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Supplementary Note 1. Experimental Section
A Materials. In Supplementary Fig. 1, the actual foam porous structure is provided by the Institute of Metal Research, Chinese Academy of Sciences. Due to this research is based on high-speed photography to capture the flow conditions inside the porous channels, high light transmittance is a necessary condition for this research. To capture clear experimental results, 5 mm thick SF and 1 mm thick SFCS are used as the research objects, and the average pore size is relatively large foam porous, such as 2.21 mm SFCS and 2.1 mm SF.
B Experimental Procedure. The experimental equipment is shown in Supplementary Fig. 2, and the experimental procedure is as follows. The first step is the preparation of the test solution. Add 20 mg of polystyrene microspheres to 2 L of distilled water, stir well with a glass rod and disperse it under ultrasonic waves for 30 minutes. Then, immerse the SFCS/SF in the test solution for 10 minutes, and fix the fully wet SFCS/SF on the iron support stand. Next turn on the water pump, the test solution enters the system through a dropper. Finally, adjust the intensity of the light source (20-200 W) and focus the macro lens to get the image, which was stored on the online computer.
C Detailed Image Processing. First of all, using ImageJ software opens 30 fps images. Changing the image type to 8 - bit color / 8 - bit, and then through the adjust/(brightness/Contrast) to adjust the color gamut of the picture. Then through the tracer particles ghosting effect produced by the motion trajectory identification tracer particle motion trajectory and take the outermost trajectory as the vortex diameter of the experimental result. Then import 500 fps image into ImageJ for the same processing, and identify the position of tracer particles in each frame. Finally, the angular velocity of the tracer particles in the vortex along the motion trajectory is calculated.
Supplementary Note 2. Numerical simulation
A Computational Fluid Dynamics (CFD) Simulation of Fluid Flow in Porous Foam. In CFD simulation, the surface tracking method with a fixed Euler grid-finite control volume of fluid method (VOF) was employed to simulate the fluid flow through the void space of open-cell porous SFCS/SF media. The main governing laws of CFD simulation are shown in Eqs. (S1) – (S2). To capture the interface between water and air, the density and viscosity at the phase interface adopted the volume average method, as described by Eqs. (S3) – (S4).
Continuity equation:
	

	(S1)


Momentum conservation equation：
	

	(S2)

	

	(S3)

	

	(S4)




In the VOF model, the surface tension was described by the momentum conservation equation. Surface tension used a continuous surface force (CSF) and wall adhesion model proposed by Brackbill et al. 1. Surface tension was expressed as the pressure drop at the interface between the two phases (liquid/gas), as shown in Eq. (S5), in which Rg and Rl refer to the radius in the orthogonal direction. Therefore, the gas-liquid surface tension can be written in terms of the pressure jump across the surface, and the force at the surface can be expressed as a volume force (in Eq. (S6)) using the divergence theorem, then added as a source term to the momentum conservation equation. The wall adhesion model is shown in Eq. (S8), where  and represent the normal and tangential vectors to the wall, respectively, and θwall is the contact angle between the liquid and the surface of the strut. The gas and liquid were then set as the continuous and dispersed phase, respectively. To improve the computational efficiency of transient flow in fluid domain with polyhedral mesh, the pressure-implicit with splitting of operators (PISO) algorithm was employed as the pressure-velocity coupling solution.
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[bookmark: _Hlk108553682]B Vortex Simulations. In this paper, we consider the leading term of the Taylor series expansion for the velocity field of the fluid element in spatial coordinates to describe its motion trajectory and identify the vortex region (this process is also known as Galilean invariance 2). The method for simulating the vortex in a fluid is based on the eigenanalysis of local velocity gradient tensor. The velocity gradient tensor and the eigenvalues of the gradient tensor satisfy Eqs. (S9) and (S10).
	

