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Abstract 11 

The majority of literature studies on composite porous-fluid systems involve fully-developed porous 12 

channel flows where the porous media covers the whole length of the channel. These studies utilized 13 

periodic boundary conditions at the inlet and outlet. In these systems, the stagnation at the frontal face of 14 

the porous block, turbulent separation bubble over the porous-fluid interface, and flow leakage from the 15 

porous to non-porous regions do not exist. The existence of these flow features in the case of a finite porous 16 

block immersed in a channel flow modifies turbulent interactions across the porous-fluid interface. In 17 

contrast to the previous studies, this paper investigates the flow and thermal characteristics of turbulent 18 

channel flow containing a porous block with a finite length. To this end, pore-scale large eddy simulations 19 

are performed in composite porous-fluid systems with two porosities (53% and 91%) at three Reynolds 20 

numbers of 3600, 7200, and 14400. Flow visualization shows that two distinct regions are formed over the 21 

interface in low-porosity cases, in contrast to high-porosity cases: Region#1 near the leading edge with 22 

organised hairpin structures and high flow leakage; Region#2 away from the leading edge with unorganised 23 

hairpin structures and lower flow leakage. In region#1, maximum turbulent fluctuations occur far away 24 

from the interface while they approach the interface in region#2. The results showed that by increasing 25 

either the Reynolds number or porous length, the location of maximum turbulence statistics approaches the 26 

interface. This observation supports earlier findings for fully-developed porous channel flows which are 27 

only valid in region#2. Whereas, with a low Reynolds number or a short porous length, the turbulent 28 

statistics peak far from the interface, consistent with the observations in region#1. Besides, it was found 29 

that increasing the porosity and Reynolds number reduces the flow leakage (from the porous region to the 30 

non-porous region) up to 50% and 10%, respectively, which in turn disrupts the patterns of contour-rotating 31 

vortex pairs and hairpin structures over the interface. It is further found that for a fixed Reynolds number, 32 

the overall Nusselt number for the high-porosity case is 2.6 times higher than that of the low-porosity case. 33 

The pressure drop for the low-porosity cases is 1.8 times more than that for the high-porosity cases. 34 

Keywords 35 

Turbulent porous flow; Momentum and energy exchange; Flow leakage; Finite porous block; Pore-scale 36 

large eddy simulations; Nusselt number; Pressure drop. 37 
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Nomenclature 1 

variable Meaning Unit 

𝐴𝑠 Surface area of the pore element m2 

𝑑𝐴 Differential surface area on the pore element m2 

D Distance between the centres of two consecutive pore elements m 

𝑑𝛷=53% Diameter of pore elements for low-porosity cases with porosity equal to 53% m 

𝑑𝛷=91% Diameter of pore elements for high-porosity cases with porosity equal to 91% m 

h Height of the porous block  m 

H Channel height m 

k Turbulent kinetic energy m2 s2⁄  

kf Thermal conductivity of the working fluid W/m.K 

L Length of the porous block  m 

p Pressure Pa 

𝑞𝑤𝑎𝑙𝑙  Heat flux on the wall W/m2 

Q Second invariant of velocity gradient tensor 1 s2⁄  

𝑄𝑖𝑛 Flow rate that enters the porous block from the frontal face m3 s⁄  

𝑄𝑙𝑋  Flow rate that leaks from the X-percentage of the porous-fluid interface m3 s⁄  

𝑅𝑣𝑣 Auto-correlation of vertical velocity fluctuations (𝑣′) − 

𝑅𝐴,𝐵 
Temporal cross-correlation of vertical velocity fluctuations for arbitrary 

points A and B 

− 

𝑅𝑒 = 𝑈𝐻/𝜐 Reynolds number based on the inlet bulk velocity and channel height − 

𝑅𝑒𝑑,𝛷 = U𝑑𝛷/𝜐 
Reynolds number based on the inlet bulk velocity and pore element’s 

diameter 

 

𝑅𝑒ℎ  = Uh/𝜐 Reynolds number based on the inlet bulk velocity and porous block height  

𝑆�̅�𝑗  Resolved strain rate tensor 1/s 

t Time s 

𝑡∗ = 𝑡 × 𝑈/𝐷  Non-dimensional time unit − 

T Temperature K 

𝛥𝑡 Time step s 

𝑢𝑖
′ Velocity fluctuation in ith direction, 𝑢𝑖

′ = 𝑢�̅�−< 𝑢�̅� > m/s 

𝑢∗′ = 𝑢′ 𝑈⁄  Non-dimensional streamwise velocity fluctuation − 

u Streamwise velocity component m/s 

U Inlet bulk velocity m/s 

v Vertical velocity component m/s 

X Streamwise direction m 

Y Vertical direction m 

∆�̃� Mean cell size in the vertical direction m 

Z Spanwise (Lateral) direction m 

Symbol   

β 
Angle of the connecting line between the hairpin’s leg and head with regard 

to the horizontal direction 

degree 

𝛶 Pearson linear correlation coefficient − 

Δ Filter width m 

𝛩 =
𝑇 − 𝑇𝑖𝑛𝑙𝑒𝑡

𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑖𝑛𝑙𝑒𝑡

 Non-dimensional temperature − 

𝜆 Integral length scale m 

𝜐 Molecular kinematic viscosity m2/s 

𝜐𝑆𝐺𝑆 Sub-grid scale eddy viscosity m2/s 

ρ Density kg/m3 

𝜎𝑢 = 𝑢′ 𝑢𝑅𝑀𝑆⁄  Non-dimensional streamwise velocity fluctuation − 

𝜎𝑣 = 𝑣′ 𝑣𝑅𝑀𝑆⁄  Non-dimensional vertical velocity fluctuation − 

𝜏𝑖𝑗  Sub-grid scale (SGS) turbulent stress tensor   m2/s2 

Φ Porosity − 
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1 Introduction 1 

An extensive range of man-made technologies and natural phenomenon involves flow and heat transfer 2 

over composite porous-fluid systems, which consist of a fluid-saturated porous medium and a flow passing 3 

over it. Examples are: Flows in fuel cells [1-3], packed bed energy storage systems [4-8], battery thermal 4 

management [9-11], cooling in the gas turbine [12-14], metal foam heat sinks for electronic cooling [15, 5 

16]. In these applications, the porous block allows mass, momentum, and energy exchange between porous 6 

and non-porous regions. Despite extensive analytical [17, 18], numerical [19-22], and experimental [16, 7 

23-25] research in the literature to explore the turbulent fluid flow and heat transfer over the composite 8 

porous-fluid systems, there are several open questions remained unanswered yet. The major challenge is to 9 

find how the flow in the porous region interacts with the non-porous region and consequently, its impacts 10 

on the characteristics of flow and thermal fields in the system. 11 

At high Reynolds numbers (𝑅𝑒𝑑,𝛷 > 750), turbulent flow is observed in porous media [3]. This is 12 

determined by the pore Reynolds number (𝑅𝑒𝑑,𝛷 = U𝑑𝛷/𝜐), which is calculated using the mean average 13 

velocity (𝑈), the mean particle diameter (𝑑𝛷), and the kinematic viscosity of the fluid (𝜐). When 𝑅𝑒𝑑,𝛷 > 14 

25, convection is a major factor, with steady vortices potentially forming, and when 𝑅𝑒𝑑,𝛷 < 750, the flow 15 

regime is unsteady laminar, where transitional effects and periodic vortices are present [3]. Literature has 16 

extensively explored turbulent interactions across the interface between the porous and non-porous regions 17 

(porous-fluid interface) [19, 26-28]. However, the majority of these studies involve fully-developed porous 18 

channel flows, where the whole length of the bottom wall is covered with the porous medium  [19, 21, 24, 19 

25]. In these studies, periodic boundary conditions are applied at the inlet and outlet. Therefore, the 20 

stagnation at the frontal face of the porous block, turbulent separation bubble (TSB) over the porous-fluid 21 

Ωij Rotation rate tensor 1/s 

〈 〉 Time-averaging operator − 

Subscript   

loc local  

Num Numerical  

res Resolved  

RMS Root mean square  

s Surface of pore element  

SGS Sub-grid scale  

Superscript   

 Filtration (top hat filter)  

′ Fluctuation  

Abbreviation   

𝐴𝑅 = 𝐿/ℎ Aspect ratio, i.e., ratio of the porous block’s length to its height − 

𝐵𝑅 =  ℎ /𝐻 Blockage ratio, i.e., ratio of the porous block’s height to channel height − 

CFL Courant–Friedrichs–Lewy number − 

CRVP Counter-rotating vortex pair − 

JPDF Joint probability density function − 

K-H Kelvin-Helmholtz − 

LES Large Eddy Simulations − 

𝐿𝑅 = 𝐿/𝐷 
Length ratio, i.e., ratio of the porous block’s length to distance between the 

centres of two consecutive pore elements 

− 

𝑁𝑢 Nusselt number − 

𝑅𝑒 Reynolds number − 

TSB Turbulent separation bubble − 

TKE Turbulent kinetic energy m2 s2⁄  
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interface, the wake region after the porous block, and the flow leakage from the porous into non-porous 1 

regions have not been observed. A composite porous-fluid system with a finite porous block immersed in a 2 

channel flow exhibits different turbulent interactions across the interface compared to a fully-developed 3 

porous channel flow. For the latter one, a sudden change in the turbulence statistics is detected near the 4 

porous-fluid interface [19, 23-25, 29]. In contrast, for the former one (finite length porous block), the sudden 5 

change in the turbulence statistics occurs away from the interface [30, 31]. This means that in the case of a 6 

finite porous block, the earlier findings in the literature [24, 25, 28, 29, 32] are not valid over the entire 7 

porous length. Therefore, the momentum and energy exchange for the fully-developed porous channel flow 8 

cannot be generalized for the cases with a finite porous block immersed in a turbulent channel flow.  9 

