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Abstract: With regard to the problem of gas flow through isotropic porous deposits, the issues 

were considered in the category of description of gas movement mechanisms for structural models 

of the skeleton. As part of experimental tests of gas permeability through porous material in the 

form of polyamide, the numerical simulation method was used, using the k–ε turbulence model. 

The analysis of hydrodynamic phenomena occurring in the porous material made it possible to 

confront experimental research with numerical calculations. The analysis shows that, for a porous 

polyamide bed, there is a certain limit range of gas velocity (10−4–1) ms−1 at which flow resistance is 

the lowest. On the other hand, the highest value of the flow resistance is gradually achieved in the 

range of gas velocity (1–10) ms−1. This is due to the different structure of the isotropic polyamide 

material. The validation of the numerical model with experimental data indicates the validity of the 

adopted research methodology. It was found that the permeability characteristics of the tested 

porous material practically did not depend on the direction of gas flow. For porous polyamide, the 

permeability characteristic is non-linear, which, from the point of view of the measurements car-

ried out, indicates the advantage of turbulent gas flow over its laminar movement. The novelty of 

the article is a proprietary method of measuring gas permeability for a cube-shaped sample made 

of a material constituting a sinter of spherical particles of equal dimensions. The method enables 

the determination of gas flow (in each flow direction) in microchannels forming an orthogonal 

network, characteristic of isotropic materials. 

Keywords: isotropic porous material; polyamide sinter; orthogonal networks; gas permeability; 

CFD; turbulence 

 

1. Introduction 

A significant variety of porous deposits, both for their use in the industrial tech-

nology and their presence in the environment, makes the fluid flow through these types 

of materials extremely complex and ultimately unrecognized. At the same time, the lit-

erature on the subject discusses this issue in different ways, as there is more emphasis on 

the application of fluid flow hydrodynamics through porous (granular or 

frame-structured) beds than on basic research. Each porous medium has a specific po-

rosity, and its flow structure is subject to this porosity and to dimensions (diameter) and 

shapes of its channels at a given length of the channel. Another specific feature of porous 

bodies is their capability of storing and transporting liquids under the action of external 

and internal powers. Aksielrud and Altszuler [1] argue that the gas flow through porous 

media whose channels (pores) have several millimeters or fewer is dominated by some 

process phenomena that emerge from the hydrodynamics of viscous liquid flow, 

whereas in case of the flows through structures whose pores are very small (tenths of 

micrometer), those phenomena are hampered by physical–chemical and diffusive me-

chanical effects that occur at the boundary of the phases. This fact is also proven by other 
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authors [2,3], but the diversity between those phenomena dissipates when gas keeps 

moving highly intensively. 

As for the hydrodynamic approach, the mechanism of gas flow in porous deposits is 

strictly connected with a geometrical structure of the porous medium and is subject to 

dimensions (diameter), shapes and tortuosity of the channels [4]. 

For the flow in the free space between the grains, it is assumed that the entire space 

resulting from a given porosity is an active space with open channels interconnected with 

each other. The additional complexity of hydrodynamics results from the fact that these 

structures are compact (rigid) deposits, which cannot be relaxed in any way during the 

pressure increase in the system. Consequently, the flow resistance during flowing around 

the winding spaces will be distinguished by isotropic channels. 

To determine the porosity system of a homogeneous shape, the capillary models 

that are isotropic channels [5–14] should be mentioned. The model solutions formulated 

by researchers [11,13,15,16] relate to the shape of interconnections between capillaries 

and are based on the following assumptions. Circular/symmetrical capillary models of 

uniform shape are characterized by the following: 

− Cylindrical capillary tube with constant radius [11], 

− Two interconnected capillaries of different radii [13], 

− Circular conical shape [15], 

− Hyperbolic longitudinal section [16]. 

In most cases, the first group of models is characterized by the simplest geometry of 

pores, i.e., cylindrically shaped flow channels according to Burdine’s model [11]. The 

base element of this model only comprises a cylindrical capillary with a constant radius. 

Burdine’s model can be successfully used in heat and mass transfer process calculations 

[17–20]. On the other hand, the capillary model formulated by Mualem [13] describes the 

configuration of the porous deposit by using two mutually combined capillaries with 

different radii. In this model, the cross-section ratio of capillaries is constant for the entire 

deposit. Then Michaels [15] developed Mualem’s model, assuming that the capillary 

comprises a set of cylinders connected in series and with two different diameters. These 

cylinders with large and small diameters are connected alternately. On the other hand, a 

much more complex model of capillary with a periodically changed cross-section was 

proposed by Petersen [16]. This model comprises a symmetrical and circular area that 

results from the rotation of symmetrical sections of the hyperbole around its own axis. 