	(S9)

	

	(S10)



where is the eigenvector. The eigenvalues can be determined by solving the characteristic equations of Eqs. (S11) – (S14).
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we denote
	

	(S15)

	

	(S16)
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The eigenvalues ​​satisfying the velocity gradient tensor were divided into the following three cases: (1) three different real eigenvalues; (2) at least two identical eigenvalues; ​​and (3) a real eigenvalue and a pair of conjugate complex eigenvalues. Streamlines are swirls 3 whenhas one real and a pair of conjugate complex eigenvalues. The tensor has one real eigenvalue λr and a pair of conjugated complex eigenvalues λcr±λci when satisfying Eq. (S17). When Eq. (S17) was satisfied, spiraling streamlines were formed, and the velocity gradient tensor matrix has a real eigenvalue and a pair of conjugate complex eigenvalues.
Accordingly, the tensor can be decomposed as:
	

	(S18)


we denote
	

	(S19)

	

	(S20)
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Therefore, the eigenvalues ​​satisfy:
	

	(S24)

	

	(S25)

	

	(S26)


In Eqs. (S24) – (S26), νr is the eigenvector of the true eigenvalue λr, and νcr±νci are the eigenvectors of the conjugate complex eigenvalues λcr±λci. Then, one can use the three vectors (νr, νcr, νci) to define the local streamline trajectory, and the coordinates on the streamlined trajectory can be expressed as in Eqs. (S27) – (S29).
	

	(S27)

	

	(S28)

	

	(S29)


where x is the three-dimensional coordinate, subscript r, cr and ci represent the coordinates in the three directions of νr, νcr, and νci respectively; t is time; Cr, C1 and C2 are constants.
[bookmark: _Hlk84572738][bookmark: _Hlk84571821]As shown in Eqs. (S27) – (S29), the strength of the local swirling motion is quantified by the imaginary part of the complex eigenvalue pair (λci). Accordingly, the isosurface of λci of the velocity gradient tensor was calculated and visualized to illustrate vortexes in porous channels 4. Because (i) the eigenvalue complex only exists in regions with local vortexes and (ii) the method is frame independent, it is able to exclude the regions with vorticity but without local vortex, such as shear layers. It is worth noting that the vortex identification (based on the establishment of λci isosurfaces) depends on the selection of the threshold λci. Therefore, this paper employs the cell diameter of the foam materials (dc, in Table S1) to determine the threshold value of λci which can achieve the appropriate identification of the vortex region.
C CT Scan Reconstruction of SF/SCFS. SiC foam corrugated sheet (SFCS) and SiC foam (SF) as shown in Supplementary Figs. 3a (I) and 3b (I). SFCS and SF consist of connected solid SiC struts which render randomly packed void space (i.e., open-cells) to allow fluids to flow through. The realistic models of SFCS/SF were obtained using a laboratory X-ray CT system (which was jointly developed by Tianjin University and Tianjin Sanying Precision Instrument Co., Ltd) with the highest special resolution of 0.5 μm. Three-dimensional (3D) SFCS/SF models were reconstructed by assembling the obtained two-dimensional (2D) grayscale image slices, as shown in Supplementary Figs. 3a (II) and 3b (II), which show the distribution of grayscale in the 2D CT images, corresponding to the presence of different phases in the specimen. The good contrast of the greyscale ensures the segmentation of solid phase and fluid phases during the image reconstruction. To facilitate the construction of 3D SFCS/SF models based on CT data, a series of image processing steps were applied, as follows:
Firstly, get scanned images of the real foam structure through the μ-CT technique. 
Secondly, based on the AVIZO software platform to import the scanned images to obtain a three-dimensional gray value image as shown in Supplementary Fig. 4a, and then determine the foam skeleton by identifying the threshold between the pores and the struts (in Supplementary Fig. 4b). 
Finally, connect the scanned skeleton area of each layer to get the real foam structure as shown in Supplementary Fig. 4c.
The open porosity was then defined as the ratio of the open-cell volume to the total volume of the materials. Values of the open porosity were obtained by measuring the remaining void volume after the artificial filling of cavities within the solid SiC phase 5. Relevant geometrical parameters of SFCS and SF are illustrated in Supplementary Fig. 5 and summarized in Table S1.


[bookmark: _Hlk107651398]D Geometric Parameters and Boundary Conditions. This research is based on the FLUENT 20.0 platform, the geometric structure is shown in Supplementary Fig. 5, and the involved parameters are shown in Table S2. The inlet adopts the gas velocity inlet, the porous wall adopts the non-slip wall, and its static contact angle with liquid adopts 45°. The initial pressure at the inlet and outlet are 101.325 kpa. The PISO (Pressure Implicit with Splitting of Operators) scheme was used to calculate the pressure and velocity fields. Gradient, pressure, momentum, and volume fraction were discretized based on the Least Squares Cell Based, PRESTO, Second Order Upwind, and Geo-Reconstruct. In the transient calculations, the initial step size satisfies the CFL (Courant-Friedrichs-Lewy) and capillary time steps as shown in Eq. (S30). where the Courant number is C = 0.1 and  is the maximum velocity in the computational domain and  is the smallest mesh size of computational domain.

