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Abstract: The size and arrangement of the obstacles that form in the porous media have an influence on fluid flow and heat transfer., 

even in the same porosity. To address this issue, the present study simulated three obstacles in both regular and different staggered 

arrangements through a channel to compare the effect of staggered and regular arrangements, as well as different obstacle positions 

in the same porosity, on fluid flow and heat transfer. In the present study, the Single Relaxation Time Lattice Boltzmann Method, 

with Bhatnagar-Gross-Krook (BGK) approximation and D2Q9 model, is implemented for the numerical simulation. The 

temperature field is modeled using a Double Distribution Function (DDF) approach. Results are presented in terms of velocity and 

temperature fields, streamlines, percentage of pressure drop and Nusselt number of the obstacles walls. Also, the correlation between 

tortuosity and Nusselt number of the walls of the obstacles, has been proposed. The results show that by changing the arrangement 

of the obstacles from regular to staggered, with the same porosity, the Nusselt number of the obstacles increased by up 167%. 
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1- Introduction 

In recent decades, the use of porous media has increased 

greatly due to their high contact area per volume. On the other 

hand, the Lattice Boltzmann method is a suitable approach 

for the simulation of heat and mass transfer through porous 

media and it shows great capabilities in many applications [1-

2], such as electronic devices and thermal engineering [3–6], 

chemical engineering [7–10], materials science [11–14], 

oceanography [15], geophysics [16] and medicine [17]. 

There are two main methods for simulating porous media, 

namely the pore-scale (PS) and the representative elementary 

volume (REV) methods. In the REV method, the fluid flow 

and heat transfer through the porous media is simulated by 

adding some terms to the LBM equation related to the porous 

media properties such as porosity and permeability. The 

disadvantage of this method is that the effect of porous media 

structure on fluid flow and heat transfer is not as visible as it 

should be. To investigate the effect of porous media structure 

and the effect of solid obstacles on the fluid flow and heat 

transfer, the pore-scale method is proposed. In this case, the 

flow behavior through the solid parts of porous media can be 

investigate. To gain a better understanding of this issue, some 

recent studies have been reviewed in the following. 

I. Moradi and A. D'Orazio [1] have done a pore scale porous 

media by using LBM. They studied sixteen different obstacle 

arrangements and three different sizes of obstacles as a pore 

scale porous media in a constant porosity. The simulation 

includes a heated wall channel and cold porous obstacles. The 

results have shown that increasing the number of obstacles 

for the same porosity, the Nusselt number and the tortuosity 

also increase. Hu Wang et al. [18] studied thermal resistance 

and pumping power issues with the aim of optimizing a 

double-layer microchannel  heat sink with semi-porous fins by 

using a multi-objective genetic algorithm, achieving better  

performance by using a porous media geometry. 

In [19], fluid flow and heat transfer through metal foams as 

porous media have been studied using LBM and MRT 

method and BGK approximation.  In [20, 21], convection 

heat transfer in porous media is simulated by LBM with the 

aim of application in solar collectors, geothermal systems, 

and life sciences. An investigation of flow and conjugate heat 

transfer in an open-cell metal foam with high porosity as a 

pore-scale model has been carried out by [22]. In this study, 

five (REV) samples with different values of porosity, 0.80, 

0.85 and 0.90 and variety of pore density, 10, 20 and 30 PPI 

are modelled. A decoupled lattice Boltzmann solver is 

developed in these numerical simulations by using multi-

relaxation time (MRT) for flow and regularized lattice 

Boltzmann (RLB) method for advection-diffusion. The 

solver in this research, has simulated advection-diffusion in 

the non-Darcy regime. 

Chen et al. [23] by coupling the lattice Boltzmann method and 

discrete element method (DEM) provided a numerical 
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framework to simulate a self-compacting concrete (SCC) 

flows, through a rock-filled concrete RFC as a porous 

medium. The results show that the SCC flow in multichannel 

porous media is self-adjusting and willing to pass through 

larger gaps. A. D'Orazio and A. Karimipour [24] developed 

the lattice Boltzmann method performance to simulate the 

constant heat flux boundary condition along the microchannel 

walls with slip velocity and buoyancy forces for the first time. 

X Huang et al. [25] studied the influence of diffusion 

coefficients in porous fibrous material and made a 

comparison between the results of Lattice Boltzmann method 

(LBM) and the Pore Network Modeling (PNM) in this pore-

scale structure simulation. 

M. Zhang et al. [26] simulated a two-dimensional steady state 

fluid flow and heat transfer in a porous medium at constant 

temperature using LBM. The simulation focused on around 

and through the porous objects. In [27], the numerical 

simulation for convection heat transfer through porous media 

under local thermal non-equilibrium (LTNE) condition was 

carried out by the LBM. 

As mentioned above, the influence of the use of porous media 

in heat and mass transfer applications has increased greatly in 

the recent decades. Nevertheless, there is a need for results 

that explain the relationship between porous media properties 

and heat transfer in more detail. In the present study, the fluid 

flow and heat transfer through the pore scale porous media 

are simulated by using LBM with the pore scale approach. 