The individual sections of such capillary (segments with greater and smaller diameters) 

are connected alternatively. This model significantly better, compared to Michaels’ one, 

reflects the structure of the real capillary as in this case the change to the diameter of in-

dividual segments of capillaries is smooth, not jumpy [17]. An extension of the group of 

uniformly shaped circular and symmetrical capillaries is structural (double) models. The 

liquid flows through the symmetrical porous matrix comprising a set of circular and 

symmetrical capillaries. It has the same radius and length (as Burdin’s model) and a set of 

capillaries according to Michael’s or Petersen’s models [15,16]. Aksielrud and Altszuler 

[1] add that the studies [21–24] have analysed Towbin’s uniform capillary model [1] with 

a shape of the spherical deposit. In this case, however, this model was too general as a 

great number of bodies has a capillary/porous structure that results from the combined 

spherical grains with small diameters. 

The mechanisms of gas transport that dominate in a specific geometry of pores and 

in specific thermodynamic conditions are discussed by Rose [25]. This author classifies 

the movement of liquid in the deposit according to the following streams: 

(a) Sub-capillary stream when the movement is forced under pressure and is carried out 

at a higher temperature; 

(b) Capillary stream that is observed when capillary forces and the surface tension occur; 

(c) Super-capillary stream that emerges under the action of gravity forces and described 

by general laws of hydraulics. 
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On the other hand, Gertis and Werner [26] classify means of gas transport in porous 

structures into the following: 

(a) Laminar flow that is observed when molecules collide with one another within the 

extent of the capillaries’ radii; 

(b) Diffusion that occurs as an automatic process of mixing gas particles until their 

composition is fully completed; 

(c) Knudsen transport, Kn, defined as a number of collisions of a particle with walls of 

pores with respect to a total number of collisions among particles [27]. 

The article reviews selected models of porous structure and describes the issues of 

the mechanism of gas flow through porous isotropic structures. 

As part of the work, experimental studies of gas flow hydrodynamics through iso-

tropic porous material in the form of polyamide were performed—a capillary/porous 

model of a homogeneous system made of spherical grains of small diameter connected 

together. The measurements were carried out on a specially prepared test stand. An ex-

perimental method for determining the hydrodynamic parameters constituting the per-

meability coefficient and its numerical verification for determining the nature of gas flow 

was presented. In comparison with the cited literature, the use of the developed gas 

permeability model was indicated, thanks to which the flow characteristics can be uni-

versally presented in terms of gas flow mechanisms. Numerical simulation was used for 

a material of the same shape. Simulation programs contain Computational Fluid Dy-

namics (CFD) codes and are a useful tool used when gas flows through porous materials. 

Carrying out numerical simulation allows for a detailed analysis of hydrodynamic phe-

nomena taking place. In the CFD modeling, the Kolmogorov hypothesis was used for the 

transport of kinetic energy of turbulence, k, and the transport of the rate of dissipation of 

kinetic turbulence energy, ε. 

The aim of the study was to develop the concept of a numerical model of an iso-

tropic porous bed, built of sintered balls of the same diameter, for which it is easy to de-

termine the values of permeability and porosity. The idea of a numerical isotropic model 

of a porous bed is based on experimental studies carried out for a cube-shaped sample. 

Referring in this way to the research material (sintered polyamide), it has been shown 

that the gas movement for a porous bed is described by the Navier–Stokes equations, and 

in the case of turbulent flow by the Reynolds equation. The boundary values for the 

proper within a porous bed are velocity and pressure distribution values obtained from 

the solution of the Navier–Stokes equation or the Reynolds equation. 

It was undertaken to develop a gas permeability model (knowing the flow rate, 

pressure drop, material porosity and type of gas), because the literature has not found an 

example to determine the gas permeability coefficient in a universal way. The permea-

bility (hydrodynamic parameter) was considered in this category, describing the mecha-

nisms of gas movement in porous structures for the development of hydrodynamics in 

materials of a new generation of clean energy sources [28–30]. 