Only a few experiments have addressed the turbulence interactions at the porous-fluid interface for the 10 

cases with a finite porous block immersed in a turbulent channel flow [33-36]. Anuar et al. [33, 34] 11 

performed experimental studies on a channel partially filled with metal foam blocks with different porosities 12 

and inlet velocities. According to the results, the portion of the fluid entering the porous region passes 13 

through the porous structure and enters the non-porous region (flow leakage). This phenomenon was more 14 

pronounced for low-pore density foams, while high-pore density foams showed more restrictions for 15 

pushing the fluid from the porous region into the non-porous region. In another study by Anuar et al. [36], 16 

the flow leakage was investigated experimentally by the particle transport and deposition processes within 17 

turbulent channels partially filled with metal foams. Foam arrangement and blockage ratios were reported 18 

as influential parameters for the flow leakage and deposition of particles [36]. 19 

Recent evidence witnesses that high-fidelity pore-scale numerical simulations enable microscopic 20 

visualization and analysis of momentum and energy exchange in porous media, which are hardly achievable 21 

in experiments with confined and tortuous spaces [21, 37-39]. Recently, Siavashi et al. [40-42] performed 22 

a series of pore-scale direct numerical simulations (DNS) of flow (Darcy and non-Darcy flows) and heat 23 

transfer in porous foams occupying the whole flow-pass area of the channel. In their studies, the effects of 24 

different parameters including pores numbers per inch (PPI), porosity, and permeability are examined 25 

within a wide range of 𝑅𝑒𝑘 (based on inlet velocity and permeability 𝑘). The results proved that reducing 26 

the porosity increases the flow complexity and consequently increases the pressure drop and heat transfer. 27 

Wang et al. [37] studied turbulence interactions between the boundary layer and porous media, using direct 28 

numerical simulation (DNS). Their results proved the profound impact of the porosity on the intensity, time 29 

scale, and spatial extent of top-down and bottom-up interactions across the porous-fluid interface. Chu et 30 

al. [21] explored turbulence transport across the interface at two Reynolds numbers (𝑅𝑒 ~ 3000 and 6000 31 

based on bulk inlet velocity and channel height) and two porosities (𝛷 = 50% and 80%), using the DNS 32 

approach. The results demonstrated that the turbulence transportation near the porous-fluid interface is 33 

strongly influenced by the porosity variations. Turbulent diffusion and pressure transportation is reported 34 

as energy sink and source, respectively, leading to turbulence transport into the porous region. Korba and 35 

Li [43] investigated the impacts of pore-scale and conjugate heat transfer on the convective heat transfer in 36 

porous media by the DNS approach. They indicated that the boundary layer thickness is determined by the 37 

pore element size. Also, it was reported that the Nusselt (𝑁𝑢) number increases by decreasing the pore size. 38 

Recently, Jadidi et al. [30, 31] utilized pore-scale large eddy simulation (LES) to investigate flow and heat 39 

transfer in a composite porous-fluid system with a finite-length porous block. The porous block’s 40 

characteristics were as follows: 𝐵𝑅 = 0.5 (𝐵𝑅 is blockage ratio which is the ratio of the porous height to 41 

the channel height); 𝐴𝑅 = 3.3 (𝐴𝑅 is the aspect ratio defined as the ratio of the porous length to its height); 42 

𝐿𝑅 = 10 (𝐿𝑅 is the length ratio defined as the ratio of porous length to the pore element diameter). In 43 

contrast to fully-developed porous channel flows [24, 25, 28, 29, 32], Jadidi et al. [30, 31] showed a different 44 

pattern for the distribution of turbulent kinetic energy (TKE), turbulence production and consequently, 45 

turbulent heat flux above the interface due to the finite length of the porous block. They reported that the 46 

turbulent interactions between the porous and non-porous regions are mainly governed by the TSB and 47 

flow leakage. 48 

According to the discussions above and previous findings of the current authors, there is a substantial gap 49 
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in the literature for the momentum and energy exchange in composite porous-fluid systems with a finite 1 

porous block. In particular, the geometric properties of the porous medium (i.e., porous length and porosity) 2 

and the flow regime (i.e., Reynolds number) are expected to have a profound effect on the formation of the 3 

major physical phenomena in the porous-fluid systems. These main phenomena including Kelvin-4 

Helmholtz instability, flow leakage, flow separation at the leading edge, and the downstream wake flow 5 

were found to play crucial roles in the exchange of the flow and thermal properties across the porous-fluid 6 

interface. The present work aims at filling the gap of the influence of the porosity and 𝑅𝑒 number on the 7 

mentioned flow features and consequently momentum and energy exchanges in composite porous-fluid 8 

systems with a finite porous length. To this end, comprehensive pore-scale large eddy simulations (LES) 9 

are performed for composite porous-fluid systems with finite lengths at different 𝑅𝑒 numbers and different 10 

porosities. The present study will answer the challenging questions about the validity of turbulence 11 

interactions over the interface associated with the earlier findings of the composite porous-fluid system 12 

modelled as a fully-developed porous channel flow with periodic boundary conditions.  13 

2 Computational methodology 14 

2.1 Geometry and boundary conditions 15 

The computational geometry consists of a channel flow with the dimensions of 70𝐷, 6𝐷, and 4𝐷 in the 𝑋, 16 

𝑌, and 𝑍 directions, respectively. “𝐷” is the distance between the centres of two consecutive pore elements. 17 

A porous bluff body characterized by 𝐵𝑅 = 0.5, 𝐴𝑅 = 6.6, and 𝐿𝑅 = 20 is mounted inside the channel at 18 

𝑋/𝐷 = 0, as shown in Figure 1(a). Two different porous blocks containing cubic packed arrangements 19 

formed from spheres (pore element) with two different porosities, 𝛷 = 53% (low porosity) and 𝛷 = 91% 20 

(high porosity), are employed, as can be seen in Figure 1(b, c). An in-line arrangement is utilized to reduce 21 

the geometry complexity and simplify the computational domain. There are several pore-scale studies that 22 

used the in-line arrangement for presenting the porous block [21, 37]. Three different flow Reynolds (𝑅𝑒) 23 

numbers, 3600, 7200, and 14400 based on the inlet velocity (𝑈) and the channel height (𝐻) are considered 24 

for each porosity which led to a total number of six different case studies. The corresponding 𝑅𝑒𝑑,Φ numbers 25 

based on the inlet bulk velocity and pore element’s diameter are 600, 1200, and 2400 for low-porosity cases 26 

and 288, 576, and 1152 for high-porosity cases. In addition, the corresponding 𝑅𝑒ℎ numbers based on the 27 

inlet bulk velocity and porous block height are 1800, 3600, and 7200 for both low- and high-porosity cases. 28 

At the inlet of the domain, constant velocity, and constant non-dimensional temperature (i.e., 𝛩 = (𝑇 −29 

𝑇𝑖𝑛𝑙𝑒𝑡)/(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑖𝑛𝑙𝑒𝑡) = 0) are applied. In addition, the no-slip boundary condition is utilized on the 30 

sphere walls, and top and bottom walls. A constant non-dimensional temperature (𝛩 = 1) is implemented 31 

on the sphere walls, while the bottom and top boundaries are adiabatic walls. For the side walls in the 32 

computational domain symmetry condition is utilized. The applied boundary conditions are displayed in 33 

Figure 1(a). Figure 1(d) depicts the topology of the generated mesh around the pore elements.  34 

 35 



6 

 

 

Figure 1 (a) Computational domain, boundary conditions, and porous block with cubic packed arrangement 

formed from spheres with the consecutive distance of 𝐷 = 6mm distance; (b) Porous block with porosity of 53% 

and 𝑑𝛷=53% = 1.0𝐷; (c) Porous block with porosity of 91% and 𝑑Φ=91% = 0.55𝐷; (d) Topology of the generated 

mesh around the spheres; Red and green lines: Illustration of two spanwise and streamwise locations for 

presenting results, the red line lies over the “trough plane” and the green line lies over the “crest plane”. 

The green and red lines on the top and side views in Figure 1(a) illustrate two streamwise/spanwise 1 

locations, namely: “crest plane” and “trough plane”, where the LES results are extracted. For low-porosity 2 

cases, the bridge method is employed at the contact point of the spheres to overcome the problem of highly 3 

skewed mesh and consequently numerical errors of simulation [44]. The trough plane is located at the centre 4 

of the connecting bridges that connect the spheres in low-porosity cases. However, the crest plane crosses 5 

through the centres of the pore elements. A locally impermeable interface exists on the crest plane, 6 

preventing flow penetration there. Though, the porous and non-porous regions of the trough plane can 7 

exchange fluid thanks to the open (permeable) interface in the trough plane. 8 

2.2 Numerical details 9 

The governing equations for the incompressible flow of the present study are continuity, Navier-Stokes 10 

(momentum), and energy equations. Top-hat filtering is applied to the governing equations, resulting in the 11 

resolved LES equations as follows [45, 46]: 12 

∂𝑢𝑖

∂𝑋𝑖

= 0 (1) 

∂𝑢𝑖

∂𝑡
+

∂

∂𝑋𝑗

(𝑢�̅�𝑢�̅�) = −
1

𝜌

∂�̄�

∂𝑋𝑖

+
∂

∂𝑋𝑗

(𝜐
∂𝑢𝑖

∂𝑋𝑗

− 𝜏𝑖𝑗) (2) 

∂T

∂𝑡
+

∂

∂𝑋𝑗

(T̅𝑢�̅�) =
∂

∂𝑋𝑗

((𝛼 + 𝛼𝑆𝐺𝑆)
∂T

∂𝑋𝑗

) (3) 

Here, (…̅ ) refers to the filtration operation. Thus, 𝑝 , 𝑢𝑖  and 𝑇 represent the filtered pressure, velocity in 13 

𝑖𝑡ℎ direction, and temperature, respectively. The solution of the Eqs. (1-3) illustrate the resolved scales 14 

which are energy-containing large scales in the flow field. The small scales that are removed by the filtering 15 

process show their impacts on the resolved flow field by an unknown turbulent stress tensor, called the sub-16 

grid scale (SGS) tensor (𝜏𝑖𝑗). The SGS stress (defined as 𝜏𝑖𝑗 = 𝑢𝑖𝑢𝑗  −  𝑢𝑖 𝑢𝑗 ) is estimated by the following 17 

Z

Y Side view

Crest plane
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Z
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Z

