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Numerical calculation of the permeability of fibrous porous medium  
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Single-phase flow through a fibrous porous medium is numerically simulated. The simulation is based on the numerical 

solution of incompressible Navier-Stokes equations in irregular domains, where the irregular boundary is represented by its level-set 

function. This numerical method is used to search the Reynolds number below which the fluid flow in porous medium obeys linear 

Darcy’s law for different kinds of porous medium. Also, the calculation results, which obtained using a simple and snap meshes, are 

compared with analytical solution. The results show that the simple mesh is effective enough and can be used instead of snap mesh in 

OpenFOAM. 
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INTRODUCTION 

Understanding of fluid flow mechanics through 

a porous medium is important in the design of 

many porous materials [1].   

There are various approaches for fluid flow 

calculation in porous medium at pore-scale. In 

particular, pore network models [2-4] have been 

widely used to understand multiphase fluid 

displacement in porous media. Pore-network 

models are computationally efficient, and they are a 

viable tool for understanding multiphase flow at the 

pore scale. However, these methods are based on 

simplified geometries and physics, which limit their 

predictive capabilities [5].  

Lattice Boltzmann model has been used to 

simulate flow through the true pore geometry of a 

porous media, for both single and multiphase flow. 

Lattice Boltzmann model is used to simulate two-

fluid-phase flow at the pore scale [6]. However, the 

application of this model to multiphase flow is 

limited by the admissible range of fluid properties 

due to restricted numerical stability and its high 

computational cost. 

Other approaches that use exact geometry as 

input to fluid flow numerical simulations in porous 

media include: volume of fluids [7, 8], smoothed 

particle hydrodynamics [9], level set [10], and 

density functional method [11]. Kudaikulov et al. 

predicted theoretically and numerically the 

permeability of an ordered fibrous porous medium 

for normal flows [12]. The theoretical prediction of 

velocity profile allows investigating in detail the 

fluid flow at the pore-scale or microscale.  

In this work, numerical calculations are 

performed using the OpenFOAM finite volume 

library. Error analysis on the accuracy of numerical 

calculations is performed, and also, where possible, 

there is a comparison with the analytical solution.  

MATHEMATICAL FORMULATION OF THE 

PROBLEM 

This paper examines single-phase flow in 

fibrous porous media where porous material is 

represented as parallel periodic cylinders of equal 

radius (Fig.1a). Therefore, the domain with one 

cylinder in the middle can be considered. The flow 

direction is perpendicular to the axes of cylinders. 

Fig.1b shows boundary conditions used for this 

problem (L is the domain size). 

 
Fig.1. Periodically arranged cylinders 

 

This model is based on numerical solution of the 

incompressible flow in irregular domains, where 

irregular boundary is represented by its level-set 

function [12]. The flow is described using the 

Navier-Stokes equations: 
  ⃗⃗ 
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 where u is the velocity, m/s; P is the pressure, 

Pa; and Re is the Reynolds number. 

Initial condition for the velocity of fluid flow: 

 ⃗ (     )         (3) 

Boundary conditions on the boundaries of the 

domain (dashed lines on Fig.1b) are: 
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where Pin is the inlet pressure, Pa; Pout the outlet 

pressure, Pa. 

No-slip boundary condition is used on the 

surface of the cylinders: 

 (     )|         (9) 

where dΩ is the surface of the cylinder. 

SEARCHING OF REYNOLDS NUMBER FOR 

LINEAR DARCY’S LAW  

Reynolds number below which the fluid flow in 

porous medium obeys linear Darcy’s law in 

isotropic and anisotropic porous media is found in 

this section.  