2. Materials and Method 

This research material—porous sinter (cube 20 mm × 20 mm × 20 mm)—directly 

comes from the polymerization of spherical grained powders constituting the solid part 

of the porous material, i.e., a skeletal structure (manufacturer: “INWET” S.A.) and is used 

as the so-called gas distributor designed for aeration of liquid systems. Other names are 

porous polyethylene or porous polyamide, depending on the type of plastics used. 

The apparent density, ϑpoz, of the porous material was determined by measuring the 

total volume of the Vpr sample (by immersing it into water) and its mass, which, in this 

case, corresponds to the mass of the solid body mpr = mst. Equation (1) is as follows: 

𝜗𝑝𝑜𝑧 =
𝑚𝑠𝑡

𝑉𝑝𝑟
  (1) 
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The absolute porosity of the porous material, Ψb, is calculated from the quotient of 

the free volume, Vswo, and the total volume of the sample, Vpr. After some significant 

transformations, this definition may look like the following (2): 

𝛹𝑏 =
𝑉𝑠𝑤𝑜

𝑉𝑝𝑟
= 1 −

𝑉𝑠𝑡

𝑉𝑝𝑟
= 1 − (

𝑚𝑠𝑡

𝜗𝑠𝑡
) (

𝜗𝑝𝑜𝑧

𝑚𝑠𝑡
) = 1 −

𝜗𝑝𝑜𝑧

𝜗𝑠𝑡
  (2) 

The ψ porosity coefficient was determined, which on the other hand characterizes 

the degree of density of the porous medium [31]. Definition (3) is as follows: 

𝜓 =
𝛹𝑏

1−𝛹𝑏
  (3) 

The parameters determined for the tested materials (samples) are set forth in Table 1 

together with sample numbers and average values of those parameters. 

Table 1. Characteristic of research material—sintered porous (polyamide) (author’s own study). 

Porosity Abso-

lute 

Equivalent Pore 

Diameter 

Indicator Po-

rosity 

Density: Cubic Solid: 

Apparent Skeleton 
Volume of the 

Sample 

Equivalent 

Number of 

Volume * 

Ψb, % de, μm ψ ϑpoz, kg/m3 ϑst, kg/m3 V, dm3 n 

32.3 10.0 0.5 772 1140 0.008 1 

* Times the volume of a cube with the dimensions of 20 mm × 20 mm × 20 mm in relation to the volume of a sample (body) 

of any shape. 

2.1. Experimental Procedure 

To achieve the research goal, detailed experimental studies were carried out to 

evaluate the gas permeability of the porous material. 

Figure 1a shows the measuring system for testing the permeability of tests carried 

out on cubic-shaped samples. In this system, the gas flow was always directed in relation 

to any chosen fixed axis, i.e., X, Y or Z. In each case, the gas flowed through the sample in 

the slow pressure regime, the reference pressure in the reduction valve was (0.04-0.16) 

MPa and the gas freely was flying out. The air was taken from a compressed air system 

with a reference temperature of 18 °C. The pressure drop in a particular measurement 

system was measured with differential manometers installed in the flow measurement 

system at the gas inlet to the material sample. The gas flow was measured with the use of 

flotation rotameters calibrated with a bellows gas meter before the tests were carried out. 

All gas stream measurements were compared to normal conditions (293 K, 1013 hPa). Air 

process values measured during the experiment were gas viscosity 0.000018 Pas, gas 

density (1.258-2.684) kg/m3, ambient temperature and pressure (4.7-128.7) kPa. 

The measurement system, or more precisely the construction of the permeability 

meter [32] used in the directed gas flow along the axis of the selected sample X, Y and Z, 

used for the samples of a cubic shape, is shown in Figure 1b,c . 
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(a) 

 

(b) (c) 

 
 

Figure 1. Measurement system for testing the permeability of porous materials for directed gas flow.  

(a) Diagram: 1—porous material (sample), 2—differential pressure manometer, 3—rotameter (3a—bubble flowmeter), 

4—pressure reducers and 5—control valve; P = manometer and T = thermometer. (b) Gas permeability meter view. (c) 

Construction diagram: 1—casing, 2—cylindrical body, 3—gas inlet pipe, 4—bottom base, 5—bottom seal, 6—bottom 

fixed outer part, 7—threaded rod, 8—bottom fixed inner part, 9—lower thrust ring, 10—measuring cell, 11—porous ma-

terial sample, 12—upper thrust sample, 13—upper movable sleeve, 14—nut, 15—upper base, 16—upper gasket and 

17—gas outlet pipe. 