The effect of the arrangement of the obstacles on the fluid 

flow and heat transfer is studied for the same porosity. 

Finally, the correlation between the tortuosity and the Nusselt 

number of the walls of the obstacles is proposed, to facilitate 

the identification of the size and arrangement of obstacles in 

the porous media in heat transfer applications. 

2- Model Description 

As it can be seen in the figure 2., there is a porous region, 

represented by a pore-scale approach, in the middle of a 

channel with insulated walls. The porous medium contains 

the square obstacles in five different arrangements, such as 

in-line, staggered, symmetrical and non-symmetrical. Water 

is the working fluid entering to the channel with Re=10 and 

θ=0, which are the Reynolds number and nondimensional 

temperature, respectively.  The obstacles are hot and θ=1. In 

the present study, the porosity is 75% (ε=75%) in all the 

simulations and the arrangements are numbered from 1 to 5 

as shown in the figure below. 

 

 

Fig. 1. Different arrangement of porous obstacles through the channel 

 

3-Governing Equation 

The Lattice Boltzmann Method is chosen to simulate the flow 

by using the discretized Boltzmann equation. The Bhatnagar-

Gross-Krook (BGK) model [28] is implemented. In this 

method, the motion of the fluid particles is restricted to 

specific i-directions with specific microscopic velocities ci. 

The D2Q9 model is useful for the advection-diffusion 

problems; the specified i-directions of this model are shown 

in Fig. . The density distribution function can be written as: 
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Fig. 2. Schematic diagram of the lattice D2Q9 model 

𝑓𝑖(𝑥 + 𝑐𝑖 ∆𝑡, 𝑡 + ∆𝑡) − 𝑓𝑖(𝑥, 𝑡) =  𝛺𝑖  (𝑓) 1 

where the discrete distribution function is represented by fi 

and the discrete velocity by ci. In addition, Ωi is the discrete 

collision operator. The collision operator of the Single 

Relaxation Time model is proposed as follows: 

𝛺𝑖  (𝑓) = 
1

𝜏
 (𝑓𝑖

𝑒𝑞
− 𝑓𝑖 ) ( 2) 

where τ is the relaxation time and 𝑓𝑖
𝑒𝑞

 is the equilibrium 

distribution function. 

Regarding the (1) and ( 2), a SRT-LBM discrete distribution 

function by using BGK approximation is as (3). where fi
eq (x, 

t) is the equilibrium distribution function, shown in (4), 

𝑓𝑖(𝑥 + 𝑐𝑖 ∆𝑡, 𝑡 + ∆𝑡)

= 𝑓𝑖(𝑥, 𝑡) +
1

𝜏𝑓
 (𝑓𝑖

𝑒𝑞(𝑥, 𝑡)

− 𝑓𝑖 (𝑥, 𝑡)) 

(3) 

 

(4) 

 

𝑓𝑖
𝑒𝑞(𝑥, 𝑡) =  𝑤𝑖𝜌 [1 +

𝒄𝒊 . 𝒖

𝐶𝑠
2

+
(𝒄𝒊 . 𝒖)𝟐

2𝐶𝑠
2

−
𝒖𝟐

2𝐶𝑠
2

] 

In (4), wi is the weighting coefficient, and Cs is the lattice 

sound speed. The relationship between kinematic viscosity 

and relaxation time is given by equation (5). Also, according 

to the discrete distribution function fi, the macroscopic 

variables, such as density and velocity, have been written as 

equations (6) and (7) 

𝜗 =  ∆𝑡 𝐶𝑠
2(𝜏𝑓 −

1

2
) 

(5) 

 

𝜌 = ∑ 𝑓𝑖

8

0

 

(6) 

 

𝒖 =
1

𝜌
∑ 𝑓𝑖

8

0

 𝒄𝒊 

(7) 

 

Similar equations for the temperature field are given below: 

𝑔𝑖(𝑥 + 𝑐𝑖 ∆𝑡, 𝑡 + ∆𝑡)

= 𝑔𝑖(𝑥, 𝑡) +
1

𝜏𝑔
 (𝑔𝑖

𝑒𝑞(𝑥, 𝑡)

− 𝑔(𝑥, 𝑡)) 

(8) 

 

𝛼 =  ∆𝑡 𝐶𝑠
2(𝜏𝑔 −

1

2
) 

(9) 

 

𝑔𝑖
𝑒𝑞(𝑥, 𝑡) =  𝜔𝑖𝜃 [1 +

𝒄𝒊 . 𝒖

𝐶𝑠
2

] 
(10) 

𝑇 = ∑ 𝑔𝑖

8

0

 

(11) 

 

 where 𝜏𝑔 is the relaxation time for the temperature 

distribution function, which calculated form (9), 𝑔𝑖
𝑒𝑞

 is the 

temperature equilibrium distribution function, computed by 

(10), and 𝑇 is the macroscopic temperature. 

