtained by solving the steady-state Reynolds-averaged Navier-Stokes (RANS) equations in conjunction with the energy equation. To capture the buoyancy effects, a gravitational body force term was explicitly incorporated into the momentum equation. The governing conservation equations for mass, momentum, and energy are listed below.
Continuity equation:

		
Momentum equation:

		
Energy equation:

		

		
where ρ is the fluid density, u the velocity, p the pressure, E the total energy, λeff denotes the effective thermal conductivity, and λt the turbulent thermal conductivity.
To ensure reliable prediction of heat transfer characteristics under the complex flow conditions in TPMS channels, the shear stress transport (SST) k-ω model was adopted for turbulence closure. This model effectively blends the robustness and accuracy of the standard k-ω model in the near-wall region with the independence and stability of the k-ε model in the far-field free stream [32]. It is particularly adept at capturing intricate flow phenomena in the TPMS channels, including flow separation, recirculation, and secondary flows. Furthermore, to accurately simulate the influence of buoyancy in complex flows, a buoyancy-induced TKE production term (Gb) was incorporated into the turbulent kinetic energy equation. The transport equations are given below.
Turbulent kinetic energy equation:

		

		

		
Specific dissipation rate equation:

		
where μt is the turbulent viscosity, k is the turbulent kinetic energy, ω is the specific dissipation rate. The parameters σk and σω denote the turbulent Prandtl numbers for k and ω, respectively. Gk denotes the production of turbulent kinetic energy due to mean velocity gradients. Gω denotes the production of ω. Yk and Yω denote the dissipation of k and ω due to turbulence, respectively. Dω denotes the cross-diffusion term.
The turbulent Prandtl number (Prt) is defined as the ratio of momentum turbulent diffusivity to thermal turbulent diffusivity, and its magnitude is closely correlated with parameters such as the molecular Prandtl number of the fluid. In the SST k-ω turbulence model, Prt is assigned a default constant value of 0.85, which is generally applicable to conventional fluids like water and helium. However, within the pseudo-critical region of SCO2, thermophysical properties undergo drastic variations with temperature. The variations result in discordant development between the thermal and momentum boundary layers, subsequently triggering phenomena such as HTE or HTD. Under such conditions, simple thermal-momentum diffusion correlations break down, and a constant Prt model fails to accurately characterize the underlying heat transfer mechanisms.
Consequently, to precisely describe the flow and heat transfer characteristics of SCO2, the empirical Prt model proposed by Tang et al. [33], as given in Eq. (9), was employed to modify the turbulent thermal diffusion term in the energy equation. In the viscous sublayer near the wall (μt/μ < 0.2), energy transfer relies primarily on molecular diffusion while turbulence effects are weak, Prt is set to a constant value of 1.0. In the turbulent core region far from the wall (μt/μ > 10), where molecular diffusion is negligible compared to turbulent diffusion, Prt assumes the standard constant value of 0.85. In the buffer layer (transition region) between these zones, energy transfer is governed by the combined effects of both turbulent and molecular diffusion. The thermophysical properties of SCO2 were obtained by the NIST REFPROP software and incorporated into the numerical model using piecewise-linear interpolation. By densely arranging 50 interpolation points within the pseudo-critical region, the errors introduced during the interpolation process were minimized to the greatest extent.

		
The SIMPLE algorithm was employed for pressure-velocity coupling. The convergence of the numerical solutions was ensured by monitoring the stabilization of key physical quantities, including the inlet-outlet pressure drop and temperature difference, with the scaled residuals of all governing equations reduced below 10-3.
Tetrahedral unstructured meshes for the TPMS channels were generated using ICEM. A grid independence study was conducted using five meshes with 747,579, 1,553,211, 3,588,771, 6,327,451, and 12,763,443 cells. The results indicate that when the cell count exceeds 3,588,771, the variations in outlet temperature and pressure drop are within 1.0% and 1.5%, respectively, indicating grid-independent solutions. Therefore, this mesh resolution was adopted for subsequent simulations. Ten prism layers were applied in the near-wall regions, with the first layer thickness set to 1.5 × 10-5 m, ensuring the dimensionless wall distance y+ < 1 for all cases.
[bookmark: _Hlk225108144][bookmark: _Hlk225108120]To ensure the reliability of the numerical model, the validation was conducted in two steps due to the lack of direct experimental data for SCO2 in TPMS channels. First, experimental measurements of the flow and heat transfer in TPMS channels were conducted using the transient single-blow method [34]. Based on these experimental data, simulations of helium flow in the TPMS channel were performed using the SST k-ω model coupled with a constant Prt of 0.85. As shown in Figure 2, the numerical predictions agree well with the experimental data, with maximum relative errors of 1.3% for the friction factor (f) and 18.0% for Nusselt number (Nu). This indicates that the SST k-ω model can accurately predict the complex flow and heat transfer induced by the TPMS topology.
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	(a) Friction factor
	(b) Nusselt number