Whitaker examined that the linear Darcy’s law is 

valid for Reynolds numbers Re<<1 using the 

method of volume averaging [13]. To investigate 

this condition, it is sufficient to calculate the 

permeability in linear Darcy’s law, which is written 

as following for single-phase flow:  

  
 

 

        

 
    (10) 

where K is the absolute permeability, m2; µ is 

the dynamic viscosity, Pa*s; and U the is volume-

averaged velocity: 

  
 

 
∫    
 

    (11) 

where V is the volume, m3. 
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In isotropic medium, all cylinders in the model 

are located at the same distance from each other 

and the coordinates of one cylinder are xc=0.5 and 

yc=0.5 and have a diameter of d=0.4. In anisotropic 

medium, cylinder C in the model is shifted relative 

to other cylinders (yc has a different values) as 

shown in Fig.2. For this case, we move the location 

of the cylinder (yc coordinate) and study the relation 

between the Reynolds number and permeability. 

 

Fig.2. Anisotropic porous medium 

Tabs.1-3 present the results of numerical 

calculation (υ-1 (inverse kinematic viscosity), U, Re 

and K (absolute permeability) for anisotropic 

porous medium for cylinders with d=0.2 and 

locations of middle cylinder yc=0.5, 0.6 and 0.7, 

respectively.  

Table 1. Calculation results for d=0.2 and yc=0.5 
υ-1, m-2s U, ms-1 Re K, m2 

0.01 1.57*10-4 3.14*10-7 1.57*10-2 

0.1 1.57*10-3 3.14*10-5 1.57*10-2 

1 1.57*10-2 3.14*10-3 1.57*10-2 

10 1.57*10-1 3.13*10-1 1.57*10-2 

100 8.36*10-1 1.67*100 8.36*10-3 

Table 2. Calculation results for d=0.2 and yc=0.6 
υ-1, m-2s U, ms-1 Re K, m2 

0.01 1.82*10-4 3.63*10-7 1.82*10-2 

0.1 1.82*10-3 3.63*10-5 1.82*10-2 

1 1.82*10-2 3.63*10-3 1.82*10-2 

10 1.81*10-1 3.62*10-1 1.81*10-2 

100 8.48*10-1 1.70*100 8.48*10-3 

Table 3. Calculation results for d=0.2 and yc=0.7 

 

Fig.3 demonstrates the K-Re relationships for the 

anisotropic porous medium (cylinders with d=0.2 

and locations of middle cylinder yc=0.5, 0.6 and 

0.7, respectively). 

 
Fig.3. The K-Re for d=0.2 and yc=0.5, 0.6 and 0.7, 

respectively 

 
Fig.4 shows streamlines for the anisotropic 

porous medium (cylinders with d=0.2 and locations 

of middle cylinder yc=0.5, 0.6 and 0.7, respectively) 

for kinematic viscosities 0.01 m2/s and 0.1 m2/s.  
 

Fig.4. Streamlines for d=0.2 and yc=0.5, 0.6 and 0.7 for υ=0.01 m2/s and υ=0.1 m2/s as indicated 
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υ-1, m-2s U, ms-1 Re K, m2 

0.01 2.57*10-4 2.57*10-7 2.57*10-2 

0.1 2.57*10-3 2.57*10-5 2.57*10-2 

1 2.57*10-2 2.57*10-3 2.57*10-2 

10 2.55*10-1 2.55*10-1 2.55*10-2 

100 8.54*10-1 8.54*100 8.54*10-3 
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From the numerical results, it can be seen that at 

lower values of Reynolds number, when vorticity 

does not occur, the linear Darcy’s law is fulfilled. It 

is known that vorticity occurs at high values of 

Reynolds number [14] and appear inactive zones, 

therefore the permeability of porous medium 

depends not only on the geometry of porous 

medium, but also on the fluid flow properties (see 

Fig.4). 

COMPARISON OF SIMPLE AND SNAP MESH 

Results of numerical calculation using different 

computational meshes (simple and snap) are 

compared and affection of geometric inaccuracy on 

the results is studied in this section.  

The simple structured mesh in the OpenFOAM 

is created using BlockMesh utility, which creates 

parametric meshes with grading and curved edges. 

