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ABSTRACT 

In this paper, the heat and fluid flow behaviour for a channel partially filled with two different porous 

blocks and a solid block is investigated numerically using a detailed pore-scale large eddy simulation 

(LES). Results show that a significant portion of the fluid entering the porous blocks leaks from the 

porous region to the non-porous region through the porous-fluid interface. Detailed flow patterns 

visualization inside the porous blocks indicate that the flow leakage leads to the creation of counter-

rotating vortex pairs of fluid flow within and above the porous blocks that result in the formation of 

organized hairpin structures. Investigation of coherent structures show that the legs and the head of 

hairpins are generated separately by different mechanisms; the legs are produced by flow leakage while 

the heads are created by vorticity rollup at the shear layer above the porous interface. Finally, results 

show that the heat transfer mechanisms over the porous media are governed by the formation of 

organized hairpin structures. 

1. INTRODUCTION 

The exchange of heat and flow between the porous and non-porous regions is gaining expanding 

academic and industrial attention [1-4]. Despite the clear relevance and importance of composite porous-

fluid systems to a wide range of applications, the problem of fluid flow and heat transfer in such systems 

have not been fully resolved. This study aims to use large eddy simulations (LES) to obtain new 

information on the fluid flow and heat transfer between the porous and non-porous regions and to 

address the connection between these two regions. The findings of this study are insightful for the 

community in this field to develop proper momentum and thermal boundary conditions at the porous-

fluid interface which has been a challenging question for more than four decades [6-8]. 

2. COMPUTATIONAL METHODOLOGY 

The computational domain is a channel partially filled with two different porous structures and a 

solid block depicted in Figure 1. The first porous block is a packed bed made of spheres with a diameter 

of D and the second one is formed from a rectangular cross-section ligament with a thickness of 0.26D.  

The blockage ratio (i.e., the ratio of the height of the porous region to the channel height) is 0.5 in all 

cases. The computational domain has the dimensions of 70D, 6D, and 5D in the x, y, and z directions, 

respectively. The Reynolds number (based on the channel hydraulic diameter and inlet velocity (𝑈)) is 

3300. The details of boundary conditions are depicted in Figure 1(c). 

   
a. Structure A  b. Structure B  c. Structure C 



 
 

Figure 1: Computational domain; a: Porous structure with cubic packed arrangement formed from 

spheres (bridge method has been employed at the contact point of spheres, porosity 53%, D=6 mm); 

b: Porous structure formed from rectangular cross-section ligament (porosity 46.4%); c: Solid 

block; The red solid line lies over the valley plane and the green line lies over the top plane 

Numerical simulation is based on the finite volume method, applying the unsteady PISO algorithm 

[9] and deploying 10.3 million non-uniform computational cells. The LES sub-grid scale (SGS) model 

is developed in OpenFOAM using the dynamic SGS turbulent kinetic energy model. To accurately 

capture the evolution of the flow features, the physical time step is chosen for each grid such that the 

CFL number is kept below unity. Time averaging process is begun when the initial transient conditions 

are washed out. All the present numerical results are averaged over a period of 490 non-dimensional 

time units (𝑡∗ = 𝑡 × 𝑈/𝐷).  

3. VALIDATION 

The developed LES solver has been validated with respect to the experimental data of  Leu, et al. [10]. 

They measured flow velocity components and turbulence statistics in a channel with a porous block mounted 

on the bottom wall. The porous block consisted of glass beads, having diameters (D = 0.015m that were 

arranged in a non-staggered pattern with a porosity of 47.5%. The length (L), width (W), and height (H) of 

the block are 0.15m, 0.3m and 0.075m, respectively. Figure 2 compares the present LES results and 

experimental data for streamwise and vertical velocity components, Reynolds shear stress and turbulent 

kinetic energy above the porous block at 𝑋 𝐻⁄ = 1.6. The figure shows that the developed LES model can 

predict well the experimental data at locations above the porous block and in the wake downstream of the 

porous block. The slight discrepancy observed in Fig. 3 is attributed to the RANS input data employed for 

the LES inflow turbulence generation. 