4-Results and discussion 

The distribution of the dimensionless temperature θ through 

the channel with three obstacles as a solid part of the porous 

media is shown in Fig. 3. As can be seen, the obstacles are 

hot (θ=1) and the water at the inlet is cold (θ=0). In addition, 

the upper and lower walls of the channel are insulated. This 

figure shows that the minimum temperature at the outlet 

belongs to arrangement 1, with a value of θ=0.5 
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approximately, and the maximum belongs to arrangements 2 

and 3, with a value of θ=0.75 approximately. Arrangements 

4 and 5, which are not symmetrical in the X direction, 

approached uniform temperature distribution after a long 

distance from the obstacles. Arrangement 2 and 3, which are 

symmetrical in X direction, approached the uniform 

temperature distribution after a short distance from the 

obstacles. 

 

 

1 

 

2 

 

3 

 

4 

 

5 

 

Fig. 3. Non-dimensional distribution of temperature θ through the channel for different obstacles arrangements (1 to 5) 

The Nusselt Number of the obstacles in different 

arrangements from1 to 5 is shown in Fig. 4. The local and 

average Nusselt number of the walls of obstacles are 

calculated from equations 12 and 13. 

𝑁𝑢𝑥 =
ℎ𝐷ℎ

𝑘
= 𝐷ℎ

𝜕𝜃
𝜕𝑦⁄

𝑇𝑤 − 𝑇𝑚
 

(12) 

𝑁𝑢𝑥,𝑎𝑣𝑔 =
1

𝐿
∫ 𝑁𝑢𝑥  𝑑𝑥

𝐿

0

 
(13) 

As can be seen in Fig. 4, the Nusselt number of the obstacle 

wall, increased sharply by up to 167% by changing the 

arrangement from in-line to staggered. In addition, by 

changing the position of the obstacles in the staggered 

arrangement, the Nusselt number of the obstacles wall also 

changed. Consequently, for the same porosity and constant 

number of solid obstacles in a porous medium, the heat 

transfer could be increased by up to 167% by changing the 

arrangement of the obstacles. 

http://www.ijritcc.org/


International Journal on Recent and Innovation Trends in Computing and Communication 

ISSN: 2321-8169 Volume: 11 Issue: 9 

Article Received: 25 July 2023 Revised: 12 September 2023 Accepted: 30 September 2023 
__________________________________________________________________________________________________________________ 

 
    5403 
IJRITCC | September 2023, Available @ http://www.ijritcc.org 

 

Fig. 4. Nusselt number of obstacles wall in different arrangements (1 to 5) 

The non-dimensional velocity distribution through the 

channel as well as the streamlines are shown in Fig. 5. It can 

be seen that by changing the arrangement from in-line to 

staggered, the amount of uniform and direct velocity in X-

direction decreased while the velocity in the Y-direction 

increased. In more detail, Figure 6 illustrates the degree of 

tortuosity for each arrangement. This is the relationship 

between the effective length through a porous medium and 

the distance in a straight line between two points. In the 

present study it was calculated by equations 14 and 15 

according to [29, 30]. As can be seen in figure 6, changing 

the arrangement from in-line to staggered increased the 

tortuosity by up to 8%. 

 

𝜑 =
∑ 𝑉𝑚𝑎𝑔(𝑖, 𝑗)𝑖,𝑗

∑ |𝑉𝑥(𝑖, 𝑗)|𝑖,𝑗
 

(14) 

 

𝑉𝑚𝑎𝑔(𝑖, 𝑗) =  √𝑉𝑥(𝑖, 𝑗)2 + 𝑉𝑦(𝑖, 𝑗)2 
(15) 

 

 

1 

 

 

  

3 
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4 

  

5 

 

Fig. 5 – Streamlines and velocity distribution through the channel for different obstacles arrangements (1 to 5)  

 

 
Fig. 6 –Tortuosity for different arrangements (1 to 5) 

 

A comparison between the Nusselt number and the tortuosity 

of each arrangement is shown in Fig. 7. As can be seen, there 

is a close relationship between tortuosity and Nusselt number 

in these five symmetrical arrangements of tree obstacles. On 

the other hand, Fig. 8 illustrates the correlation between 

tortuosity and Nusselt number. As can be seen, in these five 

symmetrical arrangements of tree obstacles, as the tortuosity 

increased, so did the Nusselt number. 

 

 

 

               Fig. 7 – Nusselt number of the obstacles and tortuosity             

in different arrangements (1 to 5) 

Fig. 8 – Relationship between Nusselt number of the       

obstacles and tortuosity in different 

arrangements, ε=75% 
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5 - Conclusion: 

In the present study, a porous media has been simulated by 

Lattice Boltzmann Method and D2Q9 BGK model with the 

pore-scale approach. In this research, three square obstacles 

are represented as a solid section of a porous media. In 

addition, five different arrangements of obstacles including 

in-line and staggered are simulated. To investigate the effect 

of the position of obstacles in porous media of equal porosity 

on heat transfer and fluid flow behavior. 

The results of this study showed that for the same degree of 

porosity(ε=75%), different values of Nusselt number and 

tortuosity can be obtained by changing the arrangement of the 

obstacles. For example, the Nusselt number of the obstacles 

increased by up to 167% and the tortuosity increased by up to 

8%. In addition, by increasing the tortuosity in these five 

symmetrical arrangements, the Nusselt number also 

increased. 
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