The principle behind BlockMesh is to decompose 

the domain geometry into a set of 1 or more three 

dimensional, hexahedral blocks. Edges of the 

blocks can be straight lines, arcs or splines. Each 

block of the geometry is defined by 8 vertices, one 

at each corner of a hexahedron [15].  

The snap mesh is created using 

SnappyHexMesh utility, which is a mesh generator 

that takes an already existing mesh (usually created 

with BlockMesh) and chisels it into the required 

mesh. SnappyHexMesh generates 3D meshes 

containing hexahedra and split-hexahedra 

automatically from triangulated surface geometries, 

or tri-surfaces. The mesh approximately conforms 

to the surface by iteratively refining a starting mesh 

and morphing the resulting split-hex mesh to the 

surface [16]. Fig.5a shows a simple mesh, Fig.5b 

shows a snap mesh in OpenFOAM. 

 
Fig.5. Simple (a) and snap (b) meshes 

NUMERICAL RESULTS DISCUSSION 

The optimal mesh size selection was studied in 

this section in order to achieve reliable calculation 

results while using the computational resources 

effectively. On one extreme, a rough mesh 

produces inaccurate results and on other hand, a too 

high-resolution mesh requires a large memory and 

high computational time. Therefore, mesh 

adaptation methods and an optimal choice of mesh 

resolution are necessary. Main parameters for 

optimal size selection are the diameter of cylinder d 

and parameter w (see Fig.1b).  

  
   

 
      (12) 

 The accuracy of cylinder’s surface depends on 

the mesh size. Therefore, the mesh resolution 

should be correlated with d and w. For our case the 

optimum mesh resolution was found by calculating 

the relative error of each mesh size relative d and w.  

 

Fig.6. Relative error of average velocity for d=0.4 

(simple and snap meshes) 

The following formulas are used to calculate the 

relative errors of calculated permeability using 

simple and snap meshes: 

   
     

  
        (13) 

    
                         

              
      (14) 

    
                     

            
       (15) 

where KN is the numerical value of permeability, 

KT is the theoretical value of permeability, Ksimple is 

the permeability using simple mesh, Ksnap is the 

permeability using snap mesh, n is the number of 

nodes along the x and y axes, respectively. 

The calculation results for d=0.4 for simple and 

snap meshes are given on Fig.6 and Tab.4.  

 

Fig.7. Relative error of average velocity for d=0.8 

(simple and snap meshes) 
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The calculation results for d=0.8 for simple and 

snap meshes are given on Fig.7 and Tab.5.  

Note that δ1 is the ratio between the diameter of 

cylinder and mesh size (δ1=d/∆x) and δ2 is the ratio 

between the parameter w and mesh size (δ2=w/∆x). 
 

Table 4. Results for d=0.4 using simple and snap meshes 

 

 

 

 

 

 

 

 

 

Table 5. Results for d=0.8 using simple and snap meshes 

 

 

 

 

 

 

 

COMPARISON OF NUMERICAL RESULTS 

WITH ANALYTICAL SOLUTION 

The comparison of numerical results with 

analytical solution [17] is provided in this section. 

 
Fig.8. Comparison of numerical and analytical 

permeabilities 

 

Tab.6 and Fig.8 present numerical results for 

simple and snap meshes for different radii of the 

cylinder (R), porosity (φ) and numerical predictions 

of dimensionless permeability using simple mesh 

(Ksimple/R
2), snap mesh (Ksnap/R2) and dimensionless 

analytic permeability (Kanalytic/R
2). Also, Tab.6 

shows the comparison of relative errors of 

calculated permeability using simple and snap 

meshes, which are compared against the analytical 

values from [17].  

It can be seen that the results are almost the 

same (relative error between the meshes is less 

than1%); therefore simple mesh can be used for 

calculation in OpenFOAM to save the computation 

time and power. 