    
a) Streamwise 

velocity 

b) Vertical velocity c) Reynolds shear 

stress 

d) Turbulent kinetic 

energy 

Figure 2 Comparison of velocity profiles,  Reynold shear stress 〈𝑢′𝑣′〉 𝑈2⁄   and turbulent kinetic 

energy TKE = 0.5 (𝑢′2 + 𝑣′2 +  𝑤′2) obtained from the present LES study (solid lines), against the 

experimental measurements (symbols) of above the porous interface at 𝑋 𝐻⁄ = 1.6  

4. RESULTS AND DISCUSSION 

Vertical velocity components and pressure distribution through and over the porous blocks have 

been demonstrated in Figure 3. It is seen that the flow features are nearly similar for both porous 

structures. Contours of vertical velocity and the streamlines in Figure 3 explain that some portion of the 

fluid entering the porous blocks is forced up toward the porous-fluid interface and leave the porous 

structures to the clear region (flow leakage). This phenomenon has been illustrated by the positive iso-

surface of vertical velocity in Figure 3(d, h). These figures demonstrate that the boundary layer on the 

porous interface is changed by the flow leakage as will be discussed in Figure 6. 



 
 

    
a. Vertical velocity b. Streamlines c. Pressure d. Iso-surface of vertical 

mean velocity 

    
e. Vertical velocity f. Streamlines g. Pressure h. Iso-surface of vertical 

mean velocity 

Figure 3: Side view contour plots of vertical velocity component(〈𝑣/𝑈 〉), streamlines, pressure 

contour plots (〈𝑝/𝜌𝑈2 〉) and three-dimensional representation of flow leakage from porous by iso-

surface of vertical mean velocity (〈𝑣/𝑈 〉 = 0.5); Top: Structure A; Bottom: Structure B 

Figure 4 shows the contours of instantaneous and time-averaged temperature on the trough plane. It 

shows that after the flow impingement on the windward face of the porous blocks, the low-temperature 

flow penetrates the pores of the porous block and forms high momentum channelling in the porous 

region. Moreover, low-temperature flow leakage from the porous region into the non-porous region 

across the interface is clear on the trough planes. 

The pattern of temperature below the interface confirms the modifications of the flow close to the 

interface; flow leakage from the porous region to the non-porous region clogs the horizontal channels 

near the interface. This observation shows the deterioration of low-temperature channelled flow in the 

upper layer of the porous blocks due to the flow leakage. 

Above the porous-fluid interface in the non-porous region, the pattern of temperature shows the 

growth of the shear layer. The evolution of the shear layer is divided into three sections. The first one is 

characterised by the flow separation at the leading edge of the porous block. The second segment is 

identified by vortex formation and pairing that lead to the rapid growth of the shear layer. At this stage, 

spanwise vortex structures (rollers) are formed as illustrated in Figure 5. This marks the beginning of 

the second phase of the evolution of the shear layer. From the local up-inclined high-temperature regions 

in Figure 5(c), it can be seen clearly that there are upward-lifting motions of the vortices, which pumps 

the near-wall high-temperature fluids into the upper low-temperature stream. As shown in Figure 5(a-

b), the rollers cannot extend into the porous medium due to the flow leakage from subsurface flow to 

the surface flow at the interface and the rollers lie above the interface. The third segment is characterised 

by cross interaction of wake and shear layer that leads to the deterioration of the rollers.  

  
a) Instantaneous temperature b) Time-average temperature 

Figure 4 Contour of Left: instantaneous; and Right: time-averaged temperature on the trough plane 



 
 

  
a) Representation of vorticity rollup by the 

contour of spanwise vorticity 

b) Demonstration of vorticity rollup by the 

contour of temperature fluctuation 

Figure 5 Vorticity rollup at the shear layer above the interface in the non-porous region 

Figure 6(a-c) show iso-surfaces of vortex strength that exhibit a forest of vortices with clear hairpin 

structure: a spanwise-oriented ‘head’ connected to counter-rotating quasi-streamwise ‘legs. The flow 

patterns above the porous blocks are almost like those with the impermeable wall boundary layers in 

Figure 3 (c). [11] for impermeable wall reported that the vortex head (seen in Figure 6(d) and 3(e)) and 

the shear layer line corresponds to a hairpin vortex signature. However, for the solid block in Figure 