Figure 2. Comparison of experimental [34] and numerical friction factor and Nusselt number for the TPMS channel.
[bookmark: _Hlk226406233]Second, simulations of SCO2 flow and heat transfer in a circular tube under a prescribed heat flux condition were conducted using the SST k-ω model coupled with the constant Prt model and the empirical Prt model. The numerical results were compared with the experimental data reported by Adebiyi et al. [16], as shown in Figure 3. The results indicate that, compared with the constant Prt model, the empirical Prt model significantly enhances the prediction accuracy of SCO2 heat transfer characteristics, with a maximum relative error of 16.0%. In summary, the reliability and accuracy of the adopted numerical model have been verified.
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Figure 3. Comparison of experimental data [16] and numerical wall temperature distributions along the channel.
2.3. Data reduction
Considering the significant impact of drastic variations in thermophysical properties within the pseudo-critical region on heat transfer behaviour, a dimensionless pseudo-critical temperature 𝑇* is introduced to characterize the relationship between the bulk thermal state and the pseudo-critical point. Additionally, a dimensionless wall temperature θ is introduced to characterize the relationship between the wall temperature and the inlet temperature. The definitions are as follows:

		

		
where Tb is the bulk temperature, Tpc is the pseudo-critical temperature, Tw is the wall temperature, and Tin is the inlet temperature. Tb is defined as follows:

		
The Reynolds number (Re) is used to characterize the relative strength of inertial forces compared to viscous forces:

		
The Grashof number (Gr) is used to characterize the relative strength of buoyancy forces compared to viscous forces:

		

		
where the subscript in represents the inlet, g is the gravitational acceleration, Thot is heated wall temperature, Tref is the reference temperature, dh is the hydraulic diameter, ν is the kinematic viscosity, V is the volume of the TPMS channel, Sw is the wetted surface area of the TPMS channel.
The volumetric thermal expansion coefficient β quantifies the fractional change in volume of a material for each degree of temperature change, which directly relates to density variations:

		
where ρw is the fluid density at the wall, ρb is the bulk fluid density.
3. Results and discussion
This section sequentially compares the circular tube and TPMS channels to elucidate the suppression of heat transfer deterioration (HTD), analyses the effects of mass flux and heat flux on buoyancy in horizontal TPMS channels, and finally quantitatively analyses the competitive mechanism between buoyancy and inertial forces within the TPMS channels.
3.1.  Mitigation of heat transfer deterioration of supercritical pressure carbon dioxide in triply periodic minimal surface channels
This section presents a comparative analysis of the heat transfer characteristics of SCO2 in a horizontal circular tube and a TPMS channel with identical hydraulic diameter for Case 7.
Figure 4 illustrates the cross-sectional distributions of density, enthalpy, TKE, and two-dimensional velocity vectors in the horizontal circular tube (D = 2.8 mm). At T* = 0.98, density and enthalpy remain nearly uniform, and the cross-sectional velocity magnitude are close to zero. Although near-wall heating produces localized low-density and high-enthalpy regions, the overall symmetry indicates that buoyancy effects are still weak. When T* ≥ 0.99, thermal stratification gradually develops, with hotter fluid accumulating in the upper region and cooler fluid in the lower region, leading to asymmetric parameter distributions. The accumulation of low-density fluid near the top thickens the low-density layer, which suppresses turbulence although the sharp decrease in local viscosity reduces the friction, causing TKE to reach a minimum near T* ≈ 1, followed by a recovery at T* > 1. In the middle and lower regions, denser fluid sinks while near-wall low-density fluid rises along the sidewalls, inducing secondary flows transverse to the main flow. This results in an asymmetric velocity field characterized by dual convection cells: a smaller upper cell and a larger lower cell, reflecting the coupled effects of natural and forced convection.