							(S30)
E Reconstruction of Realistic SFCS/SF Models for CFD Simulation. Based on the μ-CT technique, realistic SFCS/SF models were made (via geometrical reconstruction) for CFD simulation, as shown in Supplementary Fig. 6a. To ensure the accuracy of the CFD simulation, mixed polyhedral and hexahedral meshes, instead of conventional tetrahedral ones, were used to construct the calculation domain of the complex microcellular structure of SFCS/SF for CFD simulation, which could reduce the mesh number and improve the calculation efficiency. Local mesh refinement was performed around the SFCS/SF model to study the effect of sizes and numbers of the volume meshes on the simulation efficiency and accuracy, as shown in Supplementary Fig. 6b. Three mesh sizes were generated by varying the growth rate of the inner surface meshes of the cellular structure and thickness of the boundary layer. Specifically, the coarse meshes are composed of polyhedral meshes without refinement on boundary layers. The medium and meshes are composed of polyhedral and hexahedra meshes with three and six boundary layers around cellular structures of the SFCS/SF model (the minimum mesh sizes are ~4×10−3 mm). Supplementary Fig. 6c shows the simulation results of the pressure variation across a SF model, presenting comparable results obtained by the models with different levels of mesh refinement. However, an increase in mesh numbers caused an increase in calculation runtime, and hence, considering the trade-off of calculation efficiency and accuracy, the medially refined mesh models of SFCS/SF were used for the following CFD campaigns (For detailed mesh information of SFCS, see Supplementary Fig. 7).
F Calculation Method of Angular Velocity and Diameter of Simulated Vortex. In this paper, the existence of vortexes is defined based on whether the streamlines of the pore interface form vortex streamlines. Determine the vortex region by determining the position of the vortex core in the vortex line and the diameter of the vortex line (in Supplementary Fig. 8a). Determine the three-dimensional coordinates of the vortex core (X0, Y0, Z0) based on the vortex streamline, and extract the three-dimensional coordinates Pi (Xi, Yi, Zi) and its velocity value Ui (in Supplementary Fig. 8b) in the peripheral vortex streamline. Then calculate the distance ri between this point and the vortex core (in Eq. (S31)), and calculate its mean ri (in Eq. (S32)) and mean tangent velocity Ui (in Eq. (S33)). And the average angular velocity is calculated by Eq. (S34) and compared with the experimental results.

						(S31)
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										(S34)
G Vortex Identification Method Based on Galileo Invariance Principle. A vortex measure is Galilean invariant if it is invariant under an equal-speed translation of the underlying coordinate system 6. Q-criterion7 is the second Galilean invariant based on the velocity gradient tensor Q > 0 represents the vortex regimes (that is, it requires the existence of an antisymmetric tensor, and it can overcome the deformation effect represented by the symmetric tensor). λ2 - criterion8, 9 considers that when there are two complex eigenvalues in the velocity gradient tensor equation, λ2 < 0 is a vortex regime. Δ - criterion3 considers that when the velocity gradient tensor equation has one real eigenvalue and two complex eigenvalues, the region with Δ > 0 is a vortex regime. λci - criterion 10, 11 uses the imaginary part λci of the complex eigenvalue of the velocity gradient tensor to represent the swirling strength. This makes the vortex regimes identified by Q-criterion, λ2 – criterion, and Δ - criterion contaminated by the fluid's stretching, compressing and shearing, while the vortex regimes identified by λci - criterion has shear contamination. And these methods all have the problem of threshold selection12. 
H Stable Vortex. At macroscopic level, experimental results by the high-speed camera (Supplementary Fig. 15a) show that once vortexes are formed in the cell of the SF (at 0.102 m/s), their relevant flow properties and position did not change significantly as a function of time, as shown in Supplemental Movies S2-S3. At microscopic level, simulation results confirmed the experimental observation, as shown in Supplementary Figs. 15b and c. Specifically, at a constant inlet linear velocity of 0.25 m/s within the SF, the vortex strength and flow velocity in porous channels of the SF model (on the xz plane) were rather stable with the elapse of time, as well as the vortex cores, confirming that the vortexes formed within the SF were stable. Regarding the fluctuations of the vortex strength and velocity predicted by the CFD simulation (as a function of time, as indicated by the red circles in Supplementary Figs. 15b and c), they could be caused by the impingement of the liquid on the surface of the anisotropic struts of the SF.