X
Y

(a)

(b)

(c)

H=6D
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Top view
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expression which is similar to the Boussinesq hypothesis. 1 

𝜏𝑖𝑗 −
1

3
𝜏𝑘𝑘𝛿𝑖𝑗 = −2𝜐𝑆𝐺𝑆 𝑆𝑖𝑗 = −2𝐶𝜏 ∆ 𝑘𝑆𝐺𝑆

1 2⁄
 𝑆𝑖𝑗 (4) 

In Eq. (4) 𝜐𝑆𝐺𝑆 is the sub-grid scale (SGS) turbulent viscosity which is modelled by localized dynamic 𝑘𝑆𝐺𝑆-2 

equation model [47]. 𝛼𝑆𝐺𝑆 in Eq. (3) is SGS turbulent thermal diffusivity and is calculated by SGS Prandtl 3 

number, 𝑃𝑟𝑆𝐺𝑆 = 𝜐𝑆𝐺𝑆 𝛼𝑆𝐺𝑆⁄ , assumed 0.7 [48]. <…> refers to the time-averaging operation and fluctuation 4 

part of the parameters is shown by (… )′. For detailed information, the reader is referred to [31]. In the 5 

present paper, the buoyancy effect is not considered. The relative effect of buoyancy on the mixed 6 

convection (forced and natural) can be explained by the non-dimensional parameter, Richardson (𝑅𝑖) 7 

number. The 𝑅𝑖 number ( 𝑅𝑖 = 𝐺𝑟/𝑅𝑒2 ) which is the ratio of Grashof number (𝐺𝑟) to square of 𝑅𝑒 number 8 

was calculated and it is 𝑅𝑖 << 1. The 𝑅𝑖 << 1 means that the flow is dominated by the force convection and 9 

the effect of natural convection can be neglected. Thus, the buoyancy effect on the results is negligible. 10 

The finite volume method is utilized to discretize the governing filtered equations within the open-source 11 

CFD package, OpenFOAM V9 [49]. The governing equations are solved by coupling the velocity and 12 

pressure via the PIMPLE algorithm [49]. The PIMPLE algorithm within OpenFOAM software is a variation 13 

of the PISO algorithm, in which some outer-correction loops are added to maintain the stability of the solver 14 

and to prevent divergence. If the number of outer-correction loops is set to zero, the PIMPLE algorithm is 15 

equivalent to PISO. In this study, the outer-correction loops are set to 2. The time integration is performed 16 

by the second-order backward difference scheme. Spatial discretization is carried out by second-order 17 

central differencing. More details about the numerical settings are presented in Table 1. The Courant–18 

Friedrichs–Lewy (CFL) number is kept below unity, yielding a non-dimensional physical time step of 19 

∆𝑡 (𝐷/𝑈)⁄  = 8.3×10-4 Upon reaching a semi-steady state condition, time averaging is initiated after transient 20 

conditions have passed. In order to omit numerical errors from mean values, all the present numerical 21 

simulations are continued at least for 490 non-dimensional time units (𝑡∗ = 𝑡 × 𝑈/𝐷 = 490) after time-22 

averaging is initiated, where 𝑈 is the flow mean velocity at the channel inlet. 23 

Table 1 Details of the numerical settings in PIMPLE solver 24 

Numerical settings Schemes/Methodology Description/comments 

Pressure-velocity coupling 

algorithm 
PIMPLE algorithm 

(Combination of SIMPLE 

and PISO algorithm) 

Time discretization Backward scheme Second-order implicit 

Convection term discretization Central differencing scheme Unbounded second-order 

Divergence term discretization Bounded central difference scheme Second-order bounded 

Laplacian term discretization Corrected Unbounded second-order 

Time step size, ∆𝑡 ∆𝑡 (𝐷/𝑈)⁄  = 8.3×10-4 
Satisfies the CFL number 

condition (CFL < 1) 

Sampling time 𝑡∗ = 𝑡 × 𝑈/𝐷 = 490 
70 flow-through times over 

the porous block 

In order to check the effects of the SGS model in the laminar regime, the profiles of 𝜐𝑆𝐺𝑆/𝜐 is shown above 25 

the porous-fluid interface at 𝑌/𝐷 = 3.75 in Figure 2(a). As can be seen, the effects of the SGS model vanish 26 

completely in the laminar region (𝜐𝑆𝐺𝑆/𝜐 = 0), where there are no turbulence fluctuations (𝑢𝑅𝑀𝑆, 𝑣𝑅𝑀𝑆, and 27 

𝛩𝑅𝑀𝑆). Moreover, the distribution of 𝜐𝑆𝐺𝑆/𝜐 in the transition region, which is less than unity, shows that the 28 

grid resolution is fine enough in this region [50, 51]. 29 
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(a) Turbulence statistics at 𝑌/𝐷 = 3.75  (b) Profiles of 𝑢𝑟𝑚𝑠, 𝑣𝑟𝑚𝑠, and different grid 

resolution criteria at 𝑌/𝐷 = 3.75  

Figure 2 (a) Representation of laminar to turbulence transition above the porous-fluid interface using turbulence 

statistics at 𝑅𝑒 = 3600; (b) Grid resolution assessment with various techniques including 𝑘𝑟𝑒𝑠/(𝑘𝑟𝑒𝑠 + 𝑘𝑆𝐺𝑆), 

𝜐𝑆𝐺𝑆/𝜐, and ratio of the grid size to the Kolmogorov length scale at 𝑅𝑒 = 14400. 

The computational domain for the low- and high-porosity cases at 𝑅𝑒 = 3600 consists of 12.9 and 15.6 1 

million non-uniform grid cells, respectively. Grid resolution of each computational grid is evaluated using 2 

different methods, including two-point correlations [50, 52], the ratio of the resolved kinetic energy (𝑘𝑟𝑒𝑠) 3 

to total turbulent kinetic energy (TKE) [53], and the ratio of the SGS eddy viscosity to molecular viscosity 4 

[51, 54]. As an example, Figure 2(b) displays the ratio of 𝑘𝑟𝑒𝑠 to the total turbulence energy (𝑘𝑟𝑒𝑠 + 𝑘𝑆𝐺𝑆), 5 

the ratio of the filter size (𝛥) to the Kolmogorov length scale (𝜂), and 𝜐𝑆𝐺𝑆/𝜐 above the porous-fluid 6 

interface for the highest Reynolds number. Distribution of 𝑘𝑟𝑒𝑠/𝑘𝑟𝑒𝑠 + 𝑘𝑆𝐺𝑆 indicates that more than 80% 7 

of total turbulent kinetic energy is resolved by the current grid resolution and the filter size is nearly eight 8 

times larger than the Kolmogorov length scale. Moreover, the distribution of 𝜐𝑆𝐺𝑆/𝜐 (which is less than 1.2) 9 

indicates that the current grid resolution is fine enough. The ratio of the integral length scale (𝜆), extracted 10 

by two-point correlations, to the mean grid size (𝛥�̃�) is calculated for all six cases (not shown here). The 11 

integral length scale represents the resolved energy-containing scales in the motion. The results showed that 12 

λ ΔỸ⁄  ≥ 6, which means that there are at least 6 cells in the resolved scales, ensuring sufficient grid 13 

resolution for each case [52]. For 12.9 million grid cells and using 128 CPU cores (Intel Xeon E5-2650 v2 14 

@ 2.60GHz) the simulation time was about 60 days. 15 

2.3 Validation  16 

The experimental testbed of Leu et al. [35] was used to validate the velocity and turbulent statistics obtained 17 

from the present pore-scale LES solver. Figure 3(a, b) shows that first- and second-order statistics of the 18 

velocity of LES calculations are in good agreement with the measured data of Leu et al. [35]. The errors 19 

between the LES results and measured data for streamwise and vertical velocities and also turbulent 20 

statistics are quantified at two locations 𝑋/𝐷 = 1.6 and 3. The average and maximum errors for the obtained 21 

data at 𝑋/𝐷 = 16 are 16.3% and 27.2%, respectively. Also, the corresponding errors for the predicted results 22 

at 𝑋/𝐷 = 3.0 are 17.3% and 25.4%. Furthermore, the overall mean Nusselt numbers for the case with 23 

blockage ratio 𝐵𝑅 = 1.0 and different Reynolds numbers obtained from the present LES solver are 24 

compared against empirical correlations in the literature. [55-62]. As shown in Figure 3(c, d) the 25 

distribution of the pressure drop and 𝑁𝑢 number versus 𝑅𝑒 number for the current LES solver is in 26 

reasonable agreement with the previous studies in the literature.  27 

Turbulent region

Laminar region Laminar region

Turbulent region
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(a) First- and second-order statistics of velocity 

validation at 𝑋/𝐷 = 1.6 

(b) First- and second-order statistics of velocity 

validation at 𝑋/𝐷 = 3.0 

 
 

(c) Pressure drop comparison (d) 𝑁𝑢 number comparison 

Figure 3 (a, b) Comparison of first- and second-order velocity statistics of pore-scale LES study with the 

measurements of Leu et al. [35]; (c) Comparison of Pressure drop in the composite porous-fluid system with 

available references: Eurgan (1952) [55], Lee and Ogawa (1994) [63], Vafai et al. (2006) [56], Nazari et al. 

(2017) [62]; (d) Comparison of 𝑁𝑢 number with available references: Bird et al. [57], Kays and London [58], 

Incropera and DeWitt [59], Kuwahara et al. [60], Nie et al. [61], Nazari et al. [62]. 