This permeability meter [32] is designed for testing the permeability of samples in 

the form of a cubic solid in any direction of its axis, which is possible by applying a spe-

cial sealing system of the measuring cell that enables measuring the permeability to-
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wards any direction X, Y, Z of the location of the measurement sample in the measure-

ment system according to the scheme as shown in Figure 1a. 

The scheme of this measurement cell together with the marking of the sealing ma-

terial and the measurement sample is shown in Figure 2. 

 

Figure 2. Diagram of the measuring cell: 1—porous material; 2—sealing material (cubic sample);  

D = 49 mm; a = 20 mm. 

In order to determine the gas permeability coefficient for the sample, first the system 

(Figure 1a) is set up. Then the measuring cell (Figure 2) with the previously cutout of the 

porous material bed, the cube-shaped sample with dimensions 20 × 20 × 20 mm, is placed 

in the gas permeability meter (Figure 1c) on the ring the lower 9 of the fixed lower part of 

the inner 8 of the body 2 and presses the upper ring 12 of the movable upper part 13 of 

the body 2 by means of the base 15 of the upper casing 1 and threaded rods 7 with nuts 

14. Air is passed through the sample 11 so positioned according to the test method. Air of 

known density, at ambient temperature, is supplied through the inlet to the pressure 

reducer under the preset pressure in the range (0.4-1.6) 105 MPa. The volumetric flow of 

the gas flowing through the sample is measured in the given flow direction X. At the 

same time, the pressure value is read on the pressure gauge. In this way, two process 

parameters are measured, namely air flow and pressure, which are the resistance to the 

sample of the porous material. The air from the flow meter and the cap is discharged 

through the outlet to the environment (Figure 1a). Then, after disassembling the perme-

ability meter, the sample itself is rotated by an angle of 90° and placed back in the meas-

uring cell (Figure 2). After the permeability meter is assembled, the procedure of meas-

uring the same two is repeated process parameters by passing air through the sample 

along successive flow directions Y and Z. Knowing the volumetric flow, air density and 

flow resistance of air flowing through the sample for each flow direction, the gas per-

meability coefficient is determined. 

2.2. Numerical Research 

As a principle, theoretical considerations with regard to the gas flow through porous 

media are based on the models of flow through axial microchannels, capillaries by ap-

plication of the laws pertaining to flows, including Poiseuille’s law, as well as the indica-

tions of the pressure drop applying simplifying assumptions. However, in each case, the 

models are based on the quantities describing the physical characteristics of the porous 

medium, such as shape of pores, their size and arrangement, and bed permeability. 

The movement of viscous fluid described by Navier–Stokes (N–S) is a complete 

system of dependencies, on the basis of which it is possible to determine, inter alia, 

pressure and velocity field of such a fluid [33]. Depending on the particular needs and the 

type of the investigated problem, e.g., incompressible and compressible fluid, there are 

different ways in which the averaging of this system of equations is performed. Most 

commonly this objective applies equations averaged over time or space, suitably to the 

method based on the Reynolds hypothesis, as for instance based on the k–ε model or 
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small-scale approximation methods suited to model Large Eddy Simulation (LES). The 

averaging of the velocity profile in time leads to the derivation of Reynolds equations 

expressing the law of the conservation of momentum in averaged turbulent flow [34]. 

On the Kolmogorov scale, λ, in description of the N–S, the dominant role is at-

tributed to the term derived from viscosity. The gas motion occurs in the laminar condi-

tions and it is characterized by a considerable level of energy dissipation, which is con-

verted into heat. On the vorticity scale l, the gas motion occurs in the conditions where 

the term representing the viscosity in description the N–S is close to being disregarded. 

This, in turn, leads to motion of gas driven by inertia, as the energy of the motion is ex-

tracted from the spatially extensive areas: it passes through a cascade of vortices without 

its dissipation in the areas with the smaller capacity. For larger scales in space—on the 

channel scale—there are coherent structures in the form of vortices, which partly syn-

chronize their pace of motion. On this scale, forces which induce motion occur and this 

motion is driven by means of large-scale structures. 