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Figure 4. Distributions of density, enthalpy, TKE and velocity vectors in the horizontal circular tube (D = 2.8 mm).
Figure 5 illustrates the cross-sectional distributions of density, enthalpy, TKE, and two-dimensional velocity vectors of SCO2 in the I-WP channel with an identical hydraulic diameter (d = 5 mm). In the pseudo-critical region (T* = 0.98 – 1.03), the I-WP channel exhibits symmetric distributions of density, enthalpy, and TKE, devoid of pronounced thermal stratification observed in the circular tube. The velocity field demonstrates negligible gravity dependence without forming dual convection cells. Driven by the complex geometric topology, the I-WP channel generates hydrodynamic disturbances, yielding a TKE more than an order of magnitude higher than that of a circular tube. This establishes an inertia-dominated regime, marginalizing the role of buoyancy in heat transfer behaviour.
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Figure 5. Distributions of density, enthalpy, TKE and velocity vectors in the horizontal I-WP channel (d = 5 mm).
[bookmark: _Hlk226416085][bookmark: _Hlk225893367]Figures 6(a) and 6(b) show the variations of θ at the top and bottom walls and their ratio with T* for the circular tube and the I-WP channel. In the circular tube, θ of the top is significantly higher than the bottom, reaching a peak at T* = 1.00 – 1.02. This delayed peak occurs because the spike in thermal conductivity at the Tpc mitigates the temperature rise, but its subsequent drop imposes massive thermal resistance. Furthermore, the spike in Pr signifies that momentum diffusivity severely outpaces thermal diffusivity, which disproportionately thickens the velocity boundary layer and further exacerbates the localized thermal resistance. Although HTD occurs on both walls, it is far more pronounced in the upper region because the steep radial temperature gradient drives the upward migration of low-density fluid, which forms a near-wall low-density layer that suppresses turbulent mixing and degrades local heat transfer efficiency. The top-to-bottom ratio reaches a maximum of 2.2 for the circular tube, while the I-WP channel exhibits nearly identical top and bottom wall temperatures with a ratio approaching unity. The slight deviations are attributable to local turbulence fluctuations, confirming that thermal stratification is effectively mitigated by the channel geometry.
[bookmark: _Hlk225628313]Figures 6(c) and 6(d) show the variations of cross-sectional average θ and HTC with T*. Due to the periodic topology of the TPMS channel, its heat transfer characteristics exhibit periodic fluctuations. To characterize streamwise variations, data were extracted at relative positions of 1/5d, 2/5d, 3/5d and 4/5d within the unit cell. The circular tube remains in an HTD state over a broad range (T* = 0.97 – 1.06), with the averaged θ peaking at T* ≈ 1.04. In contrast, the HTD range in the I-WP channel is remarkably narrowed. Within T* = 0.97 – 1.06, while local HTD persists at the 1/5d, 3/5d and 4/5d positions, HTE occurs at the 2/5d position. At the 2/5d position, the peak velocity [35] enhances local inertia and triggers intense turbulent mixing, thereby effectively suppressing local HTD. Conversely, at the 1/5d position, the velocity drops to its minimum [35], rendering this region highly susceptible to HTD. Overall, the average HTC in the I-WP channel is 1.9 to 6.1 times higher than that of the circular tube, demonstrating significant heat transfer enhancement while restricting the extent of HTD. However, this superior thermal performance comes at the cost of increased flow resistance, with the friction factor being 5.4 times that of the circular tube.
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	(a) θ at top and bottom walls
	(b) Top-to-bottom ratio of θ