3 Discussion of results 1 

This section explores the flow and thermal fields in the composite porous-fluid system with a finite porous 2 

block. The first sub-section studies the physics of fluid flow including the evolution of coherent structures, 3 

flow separation at the leading edge, flow channelling and leakage, and momentum exchange at the porous-4 

fluid interface. The second sub-section examines how these phenomena affect the system's thermal 5 

characteristics. This sub-section includes the distribution of local and overall Nusselt (𝑁𝑢) numbers, 6 

turbulent heat flux, and first- and second-order temperature statistics. 7 
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3.1 Flow field 1 

Figure 4 shows the hairpin coherent structures identified by instantaneous iso-surface of 𝑄 =2 

0.5 × (‖𝛺‖2 − ‖𝑆‖2)  criterion and colored by non-dimensional instantaneous temperature (�̅�). It also 3 

depicts the non-dimensional time-averaged streamwise velocity contours (< �̅� > 𝑈⁄ ) for different 𝑅𝑒 4 

numbers and two porosities. For all cases, the forest of hairpin coherent structures is observed over the 5 

interface. The hairpin structure consists of three components: head, necks, and legs; The hairpin head lies 6 

at the furthest distance from the interface; The hairpin necks connect the hairpin legs and head; The third 7 

part is the hairpin legs which is the closest part to the porous-fluid interface. 8 

The effect of 𝑅𝑒 number and porosity on the flow features over the porous-fluid interface is remarkable. 9 

For the low-porosity case at 𝑅𝑒 = 3600, two distinct regions can be recognized. In region#1 (0 <  𝑋/𝐷 < 10 

10.4), the shear layer rolls up after the flow separation at the leading edge to generate hairpin structures 11 

with the dominant spanwise vorticity at their heads. In this region, the heads of hairpins are oriented toward 12 

the leading edge (Figure 4(a)), where 𝛽 ≅ 122𝑜 (i.e., 𝛽 is the angle of the connecting line between the 13 

hairpin’s leg and head with regard to the horizontal direction). In contrast, in region#2 (10 <  𝑋/𝐷 < 20), 14 

the orientation of the hairpin heads is completely different (see Figure 4(a)), pointing toward the trailing 15 

edge of the porous block, where 𝛽 ≅ 34𝑜. 16 

In Figure 4(a, c, e), the velocity contours on the trough planes also illustrate regions#1 and #2 over the 17 

porous-fluid interface. Region#1 with organised hairpin structures is characterised by the flow separation 18 

at the leading edge of the porous block and the formation of a turbulent separation bubble (TSB) over the 19 

interface. Whilst, in region#2 with unorganised hairpin structures, the boundary layer attaches to the 20 

interface and starts redeveloping. In the previous study by the authors [31], owing to the small porous length 21 

(𝐿𝑅 = 10) and low 𝑅𝑒 number (𝑅𝑒 = 3600), the separated flow does not attach to the interface, resulting in 22 

lack of boundary layer redevelopment. The findings in [31] are consistent with the flow features in region#1. 23 

However, the higher porous length (𝐿𝑅 = 20) in the present study allows the turbulent boundary layer to 24 

redevelop over the interface after reattaching at 𝑋/𝐷~ 10.4. Furthermore, Figure 4(a, c, e) indicates that 25 

by increasing the 𝑅𝑒 number, the length of the region#1 is shortened; for instance, at 𝑅𝑒 = 14400, it is 26 

extended merely up to 𝑋/𝐷 ≅ 5.8. 27 

Figure 4(b, d, f) demonstrates a forest of unorganised hairpin coherent structures for high-porosity cases. 28 

The pattern of hairpin structures corresponds to the arrangement of counter-rotating vortex pairs (CRVPs) 29 

above the interface [30, 31]. Moreover, flow leakage quantification for high- and low-porosity cases 30 

(discussed in Figure 6) indicates that the flow leakage reduces drastically for high-porosity cases, which 31 

disorders the organised pattern of CRVPs. Hence, disordered hairpins for high-porosity cases are associated 32 

with lower flow leakage and unorganised CRVPs. Furthermore, for high-porosity cases, the orientation of 33 

the hairpin heads is different. Near the leading edge due to the flow acceleration, the heads of the hairpins 34 

point toward the trailing edge of the porous block (𝛽 < 90𝑜), while far from the leading edge, it is nearly 35 

vertical with 𝛽 ≅ 90𝑜. It should be noted that distinct regions#1 and #2 are not identified at any 𝑅𝑒 number 36 

for high-porosity cases. 37 

Finally, Figure 4 shows that increasing the porosity not only affects the coherent structures on the porous-38 

fluid interface but also influences the channelling effect trends inside the porous block. For low-porosity 39 

cases (Figure 4(a, c, e)), the channelling effect dominates the flow pattern inside the porous block on the 40 

trough plane; thus, producing streamwise-oriented high-momentum paths in the horizontal direction [31]. 41 

Whereas, for the high-porosity cases distinct channelling flows are not identified inside the porous region 42 

as clearly as those observed in the low-porosity cases (Figure 4(b, d, f)).  43 

 44 
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(a) 𝑅𝑒 = 3600, Low porosity (b) 𝑅𝑒 = 3600, High porosity 
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(e) 𝑅𝑒 = 14400, Low porosity (f) 𝑅𝑒 = 14400, High porosity 

Figure 4 Three-dimensional hairpin coherent structures identified by instantaneous iso-surface of 𝑄 =
0.5 × (‖𝛺‖2 − ‖𝑆‖2) criterion coloured by instantaneous non-dimensional temperature (�̅�) for three 𝑅𝑒 

numbers and two porosities; below each figure the contour of non-dimensional time-averaged streamwise 

velocity (< �̅� > 𝑈⁄ ) shows the channelling effect and flow leakage for each case; (a, c, e) Low porosity; (b, d, 

f) High porosity. 

Figure 5 depicts the evolution of hairpin structures through the turbulent boundary layer development over 1 

the porous-fluid interface for the low-porosity case at 𝑅𝑒 = 3600. In addition, the auto-correlation (𝑅𝑣𝑣) of 2 

vertical velocity fluctuations (𝑣′) around the hairpin head (𝑌/𝐷 = 4.0) is displayed at three different 3 

streamwise locations, 𝑋/𝐷 = 5, 9 and 14. The 𝑅𝑣𝑣 is defined as follows: 4 

𝑅𝑣𝑣(𝜏) =
< 𝑣′(𝑡). 𝑣′(𝑡 + 𝜏) >

√< 𝑣′(𝑡)2 >< 𝑣′(𝑡 + 𝜏)2 >
 (5) 

It is seen in Figure 5 that the orientations of hairpin heads are different in regions#1 and #2. In region#1 5 

the streamwise velocity profiles (not shown here) exhibit an inflexion point close to the hairpin head. This 6 

inflection point demonstrates that the mean convective velocity near the hairpin legs and necks is higher 7 

than that around the head. Therefore, in region#1 the heads of hairpins are oriented toward the leading edge 8 

with 𝛽 ≅ 122𝑜. In contrast, in region#2 the mean convective velocity around the hairpin head increases 9 

monotonically and surpasses the velocity of legs and necks, resulting in the hairpin head pointing to the 10 

trailing edge with 𝛽 ≅ 34𝑜. Moreover, the comparison of 𝑅𝑣𝑣 at 𝑋/𝐷 = 5 (in region#1) with 𝑋/𝐷 = 14 (in 11 

region#2) indicates that hairpin structures in region#1 convect faster than those in region#2. Also, according 12 

to time scales in Figure 5 and mean convective velocities (not shown here), the distance between two 13 

successive hairpin heads in region#2 is greater than that in region#1. For example, in region#1 at 𝑋/𝐷 = 5 14 

the distance is 1.21𝐷, whereas it is 1.54𝐷 in region#2 at 𝑋/𝐷 = 14. 15 

 16 

  .2  .4  .6  .8 1
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Figure 5 Evolution of hairpin structures on the porous-fluid interface, and auto-correlation plots around the 

hairpin head (𝑌/𝐷 = 4) at different streamwise locations for the low-porosity case at 𝑅𝑒 = 3600. 

To investigate the interactions between porous and non-porous regions, the first-order statistics of the 1 

velocity field are calculated. Figure 6 displays the profile of non-dimensional time-averaged vertical 2 

velocity (< �̅� > 𝑈⁄ ) on the porous-fluid interface. Figure 6(a, c, e) and Figure 6(b, d, f) are associated with 3 

the low- and high-porosity cases, respectively. The tables in Figure 6 indicate the relative flow rates that 4 

leak from the porous region into the non-porous region up to different streamwise locations. In Figure 6,  5 

𝑄𝑖𝑛 = ∫ ∫ < �̅�(𝑌, 𝑍) > 𝑑𝑍𝑑𝑌
2.5𝐷

−2.5𝐷

3𝐷

0
 and 𝑄𝑙𝑋 = ∫ ∫ < �̅�(𝑋, 𝑍) > 𝑑𝑍𝑑𝑋

2.5𝐷

−2.5𝐷

𝑋

0
 are defined as time-6 

averaged flow rates, entering the porous media from the frontal face, and leaking from the X-percentage of 7 

the porous-fluid interface, respectively [31]. Figure 6(a, c, e) notifies that for low-porosity cases, region#1 8 

and region#2 are characterised by higher and lower vertical velocities, respectively. Further, increasing the 9 

𝑅𝑒 number from 3600 to 14400, shortens the length of region#1 from 𝑋/𝐷~ 10.4 to 5.6, as was seen in 10 

Figure 4. As evident in Figure 6(b, d, f), high-porosity cases display much lower vertical velocities, 11 

especially in the first half of the porous length, compared to the low-porosity cases. No notable differences 12 

are detected among high-porosity cases of different 𝑅𝑒 numbers on the first half of the porous length. 13 

However, it should be emphasized that in the second half of the porous length at 𝑅𝑒 = 7200 and 14400 14 

some portion of the flow from the non-porous region penetrates the porous region (in contrast to the flow 15 

leakage), which is marked by “A” in Figure 6(d, f). In low-porosity cases, the flow penetration from non-16 

porous regions into porous regions occurs for a shorter portion of porous length near the trailing edge 17 

compared to high-porosity cases (marked region “B” in Figure 6(c, e)). 18 
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(a) 𝑅𝑒 = 3600, Low porosity (b) 𝑅𝑒 = 3600, High porosity 

  
(c) 𝑅𝑒 = 7200, Low porosity (d) 𝑅𝑒 = 7200, High porosity 

  
(e) 𝑅𝑒 = 14400, Low porosity (f) 𝑅𝑒 = 14400, High porosity 

Figure 6 Non-dimensional time-averaged vertical velocity (< �̅� > 𝑈⁄ ) profiles along the porous-fluid interface 

for three 𝑅𝑒 numbers and two porosities; (a, c, e) Low porosity; (b, d, f) High porosity. 