6(c), the hairpin structures are not well-organised as can be observed for the porous structures; it is 

nearly difficult to visually detect distinctive flow patterns of vortex heads. Figure 6(g-h) show the sense 

of rotation of the legs of the hairpin structures that is consistent with the positive and negative 

streamwise vorticity above the porous interface demonstrated in Figure 3(b) and 2(f).  

   
a. Structure A b. Structure B c. Structure C 

   
d. Structure A e. Structure B f. Structure C 

   
g. Structure A h. Structure B i. Structure C 

Figure 6: Three-dimensional coherent structures identified by instantaneous iso-surface of 𝑄-

criterion (𝑄 = 2000𝑠−2 ); Top: Coherent structures coloured by streamwise velocity (〈𝑢/𝑈 〉); 

Middel: Coherent structure coloured by streamwise vorticity (〈𝜔𝑥𝐷/𝑈 〉);  (close up view);  

Bottom: Coherent structure coloured by spanwise vorticity(〈𝜔𝑧𝐷/𝑈 〉);  (close up view) 



 
 

5. HEAT TRANSFER MECHANISM 

The vortex line shows a pair of inclined counter-rotating quasi-streamwise vortices located on either 

side of the leg and neck of the hairpin in Figure 7(a). Streamlines show CRVP around counter-rotating 

quasi-streamwise vortices. The leg and neck rotation of the hairpin structure is consistent with the 

positive and negative streamwise vorticity induced by CVPs above the porous interface in Figure 6 and 

Figure 3. 

Streamlines and vectors of vertical velocity fluctuations around the head of the hairpin in Figure 

7(b) show the induced flow by clockwise rotation (negative spanwise vorticity) of the head of the 

hairpin. It shows how high-temperature fluid over the interface is pushed upward and the low-

temperature fluid above the shear layers is drawn downward. 

  
a) Hairpin legs and CRVP b) Hairpin head and spanwise vorticity 

Figure 7 Turbulent heat transfer mechanism over a porous block by a hairpin vortex; a: a hairpin 

structure coloured by streamwise vorticity; b: clockwise rotation of the head of the hairpin coloured 

by spanwise vorticity; vectors show induced fluid flow by instantaneous velocity fluctuations 

around the head of the hairpin 

6. TURBULENCE STATISTICS 

Vertical distributions of turbulent kinetic energy (TKE), 〈𝑘/𝑈2 〉, through and over the porous block 

are compared with a solid block in Figure 8. For all three structures, the maximum values of TKE occur 

at the shear layer elevation above the porous-fluid interface (at the height of the head of the hairpins in 

Figure 6(g-i)); however, the absolute magnitudes of TKE are decreased drastically for the porous blocks. 

The main reason for the reduction of TKE for the porous block is that the reverse flow on the porous 

interface is deteriorated by flow leakage as compared with the strong reverse flow above the solid block. 

   
a. Structure A b. Structure B c. Structure C 

Figure 8: Vertical distribution of turbulent kinetic energy (〈𝑘/𝑈2 〉) at different sreamwise locations 

7. CONCLUSIONS 

Pore-scale LES investigation has been conducted to better understand the flow features at the 

interface between a porous saturated media and a clear fluid above it. The primary observation in this 

work is that the fluid entering the porous blocks is pushed upwards toward the porous interface and 



 
 

leaves the porous region. The leakage clogs the horizontal channels inside the porous block which 

induces a significant reduction in streamwise momentum of the pore flow near the interface. Moreover, 

the boundary layer over the porous-fluid interface is continuously disrupted by the flow leakage across 

the interface. Findings demonstrate the formation of organized counter-rotating vortex pairs (CRVPs) 

of fluid flow within and above the porous blocks due to the flow leakage. Flow visualization shows that 

the CRVPs originate from the bottom of the porous block and move upwards altering the coherent 

structures of the flow above the interface. The distribution of streamlines and vorticity components 

indicate that the rotation of the neck of the hairpin structures is consistent with the CRVPs above the 

porous interface. Whereas, the head of the hairpin is created by vorticity rollup at the shear layer above 

the porous interface. Finally, results indicate that heat transfer mechanisms over the porous interface is 

mainly controlled by CRVPs and hairpin vortex structures.  
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