	[image: ]
	[image: ]

	(c) Cross-sectional average θ
	(d) Cross-sectional average HTC


[bookmark: _Hlk207633480]Figure 6. Heat transfer characteristics of SCO2 in the circular tube and I-WP channel.
Figure 7 illustrates the cross-sectional distributions of density, enthalpy, TKE, and two-dimensional velocity vectors in the horizontal circular tube with a larger diameter (D = 4.2 mm). Although the overall patterns are similar to those in the 2.8 mm tube, the increased diameter significantly amplifies buoyancy effects. The low-density stagnation layer at the top expands notably, indicating enhanced upward accumulation and accelerated thermal stratification. The velocity and TKE fields show intensified upward flow along the sidewalls with elevated TKE, primarily due to the reduced mainstream velocity and inertia in the larger tube. The larger fluid volume increases the mass participating in buoyancy-driven motion, further amplifying buoyancy effects. When T* ≈ 1, gravity-driven downflow impinges on the bottom region, thinning the thermal boundary layer at the lower wall. Consequently, in the larger diameter tube, the coupling between buoyancy forces and pseudo-critical property variations exerts a more dominant influence on local heat transfer.
[image: ]
Figure 7. Distributions of density, enthalpy, TKE and velocity vectors in the horizontal circular tube (D = 4.2 mm).
Figure 8 shows the cross-sectional distributions of density, enthalpy, TKE, and two-dimensional velocity vectors of SCO2 in the Primitive channel with an identical hydraulic diameter (d = 5 mm). At T* = 0.98, localized low-density and high-enthalpy regions form near the heated walls, while the overall distributions remain nearly symmetric, indicating weak buoyancy effects. As T* rises to 0.99 – 1.00, asymmetry emerges, with denser fluid shifting downward and high-enthalpy regions migrating upward, reflecting the onset of buoyancy-driven stratification. When T* exceeds 1.01, enhanced TKE promotes strong lateral mixing that effectively disrupts the stratified structure, leading to more uniform parameter distributions. Throughout the pseudo-critical region, the velocity field does not exhibit typical dual convection cells and shows only a weak dependence on gravity. This indicates that although property variations induce thermal stratification, stable natural convection patterns are suppressed by enhanced TKE and geometric constraints. Consequently, flow and heat transfer in the Primitive channel are dominated by turbulence and channel geometry, with buoyancy playing a secondary role.
[image: ]
Figure 8. Distributions of density, enthalpy, TKE and velocity vectors in the horizontal Primitive channel (d = 5 mm).
Figures 9(a) and 9(b) show the variations of θ at the top and bottom walls and their ratio with T* in the pseudo-critical region. In the circular tube, HTD is still more pronounced in the upper region. It is worth noting that the bottom wall exhibits a sequence of HTD, local HTE, and a second HTD. This behaviour is governed by property variations and buoyancy effects. The first HTD is driven by an initial drop in thermal conductivity as the fluid heats up. Near Tpc, heat transfer is locally enhanced, this is attributed to the spike in thermal conductivity and downflow impingement, which thins the thermal boundary layer at the bottom wall. As the temperature increases further, the thermal conductivity plunges again, resulting in the second HTD. The top-to-bottom ratio reaches a maximum of approximately 2.1 in the range of T* = 0.99 – 1.01. In the Primitive channel, due to insufficient TKE development at T* = 0.99 – 1.00, buoyancy-induced stratification is not fully mitigated, resulting in a top-to-bottom ratio of 2.0 – 4.5, which exceeds that of the circular tube. When T* > 1.01, the increase in TKE weakens stratification and reduces the temperature difference.
[bookmark: _Hlk216711277]Figures 9(c) and 9(d) show the variations of cross-sectional average θ and HTC with T*. The circular tube exhibits a continuous decrease in average HTC across the pseudo-critical region. In contrast, the Primitive channel shows only a minor local HTD at the narrow constrictions (1/5d and 4/5d positions) near T* ≈ 0.99, while the HTC continuously increases at the wider expansions (2/5d and 3/5d positions). This indicates that the Primitive channel effectively narrows the thermal stratification range. At the narrow constrictions, intense spatial acceleration induces boundary layer laminarization, causing local HTD. Conversely, at the wider expansions, the diverging geometry triggers severe flow separation and large-scale secondary vortices, which actively disrupt vertical natural convection and prevent the stagnation of low-density fluid, effectively suppressing HTD. As a result, the average HTC in the Primitive channel is 1.7 to 7.0 times that of the circular tube, achieving thermal enhancement at the cost of a friction factor 2.4 times as large. Compared with the I-WP channel, the Primitive channel induces local thermal stratification under these conditions, yet it almost entirely suppresses localized HTD.
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	(c) Cross-sectional average θ
	(d) Cross-sectional average HTC


Figure 9. Heat transfer characteristics of SCO2 in the circular tube and Primitive channel.
3.2.  Influence of mass and heat fluxes on supercritical pressure carbon dioxide buoyancy in horizontal triply periodic minimal surface channels
Figure 10 shows the variations of the top-to-bottom dimensionless wall temperature ratio θtop/θbot with reduced temperature T* in the I-WP channel under different mass fluxes (G = 20 – 180 kg·m-2·s-1). This ratio serves as a quantitative indicator to characterize the thermal asymmetry. At low mass fluxes (G < 60 kg·m-2·s-1), the ratio significantly exceeds 1 in the pseudo-critical region, indicating strong buoyancy effects. As Tb increases beyond the pseudo-critical region, the stabilization of thermophysical properties weakens buoyancy, the ratio gradually decreases towards 1. Increasing mass flux generally reduces the ratio by enhancing inertial effects and turbulent mixing, which disrupt buoyancy-induced stratification. For G > 60 kg·m-2·s-1, the ratio fluctuates within 0.7 – 1.3, suggesting that heat transfer asymmetry is dominated by transient flow perturbations rather than buoyancy. A pronounced peak appears near Tpc at G·=·20·kg·m-2·s-1 but disappears at higher mass fluxes. This peak emerges because the drastic property variations maximize buoyancy potential near the Tpc. Under low Reynolds number conditions, weak inertial forces and insufficient turbulent mixing allow buoyancy to dominate the temperature distribution. At higher Reynolds numbers, enhanced inertia and turbulence suppress buoyancy-induced perturbations, eliminating the peak.
	[image: 图表, 折线图

AI 生成的内容可能不正确。]
	[image: 图表, 折线图

AI 生成的内容可能不正确。]

	(a) G = 20 – 40 kg·m-2·s-1
	(b) G = 50 – 70 kg·m-2·s-1
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	(c) G = 80 – 180 kg·m-2·s-1