Figure 7 represents the relative flow rate (𝑄𝑙𝑋 𝑄𝑖𝑛⁄ ) that leaks from the porous region into the non-porous 1 

region across the porous-fluid interface at different streamwise locations. Low-porosity cases possess 2 

significantly higher flow leakage, nearly twice as much as high-porosity cases. For low-porosity cases, 3 

X/D

<
v

>
/U

0 5 10 15 20
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 Position along the 

interface

Re=3600

2.8

D 52.9

D 64.9

75.8

81.6

85.3

85.7

87.3

86.9

Region#1 Region#2

X/D

<
v

>
/U

0 5 10 15 20
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 Position along the 

interface

Re=3600

4.3

D 20.8

D 30.7

35.4

38.5

41.9

44.7

47.8

49.4

X/D

<
v

>
/U

0 5 10 15 20
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 Position along the 

interface

Re=7200

5.8

D 49.1

D 60.5

70.1

74.2

76.6

78.0

80.1

79.6

Region#1 Region#2 B

X/D

<
v

>
/U

0 5 10 15 20
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 Position along the 

interface

Re=7200

8.8

D 19.6

D 28.5

35.4

39.7

43.7

46.2

50.0

49.4

Flow penetration from non-porous 
region into the porous region

A

X/D

<
v

>
/U

0 5 10 15 20
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 Position along the 

interface

Re=14400

11.8

D 48.6

D 60.3

67.6

70.9

74.5

76.4

78.7

78.0

Region#1 Region#2 B

X/D

<
v

>
/U

0 5 10 15 20
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6 Position along the 

interface

Re=14400

17.8

D 18.7

D 26.6

32.7

36.7

41.0

43.6

46.4

46.9

Flow penetration from non-porous 
region into the porous region

A



15 

 

around 82% of the flow entering the porous block leaks from the porous-fluid interface before it reaches 1 

the end of the porous region, but for high porosities, the leakage drops to 49%. Moreover, the flow leakage 2 

of low-porosity cases ranges between 48% and 87% from the leading edge to the trailing edge, while that 3 

of high-porosity cases varies between nearly 19% and 49%. The effect of the 𝑅𝑒 number on the flow leakage 4 

is more pronounced for low-porosity cases than those for high-porosity cases, except near the leading edge. 5 

For instance, as the 𝑅𝑒 number increases from 3600 to 14400, the flow leakage for low-porosity cases 6 

reduces by about 10%, whilst, for high-porosity cases, it decreases by about 5%. 7 

 
Figure 7 Flow leakage ratio (𝑄𝑙𝑥 𝑄𝑖𝑛⁄ ) for low- and high-porosity cases at three 𝑅𝑒 numbers. 

To further investigate the interaction between porous and non-porous regions, the following two figures 8 

focus on the second statistics of the velocity field. For this purpose, the temporal cross-correlation of vertical 9 

velocity fluctuations is calculated for different probe pairs in regions#1 and #2. Temporal cross-correlation 10 

(also called space-time correlation) is a statistical technique for quantifying and exploring the coupling of 11 

spatial and temporal scales of motion in turbulence. Temporal cross-correlation is often employed to explore 12 

the dynamics of information transfer by turbulent structures. For two arbitrary points 𝐴 and 𝐵, the temporal 13 

cross-correlation of vertical velocity fluctuations, 𝑅𝐴,𝐵(𝜏), is defined as follows: 14 

𝑅𝐴,𝐵(𝜏) =
< 𝑣𝐴

′(𝑡). 𝑣𝐵
′(𝑡 + 𝜏) >

√< 𝑣𝐴
′(𝑡)2 >< 𝑣𝐵

′(𝑡 + 𝜏)2 >
 (6) 

Two probes (P3 and P4) were placed beneath the interface and one probe above the interface(P3) for 15 

calculation of the temporal cross-correlations. Figure 8(a, b) exhibits the location of probes (P1-P4) in 16 

regions#1 and #2 superimposed on the instantaneous streamwise velocity contours for low-porosity cases 17 

at 𝑅𝑒 = 3600 and 14400, respectively. For instance, 𝑅𝑃1,𝑃3 illustrates the temporal cross-correlation between 18 

probe P1 (over the interface) and P3 (beneath the interface). In Figure 8(c, d), the 𝑅𝑃1,𝑃3 and 𝑅𝑃3,𝑃4 are 19 

presented for both 𝑅𝑒 = 3600 and 14400. The non-zero values of 𝑅𝑃1,𝑃3 in Figure 8(c, d) highlight that 20 

there is a strong correlation between porous (P3) and non-porous (P1) regions, representing the exchange 21 

of flow properties (momentum and energy) through the porous-fluid interface. Additionally, trends of 22 

temporal cross-correlation show that the dynamics of information transfer (momentum and energy transfer) 23 

in regions#1 and #2 are influenced by the flow leakage and 𝑅𝑒 numbers. 24 
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(a) 𝑅𝑒 = 3600, location of probes (P1-P4) (b) 𝑅𝑒 = 14400, location of probes (P1-P4) 

  
(c) 𝑅𝑒 = 3600, region#1 (𝑋/𝐷 = 5) and region#2 

(𝑋/𝐷 = 14) 

(d) 𝑅𝑒 = 14400, region#1 (𝑋/𝐷 = 3) and region#2 

(𝑋/𝐷 = 14) 

Figure 8 (a, b) Instantaneous velocity contours and location of selected probes (P1-P4) for temporal cross-

correlation calculations at 𝑅𝑒 = 3600 and 𝑅𝑒 = 14400, respectively; (c) Temporal cross-correlations of (P1, P3) 

and (P3, P4) for 𝑅𝑒 = 3600 at 𝑋/𝐷 = 5 and 14; (d) Temporal cross-correlations of (P1, P3) and (P3, P4) for 𝑅𝑒 = 

14400 at 𝑋/𝐷 = 3 and 14; Probes P3 and P4 are beneath the interface at 𝑌/𝐷 = 2.5 and 𝑌/𝐷 = 2  respectively  

whereas probe P3 is above the interface at 𝑌/𝐷 = 3.5. 

To further investigate the physics behind the momentum exchange across the porous-fluid interface and 1 

quantify the correlations between the porous and non-porous regions, the quadrant analysis [64] and 2 

Pearson linear correlation coefficient [65] are employed. Figure 9 shows the contours of the turbulent joint 3 

probability density function (JPDF) of non-dimensional velocity fluctuations, 𝜎𝑢 = 𝑢′ 𝑢𝑅𝑀𝑆⁄  and 𝜎𝑣 =4 

𝑣′ 𝑣𝑅𝑀𝑆⁄ . The JPDFs are presented in regions#1 and #2 at different elevations namely: 0.5𝐷 below the 5 

interface (𝑌/𝐷 = 2.5); on the interface (𝑌/𝐷 = 3.0); and 1.0𝐷 over the interface in the shear layer (𝑌/𝐷 = 6 

4.0). In the quadrant analysis, the velocity fluctuations 𝑢′ and 𝑣′ are divided into four quadrants based on 7 

the signs of their instantaneous values. The first quadrant Q1 corresponds to 𝑢′ > 0, 𝑣′ > 0, called outward 8 

intersection event. The second quadrant Q2 is associated to 𝑢′ < 0, 𝑣′ > 0, called ejection event. The third 9 

quadrant Q3 corresponds to 𝑢′ < 0, 𝑣′ < 0, called inward intersection event, and the fourth quadrant Q4 10 

with 𝑢′ > 0, 𝑣′ < 0 is known as sweep event. The ejection events transport a low-momentum fluid upwards, 11 

while the sweep events transport a high-momentum fluid downwards. The outward intersection events 12 

transport a high-momentum fluid upwards. Moreover, for signals Λ and Γ having means Λ ̅= ∑ Λ𝑖 𝑛⁄𝑛
𝑖=1  and 13 

Γ̅ = ∑ Γ𝑖 𝑛⁄𝑛
𝑖=1 , the Pearson linear correlation coefficient, Υ, is defined as: 14 

Υ =  
∑ (Λ𝑖 − Λ̅)(Γ𝑖 − Γ̅)𝑛

𝑖=1

{∑ (Λ𝑖 − Λ̅)2 ∑ (Γ𝑖 − Γ̅)2𝑛
𝑖=1

𝑛
𝑖=1 }

1 2⁄
 (7) 

Figure 9(a, b) shows the JPDFs of streamwise and vertical velocity fluctuations far from the interface for 15 

the low-porosity case at 𝑅𝑒 = 3600. The elliptical JPDFs and high negative correlation coefficients (Υ) 16 

indicate that the fluctuations are anti-correlated, and the momentum is exchanged by sweep/ejection events 17 

in both regions#1 and #2. By the ejection event, the low-speed fluid ( −𝑢′) over the interface moves upward 18 

(+𝑣′). Whereas, by sweep event, the high-speed fluid (+𝑢′) above the shear layers moves downward (−𝑣′). 19 
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This observation shows the bottom-up and top-down turbulence interactions associated with the hairpin 1 

head that will be discussed in Figure 15(b).  2 

On the interface at 𝑌/𝐷 = 3.0, two different momentum exchange mechanisms can be recognized in regions 3 

#1 and #2 in Figure 9(c, d). In region#1, the JPDF contour in Figure 9(c) has a semi-elliptical shape, along 4 

the line 𝜎𝑢  =  𝜎𝑣 with Υ = 0.19. This trend confirms the induced outward/inward intersection events which 5 

indicate the time-depended flow leakage. However, in region#2, the elliptical contour of JPDF in Figure 6 

9(d) is along the line 𝜎𝑢 = −𝜎𝑣 with Υ = -0.66. This means that the velocity fluctuations are anti-correlated, 7 

and the momentum exchange is governed by sweep/ejection events. The different orientation of JPDFs in 8 

Figure 9(c, d) highlights the effects of TSB and flow leakage in region#1, and the reattachment (and 9 

redevelopment) of the boundary layer in region#2, as also discussed in Figure 4. 10 