Under the assumption that a fluid has homogenous and incompressible properties ρ 

= const., η = const., averaging over time gives this leads to the Reynolds hypothesis this 

leads to the description which relates the mean values of the components of the velocity 

vector. The Reynolds stress tensor results in additional difficulties in the solution of the 

models based on such averaging Reynolds Averaged Navier–Stokes equations (RANS), 

because it adds new unknowns and now becomes unsealed. This requires the use of ad-

ditional solutions that bind the components of the tensor. A compromise in these cir-

cumstances can be sought in the application of the k–ε model. It was first proposed by 

Chou [35], and then it was further modified on multiple occasions [36]; hence, it is cur-

rently one of the most commonly used turbulence model with regard to incompressible 

fluids with small velocities. The Reynolds stress tensor for turbulent flow is defined by an 

additional equation in this model (4): 

( ) ,
3

2
,,

*

ijijjiTij kuu  −+=  (4) 

for 

  /2kcT =  (5) 

Despite the fact that the k–ε model is strictly dedicated to the incompressible flow, 

this model is successfully used in the area of gas flow, in particular in conditions where 

the solutions for the influence of local disturbance on the hydrodynamic parameter are 

tested for fluid flow. The concept of this model uses the closure of the N–S described by 

two additional differential equations for the kinetic energy transfer of turbulence k and 

the turbulence transport of the kinetic energy dissipation rate ε, which can be estimated 

using the Kolmogorov hypothesis [37]. This hypothesis indicates a relationship between 

macroscopic flow structures expressed by a linear flow scale taking into account dissipa-

tion, which characterizes even the smallest scales of vortices. 

It can be seen that another model from the RANS group, namely the k–ω model, is 

also a model for the kinetic energy transport of turbulence k, which in this case is related 

to the vorticity ω. In this case, the system consists of two equations. However, its appli-

cation for various types of flows does not provide satisfactory solutions due to the as-

sumption of the scalar nature of vortex viscosity [38]. 

Regardless of the method used, numerical calculations must include the derivation 

of a geometric representation of the modeled object. In ANSYS Fluent, this is performed 

in the Design Modeler module [39]. The numerical network should faithfully reproduce 

the entire area occupied by the gas, ensuring an appropriate ratio of microchannel shape 

fragmentation to its volume, so that it can be treated as a single computing cell. For this 

purpose, it is necessary to look for a compromise between the level of detail and the 

number of nodes in the numerical network, which affects the computation time. Gener-

ating the network consists in the discretization of the model space, i.e., describing how it 
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can be divided into finite elements that define the so-called control volume. Each element 

of the larger whole expressed by geometry creates a space in which the gas flow is bal-

anced according to the equations determining the conservation of mass, momentum and 

energy. The literature on the subject [40] emphasizes that the numerical network is one of 

the most important aspects of model construction, because its density determines the 

precision of calculations and the time needed to determine the solution. This network 

should also assume the highest density in areas where exchange processes should take 

place, such as the occurrence of turbulent motion and sudden change of flow directions. 

A dedicated module called Mesh in ANSYS CFX Fluent is used to generate the network. 

This software is used to prepare data and obtain numerical solutions to complex prob-

lems in the field of gas transportation thanks to the Solver Preference module in Fluent. 

The accuracy of the results depends basically on the appropriate selection of the meth-

od—in this case, it is the Insert method. For this procedure, it is valuable to select Sweep 

calculation, as it affects the structure of the mesh elements when generating the mesh 

with respect to the microchannel. The standard k–ε model requires much smaller dis-

cretization networks as it uses the time-averaged N–S description. The averaging time of 

the velocity field leads to the statement of the Reynolds equation assuming the following 

(6): 

𝑅𝑒 =
𝑢𝑑𝜌

𝜂
  (6) 

In this case, the number of nodal points on the appropriate spatial lattice should be 

proportional to Re9/4, which results from the statistical theory of the turbulent motion 

[34,41]. 

3. Results and Discussion 

Darcy’s law is still the basis for a detailed analysis of fluid flow in porous media. In 

its original form, this law describes the permeability conditions of various types of gran-

ular beds by referring to the filtration mechanism during the laminar flow of water 

through a layer of sand, which is the standard granular medium. Taking into account the 

variability of the properties of the liquid, the velocity through the porous bed will be 

proportional to the change in density ρ and inversely proportional to the change in vis-

cosity η [42]. Then the Darcy equation describing the permeability Q of the porous bed 

takes the following Formula (7): 

𝑸 = 𝑲𝑨𝒐
𝝆𝒈

𝜼

𝜟𝒉

𝑳
  (7) 