Figure 10. Variations of wall temperature asymmetry in the I-WP channel under different mass fluxes.
[bookmark: _Hlk209128159]Figure 11 illustrates the variations of θtop/θbot with T* in the I-WP channel under different heat fluxes (q = 50 – 450 kW·m-2). Results indicate that the ratio consistently exceeds 1 across all heat flux conditions. As Tb increases and surpasses the Tpc, the attenuation of buoyancy forces causes the ratio to gradually decrease towards 1. A reduction in heat flux leads to a significant decrease in the ratio, which signifies the suppression of buoyancy effects. This is attributed to the fact that lower heat flux reduces the temperature difference between the wall and the bulk fluid. Consequently, the temperature distribution along the gravitational direction becomes more uniform, thereby weakening buoyancy-driven natural convection. When the heat flux decreases to 50 kW·m-2, the ratio falls below 1.5. At this level, the buoyancy impact on the heat transfer distribution is considered negligible.
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	(a) q = 225 – 450 kW·m-2
	(b) q = 129 – 180 kW·m-2
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	(c) q = 50 – 113 kW·m-2


Figure 11. Variations of wall temperature asymmetry in the I-WP channel under different heat fluxes.
[bookmark: _Hlk216713212]Figure 12 illustrates the variations of θtop/θbot with T* in the Primitive channel under different mass fluxes (G = 20 – 180 kg·m-2·s-1). For G < 120 kg·m-2·s-1, the ratio rises sharply near the inlet due to buoyancy amplified by density gradients in the pseudo-critical region. As the flow develops downstream, enhanced TKE suppresses this asymmetry, resulting in a rapid decline in the ratio. However, the flow velocity in the central through-region of the Primitive channel is significantly higher than that in the four branch regions. This high-velocity mainstream strongly inhibits the development of buoyancy-induced flow structures and effectively impedes the further decline of the ratio. As a result, the ratio fluctuates within a specific range while remaining significantly greater than 1 throughout the pseudo-critical region. Beyond the pseudo-critical region, buoyancy weakens and the ratio decreases toward unity. For G > 120 kg·m-2·s-1, the ratio remains close to 1, indicating negligible buoyancy effects. Overall, increasing mass flux significantly reduces the ratio, signifying the suppression of buoyancy. This suppression occurs because higher mass flux intensifies the mainstream velocity in the central through-region, which effectively obstructs the formation of buoyancy-driven flow patterns.
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	(a) G = 20 – 40 kg·m-2·s-1
	(b) G = 50 – 70 kg·m-2·s-1

	[image: 图表, 折线图

AI 生成的内容可能不正确。]

	(c) G = 80 – 180 kg·m-2·s-1


Figure 12. Variations of wall temperature asymmetry in the Primitive channel under different mass fluxes.
Figure 13 illustrates the variations of θtop/θbot with T* in the Primitive channel under different heat fluxes (q = 50 – 450 kW·m-2). The ratio exceeds unity under all heat flux conditions, confirming that buoyancy-induced thermal stratification is prevalent within the Primitive channel. Compared to the I-WP channel under identical heat flux conditions, the Primitive channel exhibits a higher ratio. This further demonstrates that buoyancy effects are more pronounced in the Primitive channel. For q < 113 kW·m-2, the ratio increases with rising heat flux due to enhanced density gradients and stronger buoyancy forces. However, as heat flux increases further, the growth rate of the ratio diminishes. This is attributed to the fixed channel geometry, which restricts the spatial domain available for buoyancy-induced lateral perturbations and limits further amplification of buoyancy effects. Consequently, the ratio tends to converge at high heat fluxes, reflecting the inherent saturation of buoyancy effects within the Primitive channel.
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	(a) q = 50 – 113 kW·m-2
	(b) q = 129 – 180 kW·m-2
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	(c) q = 225 – 450 kW·m-2


Figure 13. Variations of wall temperature asymmetry in the Primitive channel under different heat fluxes.
3.3.  Quantitative analysis of buoyancy parameter in horizontal triply periodic minimal surface channels 
Based on the preceding analysis, the flow and heat transfer characteristics of SCO2 in TPMS channels differ significantly from those in circular tubes. The suppression of buoyancy effects by the TPMS topologies alters the competition mechanism between buoyancy and inertia. This section quantitatively analyses the competition mechanism within the TPMS channels based on the buoyancy parameter (Gr/Re2). It is worth noting that the Gr/Re2 values are extracted at the local expansion cross-sections within the periodic unit cells, where the flow inertia is minimized and buoyancy effect reach their extremum.
Figure 14 illustrates the variations of the Gr/Re2 with T* in the I-WP channel under different mass fluxes. As observed, Gr/Re2 generally decreases with increasing mass flux. This trend aligns with that of the θtop/θbot, confirming that enhanced inertial forces suppress buoyancy effects. However, a discrepancy exists in their behaviour near the pseudo-critical point. At low mass fluxes, both θtop/θbot and Gr/Re2 exhibit peaks near the pseudo-critical point, indicating that the competition between buoyancy and inertia is directly manifested in wall temperature asymmetry. Conversely, at high mass fluxes, θtop/θbot no longer displays a peak, whereas Gr/Re2 retains a distinct peak in this region. This phenomenon suggests that even under strong inertial conditions, the relative intensity of buoyancy versus inertia maximizes near the pseudo-critical point. However, dominant inertial effects mask the impact of buoyancy on the temperature field, preventing the formation of a peak in the temperature ratio. Consequently, while Gr/Re2 reveals the evolution of the relative strength between buoyancy and inertia, θtop/θbot represents the comprehensive outcome of coupled flow and heat transfer. Combining these two metrics provides a more holistic understanding of the buoyancy mechanisms affecting heat transfer distribution in the pseudo-critical region.
	[image: 图片包含 图表