Below the interface in regions#1 and #2, the contours of JPDF in Figure 9(e, f) illustrate elliptical contours 11 

along 𝜎𝑢  =  𝜎𝑣 with positive Υ. This means that beneath the interface, outward/inward intersection events 12 

are dominant in both regions#1 and #2. However, due to the positive mean flow leakage, there is a strong 13 

tendency for upward motion (+𝑣′) of the high-momentum streamwise-oriented flow (+𝑢′) from porous 14 

region into the non-porous region. Furthermore, in region#1 due to the stronger flow leakage, Υ is higher 15 

than that in region#2, which is consistent with previous findings in Figure 6. 16 

 17 

  
(a) 𝑌/𝐷 = 4.0 (Over the interface) (b) 𝑌/𝐷 = 4.0 (Over the interface) 

  
(c) 𝑌/𝐷 = 3.0 (On the interface) (d)  𝑌/𝐷 = 3.0 (On the interface) 
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(e) 𝑌/𝐷 = 2.5 (Beneath the interface) (f)  𝑌/𝐷 = 2.5 (Beneath the interface) 

Figure 9 Contours of JPDF of 𝜎𝑢 = 𝑢′/𝑢𝑅𝑀𝑆 and 𝜎𝑣 = 𝑣′/𝑢𝑅𝑀𝑆 in regions#1 and #2 on the trough plane at 

different elevations for the low-porosity case at 𝑅𝑒 = 3600; Left: Region#1 at 𝑋/𝐷 = 5; Right: Region#2 at 𝑋/𝐷 

= 14 . 

Regarding the origin of the outward/inward interactions in Figure 9(e, f), details of flow behaviour beneath 1 

the porous-fluid interface are shown in Figure 10. As can be seen, the streamlines of the mean flow motion 2 

in regions#1 and #2 demonstrate a positive (i.e., from the porous region to the non-porous region) time-3 

averaged flow leakage (see Figure 10(c, d)). However, the authors believe that the flow leakage has an 4 

unsteady pulsating nature over time and the flow behaviour beneath the interface is not only governed by 5 

the pulsating nature of flow leakage but also by the porous structures, simultaneously. Therefore, the origin 6 

of the outward/inward interactions in Figure 9(e, f) is related to the local turbulence motions (downwards 7 

and upwards flow motions in Figure 10(c, d)) generated by the spheres beneath the porous-fluid interface 8 

and unsteady flow leakage.  9 

  
(a) Streamlines around sphere5-1in region#1 (b) Streamlines around sphere14-1in region#2 
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(c) Contour of vertical velocity around sphere5-1 

in region#1 

(d) Contour of vertical velocity around sphere14-

1 in region#2 

Figure 10 Flow behaviour around Sphere5-1 and Sphere14-1 beneath the porous-fluid interface regarding JPDF 

of 𝜎𝑢 = 𝑢′/𝑢𝑅𝑀𝑆 and 𝜎𝑣 = 𝑣′/𝑢𝑅𝑀𝑆 in Figure 9(e, f) on the trough plane for the low-porosity case at 𝑅𝑒 = 3600; 

Left: Region#1; Right: Region#2; Sphere “i-j” indicates the sphere’s location in the ith column and jth row of the 

porous block (e.g., sphere5-1 means the 5th column in the porous block and the first row). The first row is located 

on the porous-fluid interface and the first column is located at the leading edge of the porous block. 

3.2 Thermal field 1 

Figure 11 displays the side-view contours of non-dimensional time-averaged streamwise turbulent heat 2 

flux and temperature fluctuations at different locations at 𝑅𝑒 = 3600. Figure 11(a-d) and Figure 11(e-h) 3 

correspond to the low and high porosities, respectively. The streamlines illustrate how the counter-rotating 4 

vortex pairs (CRVPs) originate from the porous region and push upwards into the non-porous region. 5 

Figure 11(a, b) shows that there is an arch-shaped area of high turbulent fluctuations (marked as “Max#1”) 6 

above the core of the CRVPs in region#1 (𝑋/𝐷 = 5.5), which corresponds to the hairpin head. High values 7 

of turbulence statistics around the hairpin head at 𝑌/𝐷 = 4.0 in Figure 11(a, b) originate from the strong 8 

shear layer between the low-speed flow lump in the TSB and accelerated flow above the TSB (see Figure 9 

4(a) for the location of low-speed flow lump and accelerated flow). In addition, in Figure 11(a, b), the well-10 

organised CRVPs’ patterns in region#1 exhibit organised hairpin structures, explained in Figure 4(a). 11 

Whereas, Figure 11(c, d) indicates that region#2 (𝑋/𝐷 = 15.5) is characterised by unorganised CRVPs, 12 

resulting in disordered hairpin structures (see Figure 4(a)). Finally, it is seen that in region#1, which is 13 

characterised by high flow leakage and organised CRVPs, the turbulent fluctuations peak away from the 14 

interface (“Max#1”). Whereas, in region#2 with negligible flow leakage, the location of maximum turbulent 15 

fluctuations approaches the porous-fluid interface (“Max#2” in Figure 11(c, d)). For high-porosity cases in 16 

Figure 11(e-h), the unorganised CRVPs correspond to disordered hairpin structures, especially at 𝑋/𝐷 = 17 

15.5. This observation is consistent with the previous discussions in Figure 4(b). Besides, by moving 18 

forward along the porous length, the maximum values of turbulence statistics approach the porous-fluid 19 

interface, similar to the low-porosity cases. 20 

 21 
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(a) 𝜃𝑅𝑀𝑆 at 𝑋/𝐷 = 5.5 
(b) < 𝑢∗′𝜃′̅̅ ̅̅ ̅̅ > at 𝑋/𝐷 = 

5.5 
(c) 𝜃𝑅𝑀𝑆 at 𝑋/𝐷 = 15.5 

(d) < 𝑢∗′𝜃′̅̅ ̅̅ ̅̅ > at 𝑋/𝐷 = 

15.5 

    

(e) 𝜃𝑅𝑀𝑆 at 𝑋/𝐷 = 5.5 
(f) < 𝑢∗′𝜃′̅̅ ̅̅ ̅̅ > at 𝑋/𝐷 = 

5.5 
(g) 𝜃𝑅𝑀𝑆 at 𝑋/𝐷 = 15.5 

(h) < 𝑢∗′𝜃′̅̅ ̅̅ ̅̅ > at 𝑋/𝐷 = 

15.5 
Figure 11 CRVP structures shown by streamlines overlaid on temperature fluctuations (𝜃𝑅𝑀𝑆) and streamwise 

turbulent heat flux (< 𝑢∗′𝜃′̅̅ ̅̅ ̅̅ >) contours over spanwise planes at two different locations (𝑋/𝐷 5.5 and 15.5) for 

𝑅𝑒 = 3600; (a-d) Low porosity; (e-h) High porosity. 

Figure 12(a, b) displays the contours of instantaneous temperature and root-mean-squared (RMS) of 1 

temperature fluctuations on the trough plane for 𝑅𝑒 = 3600 and 𝛷 = 53%, Figure 12(a) illustrates different 2 

flow features in regions#1 and #2. In region#1, the instantaneous temperature distribution highlights the 3 

flow separation at the leading edge of the porous block and the onset of the Kelvin-Helmholtz instability 4 

[31]. In Figure 12(b), the maximum temperature fluctuations in region#1 (Max#1) locate away from the 5 

porous-fluid interface. The observations for region#1 are consistent with the previous findings for short 6 

porous length with 𝐿𝑅 = 10[30, 31]. In region#2, the location of maximum temperature fluctuations 7 

(Max#2) approaches the interface in Figure 12(b), where the boundary layer is reattached to the interface. 8 

The observations for region#2 are consistent with the findings for fully-developed porous channel flows 9 

observed in previous works in the literature [19, 24, 25, 28, 66]. Figure 12(a, b) also shows that the gradient 10 

of temperature and its fluctuations across the interface is sharper in region#2 compared to that in region#1. 11 

The difference between regions#1 and #2 is also visible in the organised and unorganised iso-surface of 12 

instantaneous vertical velocity fluctuations in Figure 12(c). Figure 12(c) illustrates that there are no 13 

turbulence fluctuations for 𝑅𝑒 = 3600 in region#1 after the flow separation at the leading edge and before 14 

the K-H instability’s onset [31]. While organised alternating fluctuations are observed with the advent of 15 



21 

 

K-H instabilities. The observations in region#1 and region#2 for the low-porosity case with 𝑅𝑒 = 3600 are 1 

also valid for higher 𝑅𝑒 numbers. However, when the 𝑅𝑒 number increases the length of region#1 is 2 

shortened and turbulence production initiates just after the leading edge of the porous block. 3 

 
Figure 12 (a, b) Contour of non-dimensional instantaneous temperature (�̅�) and temperature fluctuations (𝛩𝑅𝑀𝑆), 

respectively, at 𝑅𝑒 = 3600 and low porosity (𝛷 = 53%); (c) Iso-surface of instantaneous vertical velocity 

fluctuations; Blue: negative value; Red: Positive value. The figure represents the effect of flow evolution over the 

porous-fluid interface on the temperature distribution and its fluctuations. 

Figure 13(a, b) displays instantaneous temperature contours and root-mean-squared (RMS) fluctuations on 4 

the trough plane for the high-porosity case at 𝑅𝑒 = 3600. Temperature distributions for the high-porosity 5 

case are significantly different from those for the low-porosity case. For the high-porosity case, there is no 6 

flow separation at the leading edge of the porous block, and the incoming low-temperature flow can easily 7 

enter the porous block from its frontal face. Moreover, maximum temperature fluctuations occur over the 8 

interface in the second half of the porous length. Also, some areas with high-temperature fluctuations, 9 

marked as “A”, are observed inside the porous block in Figure 13(b). The irregular iso-surface of 10 

instantaneous vertical velocity fluctuations along the porous length in Figure 13(c) is consistent with the 11 

disordered hairpin structures and CRVPs’ patterns, discussed in Figure 4 and Figure 11, respectively. As 12 

shown in Figure 13(c), distinct regions#1 and #2 are not recognised for high-porosity cases.  13 
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Figure 13 (a, b) Contour of non-dimensional instantaneous temperature (�̅�) and temperature fluctuations (𝛩𝑅𝑀𝑆), 

respectively, at 𝑅𝑒 = 3600 and high porosity (𝛷 = 91%); (c) Iso-surface of instantaneous vertical velocity 

fluctuations; Blue: negative value; Red: Positive value. 