[image: ]
Supplementary Fig. 1 a Top view of SFCS b Front view of SFCS c Front view of SF.


[image: ]
Supplementary Fig. 2 Schematic of the experimental setup for studying microscopic features of fluid flow in the porous media: a Feed water tank (with tracer particles), b Centrifugal pump, c Rotameter, d SFCS/SF samples, e Water collection tank, f Light reflector, g High-speed camera, h LED light source, i Low magnification image example of the fluid flow in SFCS/SF, j Digital photo of the actual experimental rig for imaging fluid flows in SF.


[image: ]
Supplementary Fig. 3 Geometry and local structural details of a SFCS and b SF: (Ⅰ) Photo of SFCS/SF, (Ⅱ) Distribution of greyscale in the orthogonal CT slices of SFCS/SF, (Ⅲ) 3D SFCS/SF models built using the CT data, (Ⅳ) Geometry and local structural details of SFCS/SF.


[image: ]
Supplementary Fig. 4 a Distribution of greyscale in the orthogonal CT slices of SFCS. b Gray recognition of foam struts and porous channels of SFCS. c 3D SFCS models built using the CT data.
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Supplementary Fig. 5 a Detailed geometrical structure and parameters of SFCS (Ⅰ) liquid velocity inlet; (Ⅱ) gas velocity inlet; (Ⅲ) the SFCS; (Ⅳ) wall; (Ⅴ) pressure outlet. b Detailed geometrical structure and parameters of SF (Ⅰ) liquid velocity inlet; (Ⅱ) gas velocity inlet; (Ⅲ) the SFCS; (Ⅳ) wall; (Ⅴ) pressure outlet.

[image: ]
Supplementary Fig. 6 a SF (5 × 5 × 5 mm) and SFCS (15 × 15 × 9 mm) models and associated boundary conditions for multi-phase CFD simulation. b details of mesh refinement (based on a SF model): Coarse meshes without the boundary layer refinement (mesh growth rate = 1.5); medium meshes with boundary refinement (3 layers, mesh growth rate = 1.2) around SF cells; fine meshes with boundary refinement (6 layers, mesh growth rate = 1.1) around SF cells. c the upper-pressure distribution across a SF model at an inlet superficial gas velocity of 0.5 m/s.

[image: ]
Supplementary Fig. 7 Mesh details a SFCS surface mesh information b SFCS surface mesh detail c Fluid domain mesh information d Fluid domain mesh detail.
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Supplementary Fig. 8 Processing details of simulated vortex angular velocity a Selection of vortex region in porous channels b The calculation of the mean vortex angular velocity.
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Supplementary Fig. 9 The detailed 2D streamlines of each peak pore of the SFCS in Fig. 5d under a 0.010 m/s, b 0.050 m/s, c 0.125 m/s; d 0.125 m/s.

[image: ]
Supplementary Fig. 10 Simulated flows through SFCS at different superficial liquid velocities, UL, a 0.010 m/s, b 0.050 m/s, c 0.125 m/s; d 0.250 m/s; e 0.500 m/s; f 1.250 m/s (Ⅰ) simulated water flow patterns; (Ⅱ) 2D fluid streamlines in a peak pore of the SFCS (as indicated in (Ⅰ)).
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Supplementary Fig. 11 Shearing strength (I), swirling strength (II), and vortex number (III) of streamlines in cell V of SFCS under a UL = 0.010 m/s, b UL = 0.125 m/s, c and UL = 1.250 m/s.
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Supplementary Fig. 12 Shearing strength (I), swirling strength (II), and vortex number (III) of streamlines in cell III of SF under a UL = 0.01 m/s, b UL = 0.05 m/s, c UL = 0.25 m/s, d UL = 0.36 m/s, e UL = 0.50 m/s, f and UL = 1.25 m/s.

[image: ]
Supplementary Fig. 13 Shearing strength (I), swirling strength (II), and vortex number (III) of streamlines in cell III of SF under a UL = 0.01 m/s, b UL = 0.05 m/s, c UL = 0.25 m/s, d UL = 0.36 m/s, e UL = 0.50 m/s, f and UL = 1.25 m/s.