AI 生成的内容可能不正确。]
	[image: 图表

AI 生成的内容可能不正确。]

	(a) G = 20 – 40 kg·m-2·s-1
	(b) G = 50 – 70 kg·m-2·s-1
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	(c) G = 80 – 180 kg·m-2·s-1


[bookmark: _Hlk225919761]Figure 14. Variations of buoyancy parameter (Gr/Re2) in the I-WP channel under different mass fluxes.
Figure 15 illustrates the relationship between θtop/θbot and Gr/Re2 in the I-WP channel under different mass fluxes. Within the lower range of buoyancy parameters (Gr/Re2 < 4.8), θtop/θbot predominantly falls within the range of 0.5 – 1.5 across various mass fluxes. This indicates that the wall temperature distribution is essentially symmetric, and the buoyancy impact on heat transfer is weak. When G > 60 kg·m-2·s-1, the ratio remains close to 1 even as Gr/Re2 increases, confirming that inertial forces and turbulent mixing effectively suppress buoyancy effects. Conversely, for G < 60 kg·m-2·s-1, the ratio deviates significantly from 1 as Gr/Re2 increases, exceeding 3 in certain cases. For the higher buoyancy parameters observed (Gr/Re2 > 4.8), a substantial number of data points exhibit a ratio greater than 1.5, indicating that buoyancy significantly influences the heat transfer distribution.
[image: 图表, 散点图

AI 生成的内容可能不正确。]
[bookmark: _Hlk225919808]Figure 15. Variations of wall temperature asymmetry (θtop/θbot) with the buoyancy parameter (Gr/Re2) in the I-WP channel under different mass fluxes, including a local magnified view for Gr/Re2 ≤ 25.
Figure 16 illustrates the variations of the Gr/Re2 with T* in the I-WP channel under different heat fluxes. Results indicate that the trend of Gr/Re2 with T* aligns closely with that of θtop/θbot. On one hand, Gr/Re2 increases as the heat flux rises. Since the Reynolds number remains nearly constant at a fixed mass flux, the contribution of inertial forces is relatively stable. Gr/Re2 is primarily controlled by the intensity of buoyancy. An increase in heat flux intensifies temperature gradients and exacerbates density differences. This enhances buoyancy effects and consequently leads to higher Gr/Re2 values. On the other hand, Gr/Re2 initially increases and then decreases with rising T*, reaching a peak near the Tpc. This occurs because heat transfer is dominated by buoyancy forces at low mass flux (G = 20 kg·m-2·s-1), and buoyancy effects are most pronounced near the Tpc. Analytically, Gr/Re2 exhibits an inverse-square dependence on mass flux and an approximately linear positive correlation with heat flux. This is because, based on Newton’s law of cooling and thermal expansion principles, the buoyancy-driving fluid density difference (Δρ) is fundamentally proportional to the first-order temperature difference (ΔT) generated by the applied heat flux. Consequently, Gr/Re2 is more sensitive to mass flux fluctuations than to heat flux. The sensitivity of the θtop/θbot is regime-dependent: it remains robustly insensitive in the forced convection regime. However, when the buoyancy dominates, a slight increase in q or a minor decrease in G triggers a sharp surge in thermal stratification.
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	(a) q = 225 – 450 kW·m-2
	(b) q = 129 – 180 kW·m-2
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	(c) q = 50 – 113 kW·m-2