Figure 14(a-d) and (e-h) depict the vertical distribution of turbulent statistics for low- and high-porosity 1 

cases, respectively, at 𝑋/𝐷 = 1.5, 6.5 and 13.5. In Figure 14, 𝑢∗′ is defined as 𝑢∗′ = 𝑢′ 𝑈⁄  in the non-2 

dimensional streamwise turbulent heat flux (< 𝑢∗′Θ′̅̅ ̅̅ ̅̅ ̅ >). As shown in Figure 14(a-d), the vertical 3 

distributions of < 𝑢∗′Θ′̅̅ ̅̅ ̅̅ ̅ > and turbulent kinetic energy (TKE) are different in region#1 and #2. Figure 4 

14(a, b) displays that in region#1 (𝑋/𝐷 = 1.5 and 6.5), the maximum turbulence statistics occur away from 5 

the porous-fluid interface (marked as “R1”), as also can be seen in Figure 12(b). The spanwise distribution 6 

of turbulent heat flux at 𝑅𝑒 = 3600, previously discussed in Figure 11(b), confirms this trend, where the 7 

arc shape of maximum values in region#1 is located above the core of CRVPs, away from the interface. In 8 

Figure 14(a, b) at 𝑋/𝐷 = 13.5, belonging to region#2, the maximum turbulence statistics occur adjacent to 9 

the porous-fluid interface, marked by “R2”. This is consistent with the previous findings in literature for 10 

fully-developed porous channel flow with periodic boundary conditions [19, 24, 29, 32]. Similar 11 

observations can be detected in Figure 14(c, d) at 𝑅𝑒 = 14400. However, it should be noted that the 12 

boundaries of regions#1 and #2 are different for 𝑅𝑒 = 14400 than those for 𝑅𝑒 = 3600. In fact, for 𝑅𝑒 = 13 

14400 the transition from region#1 to region#2 occurs closer to the leading edge (see Figure 4). Hence, in 14 

Figure 14(c, d), the turbulence statistics at 𝑋/𝐷 = 6.5 and 13.5, located in region#2, experience a sharp 15 

gradient across the interface, marked by “R2”. Finally, a comparison of turbulence statistics in Figure 14(a-16 

d) indicates that inside the porous media, the turbulence fluctuations intensify beneath the interface as the 17 

𝑅𝑒 number increases. 18 

For high-porosity cases in Figure 14(e-h), the vertical distribution of turbulence statistics notifies two peaks 19 

inside the porous block (marked by “A” and “B”) and one peak near the interface (“C”). It is seen that by 20 

increasing the 𝑅𝑒 number from 3600 to 14400, the elevation of peak values decreases. For example, for 21 

𝑅𝑒 = 3600 at 𝑋/𝐷 = 13.5, the peaks are located at 𝑌/𝐷 = 0.93, 2.57 and 3.32, while for 𝑅𝑒 = 14400, they 22 

are at 𝑌/𝐷 = 0.75, 1.80 and 2.95, correspondingly. This means that, overall, they move toward the bottom 23 

wall by nearly 20%. Additionally, in Figure 14(g, h) at 𝑋/𝐷 = 13.5, the maximum values of turbulence 24 

statistics occur on the interface (“C”), similar to observations in Figure 14(c, d) at 𝑋/𝐷 = 13.5. Hence, 25 

regardless of porosity value, at higher 𝑅𝑒 numbers and far enough to the leading edge of the porous block 26 

(for example 𝑋/𝐷 > 6.5), the turbulence statistics witness sharp gradient across the interface. Moreover, 27 

turbulence statistics for high-porosity cases are intensified inside the porous block by increasing the 𝑅𝑒 28 

number, similar to the low-porosity cases. For instance, for 𝑅𝑒 = 3600, the mean value of TKE at 𝑋/𝐷 = 29 

13.5 is 0.023, while it is almost doubled (~0.048) at 𝑅𝑒 = 14400 (see Figure 14(f, h)). A comparison of 30 

turbulence statistics between high- and low-porosity cases reveals higher turbulent fluctuations for low-31 

porosity cases. For instance, at 𝑅𝑒 = 14400 and 𝑋/𝐷 = 13.5, the average TKE for high-porosity case is 32 

0.022, while it increases to 0.035 for the low-porosity case. 33 

 34 
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Figure 14 Vertical distribution of non-dimensional streamwise turbulent heat flux (< 𝑢∗′Θ′̅̅ ̅̅ ̅̅ ̅ > ) and turbulent 

kinetic energy (TKE) at different locations (𝑋/𝐷 = 1.5, 6.5 and 13.5) for 𝑅𝑒 = 3600 and 14400; (a-d) Low 

porosity; (e-h) High porosity. 

Figure 15(a) shows a zoomed view of a single hairpin, coloured by streamwise vorticity. The hairpin legs 1 

and necks are characterised by high-/low-valued streamwise vorticities. The vortex line in Figure 15(a) 2 

demonstrates the rotation of the head, necks, and legs [31]. The stream vectors in Figure 15(a) represent 3 

the CRVPs and demonstrate how the high-momentum flow (vertical streamlines with positive velocity) 4 

leaks from the porous region into the non-porous region (flow leakage). Figure 15(b) depicts a single 5 

hairpin coloured by spanwise vorticity. The hairpin head is characterised by the clockwise rotation of 6 

velocity vectors and high-valued negative spanwise vorticity. The opposite direction of velocity vectors on 7 

the top and bottom of the hairpin head reveals a strong shear layer between the low-speed flow lump (over 8 

the interface) and accelerated flow above the hairpin (see Figure 4). The hairpins heads in region#1 and 9 

region#2 match with the maximum values of turbulence statistics, marked as “Max#1” and “Max#3”, 10 

respectively in  Figure 11 and Figure 12. 11 

Figure 15(c) summarizes schematically the momentum and energy exchanges between the porous and non-12 

porous regions in a composite porous-fluid system. The mutual turbulent interplay between the two regions 13 

is characterised by two major steps. In the first step, high-temperature fluid flow leaks from the porous 14 

region across the interface and penetrates the non-porous region. In this step, the energy and momentum 15 

exchanges between the porous region and low-speed flow lump are governed by CRVPs. Afterward, in the 16 

second step, the energy and momentum exchanges occur across the shear layer between the low-speed flow 17 

lump and low-temperature accelerated flow above the hairpins (see Figure 4). In this step, the flow induced 18 

by the clockwise rotation of the hairpin head leads to bottom-up and top-down turbulent interactions across 19 

the shear layer. For instance, by the top-down interaction, the low-temperature accelerated flow above the 20 

shear layer is driven down to the low-speed flow lump region. 21 

 22 

<uT>

Y
/D

-0.02 -0.015 -0.01 -0.005 0
0

1

2

3

4

5

6

X/D=1.5

X/D=6.5

X/D=13.5

' '
___

(g) Re=14400, =91%

A

C

B B

C

A

A

<uT>

Y
/D

-0.04 -0.02 0
0

1

2

3

4

5

6

X/D=1.5

X/D=6.5

X/D=13.5

(a) Re=3600, =53%

' ''

___

TKE

Y
/D

0 0.02 0.04 0.06
0

1

2

3

4

5

6

X/D=1.5

X/D=6.5

X/D=13.5

(h) Re=14400, =91%

C

B

A
A A

B
B

CC <uT>

Y
/D

-0.04 -0.02 0
0

1

2

3

4

5

6

X/D=1.5

X/D=6.5

X/D=13.5

(a) Re=3600, =53%

' ''

___



25 

 

(a) 

 

(b) 

 

(c) 

 
Figure 15 (a) Zoomed view of a single hairpin over the porous block, coloured by streamwise vorticity. Stream 

vectors coloured by vertical velocity represent CRVPs originating from porous inside; (b) Zoomed view of a 

single hairpin coloured by spanwise vorticity, and velocity vectors on the hairpin head which are coloured by 

instantaneous vertical velocity fluctuation; (c) Schematic representation of momentum and energy exchange 

mechanisms between porous and non-porous regions. 
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Figure 16 displays the contours of the time-averaged Nusselt (𝑁𝑢) number on one slice of pore elements 1 

at the centre plane of the porous block. Comparing the low- and high-porosity cases reveals that at the same 2 

𝑅𝑒 number, the higher 𝑁𝑢 number belongs to the high-porosity case because of higher velocities inside the 3 

porous block. Overall, the 𝑁𝑢 number experiences a significant reduction along the porous length from the 4 

leading to trailing edges, especially for low-porosity cases. In addition, Figure 16 shows a non-uniform 5 

distribution for 𝑁𝑢 number along the vertical direction for both porosities. For instance, in Figure 16(a), 6 

high-valued 𝑁𝑢 number regions, marked as “A”, are observed at the lower sides of the spheres due to the 7 

flow leakage from the porous region to the non-porous region. Besides, in Figure 16(a), some other high-8 

valued 𝑁𝑢 number areas, marked as “B”, can be seen at both the lower and upper sides of pore elements 9 

located in the second and third rows of the porous block. These high 𝑁𝑢 numbers correspond to the 10 

streamwise-oriented high-momentum paths in the horizontal direction inside the porous block, representing 11 

the channelling effect as shown in Figure 4(a).  12 

Figure 16(b) displays that for high-porosity cases, regions with high 𝑁𝑢 numbers are observed on both the 13 

upper and lower sides of the spheres with a symmetric pattern, marked as “C”. The reason is that the 14 

incoming flow can easily penetrate through the gaps between the pore elements. In addition, the flow 15 

leakage for the high-porosity cases is significantly lower than that for the low-porosity cases. Therefore, 16 

maximum peaks of the 𝑁𝑢 number marked as “C” in Figure 16(b) are caused mainly by high-momentum 17 

flow through the pores, regardless of the pores’ elevation in the porous region.  18 

 
(a) Time-averaged Nusselt (𝑁𝑢) number at three 𝑅𝑒 numbers and low porosity (𝛷 = 53%) 
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(b) Time-averaged Nusselt (𝑁𝑢) number at three 𝑅𝑒 numbers and high porosity (𝛷 = 91%) 

Figure 16 Time-averaged Nusselt (𝑁𝑢) number (𝑁𝑢 =
𝐷

(𝑘𝑓[𝑇𝑤𝑎𝑙𝑙−𝑇𝑖𝑛𝑙𝑒𝑡]𝐴𝑠)
∬ 𝑞𝑤𝑎𝑙𝑙,𝑙𝑜𝑐𝑑𝐴𝑠

 

𝐴𝑠
) distribution over pore 

elements at three 𝑅𝑒 numbers and two porosities; (a) 𝛷 = 53%; (b) 𝛷 = 91%. 