 

Table 6. Numerical results obtained using simple and snap meshes 

 

Mesh δ1 δ2 Ksimple, m
2 RE1 of Ksimple Ksnap, m

2 RE2 of Ksnap 

8x8 6.4 0.8 3.31*10-3 6.78*10-1 4.18*10-5 1.27 

16x16 12.8 1.6 2.65*10-3 4.52*10-1 2.90*10-5 5.79*10-1 

32x32 25.6 3.2 1.56*10-3 1.43*10-1 1.98*10-5 7.87*10-2 

64x64 51.2 6.4 1.78*10-3 2.35*10-2 1.92*10-5 4.67*10-2 

128x128 102.4 12.8 1.84*10-3 6.39*10-3 1.86*10-5 1.37*10-2 

256x256 204.8 25.6 1.83*10-3 3.86*10-3 1.85*10-5 6.16*10-3 

512x512 409.6 51.2 1.82*10-3 0 1.84*10-5 0 

Mesh δ1 δ2 Ksimple, m
2 RE1 of Ksimple Ksnap, m

2 RE2 of Ksnap 

8x8 3.2 2.4 2.29*10-2 3.18*10-1 4.71*10-2 4.04*10-1 

16x16 6.4 4.8 3.48*10-2 3.82*10-2 3.88*10-2 1.56*10-1 

32x32 12.8 9.6 3.47*10-2 3.27*10-2 3.58*10-2 6.71*10-2 

64x64 25.6 19.2 3.26*10-2 2.95*10-2 3.39*10-2 9.59*10-3 

128x128 51.2 38.4 3.33*10-2 6.25*10-3 3.37*10-2 5.18*10-3 

256x256 102.4 76.8 3.35*10-2 1.86*10-3 3.36*10-2 1.30*10-3 

512x512 204.8 153.6 3.36*10-2 0 3.36*10-2 0 

Mesh R, m φ Ksimple/R
2 Ksnap/R

2 Kanalytic/R
2 RE of Ksimple RE of Ksnap 

128x128 0.1261 0.95 1.02*100 1.31*100 1.01*100 1.17*10-2 2.09*10-2 

128x128 0.1784 0.90 3.19*10-1 3.23*10-1 3.32*10-1 7.34*10-3 2.13*10-2 

128x128 0.2523 0.80 7.73*10-2 7.79*10-2 7.62*10-2 1.42*10-2 2.21*10-2 

128x128 0.3090 0.70 2.55*10-2 2.60*10-2 2.54*10-2 2.69*10-3 2.13*10-2 

128x128 0.3568 0.60 8.91*10-3 9.15*10-3 9.01*10-3 1.13*10-2 1.57*10-2 

256x256 0.3989 0.50 2.95*10-3 2.98*10-3 2.95*10-3 1.14*10-3 9.05*10-3 

256x256 0.4370 0.40 7.33*10-4 7.51*10-4 7.42*10-4 1.32*10-2 1.14*10-2 

512x512 0.4720 0.30 8.15*10-5 8.43*10-5 8.30*10-5 1.77*10-2 1.58*10-2 

1024x1024 0.4886 0.25 8.22*10-6 8.40*10-5 8.29*10-5 8.45*10-3 1.36*10-2 
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CONCLUSIONS 

The permeability of fibrous porous medium is 

numerically calculated in this paper. The optimal 

mesh size is selected depending on the parameter w 

and the diameter of the cylinder d. The Reynolds 

number below which the flow obeys the linear 

Darcy’s law is investigated for isotropic and 

anisotropic porous media.  

The computational results show that the simple 

mesh is effective enough and can be used instead of 

snap mesh in OpenFOAM. From the Tab.6 it can be 

concluded that the correlation between the diameter 

of cylinder and mesh is effective enough for δ1= 

51.2 and δ2=38.4 and can be applied for calculation 

of more complex porous medium. Numerical 

calculation results are in excellent agreement with 

analytical solution [17] for the flow in porous 

medium. 
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