[bookmark: _Hlk225919835]Figure 16. Variations of buoyancy parameter (Gr/Re2) in the I-WP channel under different heat fluxes.
Figure 17 illustrates the relationship between θtop/θbot and Gr/Re2 in the I-WP channel under different heat fluxes. Overall, a distinct positive correlation is observed between Gr/Re2 and θtop/θbot. Within the lower range of buoyancy parameters (Gr/Re2 < 4.8), θtop/θbot predominantly falls within the range of 1.0 to 1.5 across various heat fluxes, indicating that the buoyancy impact on heat transfer is negligible. This is because in complex TPMS channels, data below this ratio predominantly exhibit irregular fluctuations, indicating that the wall temperature differences are dominated by forced convection. When θtop/θbot > 1.5, the ratio exhibits a steep surge, indicating the onset of buoyancy-dominated heat transfer. For the higher buoyancy parameters observed (Gr/Re2 > 4.8), the ratio gradually increases and exceeds 3 in certain cases, indicating that buoyancy effects exert a significant influence on the heat transfer distribution.
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[bookmark: _Hlk225919850]Figure 17. Variations of wall temperature asymmetry (θtop/θbot) with the buoyancy parameter (Gr/Re2) in the I-WP channel under different heat fluxes, including a local magnified view for Gr/Re2 ≤ 50.
Figure 18 illustrates the variations of Gr/Re2 with T* in the Primitive channel under different mass fluxes. Results indicate that the overall level of Gr/Re2 decreases significantly with increasing mass flux. This trend aligns with the variation of θtop/θbot, demonstrating that enhanced inertial forces effectively suppress buoyancy effects. When G < 120 kg·m-2·s-1, a distinct peak in Gr/Re2 appears near the Tpc, indicating that the relative intensity of buoyancy versus inertia maximizes in this region. When G > 120 kg·m-2·s-1, the significant increase in mainstream velocity ensures that inertial forces dominate. Consequently, buoyancy effects are substantially weakened. This results in generally low Gr/Re2 values that fluctuate within a narrow range. Correspondingly, θtop/θbot remains at a low level, suggesting that the impact of buoyancy on heat transfer distribution is minimal.
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	(a) G = 20 – 40 kg·m-2·s-1
	(b) G = 50 – 70 kg·m-2·s-1
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	(c) G = 80 – 180 kg·m-2·s-1


[bookmark: _Hlk225919873]Figure 18. Variations of buoyancy parameter (Gr/Re2) in the Primitive channel under different mass fluxes.
Figure 19 illustrates the relationship between θtop/θbot and Gr/Re2 in the Primitive channel under different mass fluxes. Within the lower range of buoyancy parameters (Gr/Re2 < 0.4), θtop/θbot predominantly falls within the range of 0.5 – 1.5 across various mass fluxes, indicating that the buoyancy impact on heat transfer is weak. As Gr/Re2 increases, θtop/θbot rises gradually, with a substantial number of data points significantly exceeding 1.5, indicating that buoyancy exerts a marked influence on the heat transfer distribution at higher Gr/Re2 levels. When G > 60 kg·m-2·s-1, θtop/θbot remains consistently close to 1 even as Gr/Re2 increases.
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[bookmark: _Hlk225919888]Figure 19. Variations of wall temperature asymmetry (θtop/θbot) with the buoyancy parameter (Gr/Re2) in the Primitive channel under different mass fluxes, including a local magnified view for Gr/Re2 ≤ 40.
Figure 20 illustrates the variations of the Gr/Re2 with T* in the Primitive channel under different heat fluxes. Generally, Gr/Re2 levels rise with increasing heat flux, however, the peak values do not exhibit a strictly monotonic increasing trend. In certain cases, the peak Gr/Re2 actually decreases as heat flux rises, a behaviour distinct from that observed in the I-WP channel. This discrepancy is attributed to geometric differences. The I-WP channel features a relatively uniform hydraulic diameter and velocity distribution, resulting in a constant inertial contribution at a fixed mass flux, thus, Gr/Re2 correlates positively with heat flux. Conversely, the Primitive channel exhibits significant variations in hydraulic diameter and cross-sectional velocity. Drastic property variations near the Tpc make buoyancy highly sensitive to local geometry. Consequently, the peak Gr/Re2 in the Primitive channel results from the coupling of property variations and geometric non-uniformity, preventing a simple monotonic response to heat flux. On the other hand, Gr/Re2 follows a trend of increasing and then decreasing with rising T*, peaking near the Tpc. This consistency with the I-WP channel indicates that, at low mass fluxes, the relative intensity of buoyancy versus inertia remains maximal near the Tpc. 
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	(a) q = 50 – 113 kW·m-2
	(b) q = 129 – 180 kW·m-2
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	(c) q = 225 – 450 kW·m-2