Figure 17(a, b) displays the profiles of time-averaged 𝑁𝑢 number and pressure drop along the porous 1 

length. Figure 17(a) demonstrates that the high-porosity cases yield higher 𝑁𝑢 numbers compared to low-2 

porosity cases. At the same 𝑅𝑒 number, the 𝑁𝑢 number for the high-porosity case is at least 2.6 times higher 3 

than that of the low-porosity case. In addition, the effect of the 𝑅𝑒 number is almost the same for both low-4 

porosity and high-porosity cases. In fact, as the 𝑅𝑒 number increases from 3600 to 14400, the overall 𝑁𝑢 5 

number raises by ~3.6 times and ~3.2 times for the low-porosity and high-porosity cases, respectively. 6 

Generally, by moving downstream, the 𝑁𝑢 number reduction for low-porosity cases is more than that for 7 

the high-porosity cases. The maximum 𝑁𝑢 reduction is observed for the low-porosity case at 𝑅𝑒 = 3600, 8 

where the 𝑁𝑢 number at the leading edge is about 23.7 times higher than that at the trailing edge. In contrast, 9 

the minimum 𝑁𝑢 reduction is observed for the high-porosity case at 𝑅𝑒 = 14400, for which the 𝑁𝑢 number 10 

at the leading edge is about three times higher than that at the trailing edge. When the 𝑅𝑒 number increases 11 

from 3600 to 14400, the ratio of the 𝑁𝑢 number at the leading edge to that at the trailing edge drops from 12 

23.7 to 9.4 for low-porosity cases. However, this ratio reduces from 6.7 to 3.1 by increasing the 𝑅𝑒 number 13 

for high-porosity cases. The conclusion is that porous elements of high-porosity cases are more likely to 14 

exchange energy than those of low-porosity cases through the entire porous length. 15 

In Figure 17(b), the pressure drop is calculated by the difference between the pressure at the reference point 16 

(𝑃𝑟𝑒𝑓@𝑋/𝐷=0) and pressure at a specific location (𝑃@𝑋/𝐷). Figure 17(b) demonstrates that along the porous 17 

length, the maximum pressure drop is for the low-porosity case with 𝑅𝑒 = 14400, and the minimum pressure 18 

loss is for the high-porosity case with 𝑅𝑒 = 3600. Also, at the same 𝑅𝑒 number, the lower the porosity, the 19 

higher the pressure drop, and at the same porosity, the higher the 𝑅𝑒 number, the greater the pressure drop. 20 

The results show that regardless of the 𝑅𝑒 number, the pressure drop near the leading edge for the low-21 

porosity case is about 3.5 times greater than that for the high-porosity case. Higher pressure drop for the 22 

low-porosity case demonstrates the strong blocking effect to allow a flow penetration through the porous 23 

block, resulting in flow separation near the leading edge. The overall pressure drop for the low-porosity 24 

case is about 1.8 times higher than that for the high-porosity case, regardless of the 𝑅𝑒 number. Furthermore, 25 

for both porosities, with an increase in 𝑅𝑒 number from 3600 to 14400, the pressure drop through the entire 26 

porous length increases by ~14 times. Comparing Figure 17(a) and Figure 17(b) shows that for a fixed 𝑅𝑒 27 
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number, the porous structure with higher porosity yields a higher 𝑁𝑢 number at a lower pressure drop. 1 

 2 

  
(a) Distribution of 𝑁u number along the porous 

block 

(b) Distribution of pressure drop along the porous 

block 

Figure 17 Distribution of 𝑁𝑢 number and pressure drop along the porous length at three different 𝑅𝑒 numbers 

and two porosities: 53% and 91%. 

4 Conclusions 3 

Pore-scale large eddy simulations (LES) are performed for composite porous-fluid systems with two 4 

different porosities (53% and 91%) at three 𝑅𝑒 numbers (3600, 7200, and 14400). The major objective of 5 

the present study was to fill the gap in the literature regarding the effect of the porosity and 𝑅𝑒 number on 6 

the different mechanisms of momentum and energy exchanges across the porous-fluid interface in 7 

composite porous-fluid systems with a finite length. In addition, this paper tried to answer the challenging 8 

question about the validity of earlier findings in the fully-developed porous channel flows [24, 25, 28, 29, 9 

32]. To this end, as opposed to the fully-developed porous channel flows, a finite porous block (𝐿𝑅 = 20) 10 

immersed in a turbulent channel flow is investigated, where the boundary layer separation and reattachment 11 

occur. The key findings of the present paper are as follows: 12 

1) The generation of hairpin structures over the porous block controls the momentum and energy 13 

exchanges in two steps: Firstly, the mutual turbulent interplay near the interface which is governed 14 

by hairpin legs; Secondly, the bottom-up and top-down turbulent interactions far away from the 15 

interface across the shear layer which are the result of induced flow by the clockwise rotation of 16 

the hairpin heads. Temporal and spatial analysis of coherent structures revealed that the evolution 17 

of hairpin structures is affected by 𝑅𝑒 number and porosity.  18 

2) Increasing porosity reduces flow leakage up to 50% which disorders the counter-rotating vortex 19 

pairs (CRVPs’) patterns and consequently hairpin structures. Further, the effect of the 𝑅𝑒 number 20 

on the flow leakage is more pronounced for low-porosity cases. The results showed that by 21 

increasing the 𝑅𝑒 number from 3600 to 14400, the flow leakage declines nearly 10% for low-22 

porosity cases, however, it drops about 5% for high-porosity cases. 23 

3) For low-porosity cases, regardless of the 𝑅𝑒 number, two distinct regions are detected over the 24 

interface. Region#1 with organised hairpin structures is characterised by a high flow leakage and 25 

the formation of a turbulent separation bubble (TSB). Region#2 with unorganised hairpin structures 26 

is characterised by lower flow leakage, reattachment of the separated flow, and redevelopment of 27 

the boundary layer. Increasing the 𝑅𝑒 number shortens the length of region#1. For high-porosity 28 
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cases, containing disordered hairpin structures, two distinct regions are not identified at any 𝑅𝑒 1 

number owing to the absence of flow separation at the leading edge and negligible flow leakage. 2 

4) In region#1, maximum turbulent fluctuations occur far away from the interface, while they 3 

approach the interface in region#2. JPDFs of velocity fluctuations showed that momentum is 4 

exchanged in region#1 by inward/outward intersection events. Whereas, in region#2, the 5 

streamwise and vertical velocity fluctuations are anti-correlated, and sweep/ejection event is the 6 

dominant mechanism.  7 

5) The location of maximum turbulence statistics approaches the interface by increasing the 𝑅𝑒 8 

number or porous length. It supports earlier literature findings for a fully-developed porous channel 9 

flow [19, 24, 25, 29, 32], which emphasizes the turbulent interaction at the interface. Therefore, the 10 

previous literature findings only apply to region#2. However, when the 𝑅𝑒 number is low or the 11 

porous length is short (𝐿𝑅 = 10), the turbulent interplay between porous and non-porous regions is 12 

mainly controlled by the TSB and flow leakage. This observation is confirmed by the flow features 13 

in region#1, and recent findings of current authors in [30, 31], where 𝐿𝑅 = 10. 14 

6) At the same 𝑅𝑒 number, the 𝑁𝑢 number of the high-porosity case is at least 2.6 times greater than 15 

that of the low-porosity case. For low-porosity cases, the 𝑁𝑢 number decreases more along the 16 

porous length. For instance, the 𝑁𝑢 number ratio at the leading edge to the trailing edge is nearly 17 

9.4 for the low-porosity case at 𝑅𝑒 = 14400. In contrast, it is only 3.1 in the high-porosity case. 18 

Finally, regardless of the 𝑅𝑒 number, the low-porosity case has 1.8 times more pressure drop than 19 

the high-porosity case. 20 

Supplementary research in different directions has been left open for future studies. Some of the future 21 

research directions are outlined as follows: 22 

1) In the present study, the temperature of the pore elements was considered constant with the 23 

Dirichlet boundary condition. For future studies, the solid part of pore elements could be added to 24 

the computational domain to investigate the heat transfer characteristics between fluid and solid 25 

parts more accurately by implementing conjugate heat transfer modelling. 26 

2) The computational domain in this study consisted of finite porous blocks characterized by 𝐵𝑅 = 27 

0.5, 𝐴𝑅 = 6.6, and 𝐿𝑅 = 20 with different porosities. The effects of blockage ratio (𝐵𝑅) and aspect 28 

ratio (𝐴𝑅) on the characteristics of regions #1 and #2 can be investigated in future studies using 29 

porous bluff bodies with varying 𝐵𝑅s and 𝐴𝑅s. 30 

3) The inflow boundary condition in this study was a constant velocity profile with a constant 31 

temperature. For future studies, time-dependent inlet profiles can be implemented to investigate the 32 

flow physics of a composite porous-fluid system under transient conditions. 33 

4) The porous block in this study is a cubic arrangement of uniform spheres. For a more realistic 34 

prediction of flow and thermal features in industrial applications, a randomly packed bed needs to 35 

be investigated to identify the influence of packed bed randomness on the physics of flow leakage, 36 

channelling effect and wake flow. 37 
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