[image: ]
Supplementary Fig. 14 Shearing strength and swirling strength with different UL under a cell III of SF, b cell IV of SF, and c cell V of SFCS.


[image: ]
Supplementary Fig. 15 a Evolution for vortexes in SF by high speed camera at UL = 0.102 m/s (Ⅰ) t = 0 s, (Ⅱ) t = 0.02 s and (Ⅲ) t = 0.04 s. Distribution of b λci and c liquid velocity as a function of time through the porous channels of SF on the xz plane and at 0.25 m/s (by CFD simulation).
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Supplementary Fig. 16 a Visualized tracer particles in a vortex formed in SFCS at 150 fps and UL = 0.05 m/s. b Simulated motion state of tracer particles in a vortex in SFCS at UL = 0.05 m/s; c Residence time distribution of tracer particles in the simulated vortex of cell V in the SFCS at different UL.
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Supplementary Fig. 17 Distribution of flow and vortex regimes on the selected yz-plane at x = -1 mm and different UL.
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Supplementary Fig. 18 a Percentage of different flow regimes for SF internal porous channels with different UL. b Percentage of different flow regimes on the gas-liquid surface of SFCS with different UL. c Percentage of vortex regime in the inertial regime for SF internal porous channels with different UL. d Percentage of vortex regime in inertial regime on the gas-liquid surface of SFCS with different UL.



Supplementary Table 1. Geometrical parameters of SiC foam corrugated sheet (SFCS) and SiC foam (SF).
	Type
	SFCS
	SF

	Length (L) × Width (W) × High (H) [mm]
	20 × 12 × 27
	15 × 15 × 25

	dinlet (mm) or Linlet ×Linlet [mm]
	5
	6 × 6

	Length (LS) × Width (WS) [mm]
	15 × 15
	6 × 6

	High (HS) [mm]
	8.0
	6

	Length (L) × Width (W) [mm]
	300 × 100
	100 × 100

	Thickness (T) [mm]
	1
	20

	Corrugation angle (β) [°]
	90
	-

	Corrugation depth (h) [mm]
	9
	-

	Corrugation pitch (Pc) [mm]
	18
	-

	Compression ratio [-]
	3
	3

	Cell diameter (dc) [mm]
	2.21
	2.1

	Strut thickness (ds) [mm]
	0.69
	0.67

	Porosity [%]
	-
	62

	Pore per inch (ppi)
	-
	30







[bookmark: _Hlk107478245]Supplementary Table 2. Inputs for the variables used by the CFD simulation.
	[bookmark: _Hlk107478277]Variables
	Simulation settings

	Liquid velocity inlet
	0.01–0.25 m /s

	Gas velocity inlet
	0.001 m /s

	Pressure outlet
	101.325 kPa

	Materials
	Gas (air, ρg = 1.225 kg m−3, μg = 1.7894×10−5 kg m−1 s−1)
Liquid (water, ρl = 998.2 kg m−1, μl = 1.0×10−3 kg m−1 s−1)

	Surface tension
	σ = 0.072 mN m−1

	Liquid-solid contact angle
	Θ = 45°

	Operating pressure
	101.325 kPa

	Operating temperature
	293 K







[bookmark: _Hlk113649712]Supplementary Movie 1. Vortex characteristics in cells of SFCS with a whole and b part; Vortex characteristics in cells of SF with c whole and d part. 
[bookmark: _Hlk113649733]Supplementary Movie 2. A free vortex formed in a SFCS cell at a 60 fps and b 150 fps. 
[bookmark: _Hlk113649758]Supplementary Movie 3. Vortex evolution in a SFCS cell (30 fps) with a Q = 20 ml/min (UL = 0.017 m/s), b Q = 40 ml/min (UL = 0.034 m/s), c Q = 60 ml/min (UL = 0.051 m/s); d Q = 80 ml/min (UL = 0.068 m/s), e Q = 100 ml/min (UL = 0.085 m/s), and f Q = 120 ml/min (UL = 0.102 m/s). 
[bookmark: _Hlk113649781]Supplementary Movie 4. Experimental observation of vortex flows in a peak pore of the SFCS at a UL = 0.017 m/s, b UL = 0.051 m/s, and c UL = 0.0102 m/s. 
[bookmark: _Hlk113649803]Supplementary Movie 5. Visualized tracer particles in a vortex formed in SFCS at 150 fps and UL = 0.05 m/s.
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