[bookmark: _Hlk225919903]Figure 20. Variations of buoyancy parameter (Gr/Re2) in the Primitive channel under different heat fluxes.
Figure 21 illustrates the relationship between θtop/θbot and Gr/Re2 in the Primitive channel under different heat fluxes. Within the lower range of buoyancy parameters (Gr/Re2 < 0.5), θtop/θbot remains predominantly below 1.5 across the evaluated heat fluxes, indicating that buoyancy effects on heat transfer are negligible. As Gr/Re2 increases further, θtop/θbot rises gradually, exceeding 6 in certain high heat flux instances. This demonstrates that buoyancy significantly disrupts heat transfer symmetry.
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[bookmark: _Hlk225919916]Figure 21. Variations of wall temperature asymmetry (θtop/θbot) with the buoyancy parameter (Gr/Re2) in the Primitive channel under different heat fluxes, including a local magnified view for Gr/Re2 ≤ 20.
[bookmark: _Hlk225796152]Notably, the Primitive channel exhibits a higher susceptibility to buoyancy, with significant effects becoming pronounced at much lower buoyancy parameters (Gr/Re2 ≈ 0.4) compared with the I-WP channel (Gr/Re2 ≈ 4.8). This discrepancy is primarily because the smooth cross-sectional transitions and highly tortuous structure of the I-WP channel generate intense turbulent mixing to suppress thermal stratification, whereas the straight-through pore structure of the Primitive channel results in high-velocity flows with relatively lower TKE under identical conditions, rendering the heat transfer more susceptible to buoyancy effects. Furthermore, as shown in the scatter distributions across varying conditions, the data exhibit steep transitional gradients, indicating an abrupt amplification of buoyancy influence when Gr/Re2 approaches approximately 4.8 for the I-WP channel and 0.4 for the Primitive channel. Given the steepness of these data distributions, the approximate parameter ranges where buoyancy becomes dominant are robust and insensitive to minor θtop/θbot adjustments (e.g., 1.4 or 1.6). In practical engineering applications, these observed trends serve as quantitative design reference to optimize key parameters, such as channel dimensions, operating thermal loads, and mass fluxes. By ensuring that thermal systems operate within forced-convection-dominated regimes, the detrimental consequences of localized hot spots, thermal stresses, and heat transfer deterioration can be effectively mitigated. It should be emphasized that the quantitative findings are derived based on specific TPMS topologies (Primitive and I-WP) with cell size of 5 mm and porosity of 0.5, evaluated within the operating ranges (q/G = 2.50 – 22.5 kJ·kg-1).
4. Conclusions
[bookmark: _Hlk216747819]In this study, the flow and heat transfer characteristics of SCO2 in TPMS channels were investigated. By comparing with the circular tubes, the suppression mechanisms of heat transfer deterioration were revealed, and the effects of mass flux and heat flux on buoyancy effects were clarified. On this basis, the competition between buoyancy and inertial forces within the TPMS channels was quantitatively analysed using the buoyancy parameter (Gr/Re2).
The main conclusions are as follows:
(1) In the pseudo-critical region of horizontal circular tubes, buoyancy causes strong thermal stratification and asymmetric convective cells, suppressing turbulence near the top wall and inducing severe HTD that intensifies with tube diameter. In contrast, the I-WP and Primitive channels enhance heat transfer substantially, with average heat transfer coefficients 1.9 – 6.1 and 1.7 – 7.0 times that of circular tubes, respectively, while effectively suppressing buoyancy-induced HTD.
(2) The I-WP channel relies on intense flow mixing, with TKE enhanced by over an order of magnitude compared to circular tubes, effectively suppresses the thermal stratification and narrows the HTD range, although it cannot completely eliminate local HTD. The Primitive channel is more susceptible to local thermal stratification due to insufficient TKE development. Flow separation and secondary vortices are crucial for disrupting vertical natural convection and preventing low-density fluid stagnation, which effectively suppresses localized HTD.
(3) Increasing mass flux suppresses buoyancy through enhanced inertia and turbulent mixing, while increasing heat flux amplifies it through larger density gradients. The overall suppression of buoyancy is more limited in the Primitive channel than in the I-WP channel. As a result, the Primitive channel requires higher mass fluxes (G > 120 kg·m-2·s-1) to negate buoyancy. At high heat flux, geometric constraints limit further amplification of buoyancy, causing wall temperature asymmetry to rise initially and then plateau.
[bookmark: _Hlk226556927](4) Compared with the I-WP channel, the straight-through pore structure of the Primitive channel results in high-velocity flows with relatively lower TKE under identical conditions, rendering its heat transfer more susceptible to buoyancy effects. Moreover, the buoyancy-inertia competition of the Primitive channel is dictated by the coupled effects of thermophysical property variations and geometric non-uniformity.
[bookmark: _Hlk225796162]While the steady-state RANS approach captures the time-averaged heat transfer characteristics, it possesses inherent limitations regarding transient behaviours. First, it cannot fully resolve the unsteady dynamics near the Tpc. During the numerical solution process, persistent minor residual oscillations were observed, serving as a numerical manifestation of the local physical unsteadiness. Intermittent flow structures could enhance local fluid mixing, thereby delaying the onset of HTD. Second, the constant heat flux assumption neglects the fluctuating thermal loads common in dynamic operating conditions, where fluid thermal inertia and transient boundary layer development play critical roles. Consequently, future work will employ transient simulations, such as unsteady RANS or large eddy simulation, to fully resolve the time-dependent phenomena.
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