This formula remains one of the features of the modern description of this phe-

nomenon, although it only applies to laminar flow. The K factor in Equation (7) describes 

the so-called the permeability of a porous medium, and its value, as shown by the Darcy 

model, is characteristic of a given porous medium. Since this coefficient (by definition) 

has a surface dimension, its value from a hydrodynamic point of view—as a characteris-

tic dimension—is very often regarded as a certain geometrical feature characterizing the 

overall permeability of the porous material. On the other hand, the value of this perme-

ability depends not only on the filtration properties of the porous medium (its structure, 

particle size, their density, porosity, etc.), but also on the physical properties of the fluid, 

especially its viscosity [43]. As a rule, this factor does not depend on the shape and size of 

the bed itself. Of course, the Darcy model is also applicable to the description of pressure 

flows. Then, for Equation (7), one can obtain the following (8): 

𝑸 = 𝑲𝑨𝒐
𝜟𝑷

𝜼𝑳
→ 𝑲 = 𝜼

𝑸

𝑨𝒐

𝑳

𝜟𝑷
  (8) 

The last equation shows that for a given volume flow Q, the permeability of a porous 

bed can be determined experimentally if the fluid properties η and the geometric pa-

rameters of the flow system Ao are known. The pressure drop ΔP across the bed is 

therefore an experimental value. If the hydrodynamic parameters are known (flow rate, 
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pressure drop, porosity of the material and, of course, the type of gas), the value of the 

permeability coefficient can be determined experimentally. Then Relation (9) can be 

written as follows: 

𝐾𝑉 =
𝑄𝑔

√
𝛥𝑃𝑧𝑚
𝜌𝑔

  (9) 

3.1. Experimental Assessment 

A reference point to the assessment of fluid dynamics of gas flow through a porous 

material was a porous polyamide comprising the agglomerate of spherical particles with 

identical dimensions, about 0.1 mm diameter. This material has the absolute porosity of 

32% Table 1. To obtain the research objective, the detailed experimental tests were con-

ducted to assess the gas permeability of skeletal material porous—for one sample de-

pending on the flow direction X, Y and Z and the averaged direction XYZ—by using air 

as a working medium Table 2. 

Table 2. The results of gas permeability measurements depending on the flow direction air, 18oC. 

Research Material Porous Sinter (Polyamide) 

Sample Number XV-1 

No. 
Reference pressure 

Po, MPa 

Gas stream 

V∙103, m3/s 

Resistance flow 

ΔPexp, kPa 

direction of gas flow: X 

1 0.04 0.078 7.2 

2 0.08 0.276 40.4 

3 0.1 0.376 63.2 

4 0.12 0.477 87.5 

5 0.16 0.600 128.6 

direction of gas flow: Y 

1 0.04 0.060 4.7 

2 0.08 0.225 29.7 

3 0.1 0.380 66.8 

4 0.12 0.474 90.7 

5 0.16 0.600 127.7 

direction of gas flow: Z 

1 0.04 0.078 7.3 

2 0.08 0.247 39.1 

3 0.1 0.358 61.8 

4 0.12 0.452 85.3 

5 0.16 0.600 128.7 

average values XYZ 

1 0.04 0.071 6.3 

2 0.08 0.248 36.1 

3 0.1 0.371 63.9 

4 0.12 0.467 87.8 

5 0.16 0.600 128.3 

By assumption, the own model (9) was compared to an alternative approach to the 

assessment of pressure drop resulting from local resistances in the porous structure to the 

multiplanar flow directions X, Y and Z (Figure 3). The distribution of experimental points 

presented in Figure 3 proves that the permeability characteristics of this material practi-

cally do not depend on the direction of gas flow, which proves the symmetrical structure 

of its structure Figure 4, which is similar to a diamond pattern and has isotropic proper-
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ties. Interestingly, for porous polyamide the permeability characteristic is non-linear 

(Figure 3), which, in the measuring range, indicates the advantage of turbulent gas flow 

over its laminar flow. 

 

Figure 3. Distribution of experimental points characterizing the air flow Qg by depositing a cube-shaped sample of pol-

yamide with dimensions of 20 mm × 20 mm × 20 mm, with reference to for the measured flow resistance ΔP depending on 

the direction of flow, i.e., X, Y and Z. 

 

Figure 4. Research material—porous sinter: example of a porous material structure (black = free 

space; white = frame-based structure). 

The assessment of gas permeability through porous beds is important both for pro-

cess and technological reasons. In both cases, numerous attempts are made to find effec-

tive methods of predicting permeability of porous materials, as well as effective methods 

of measuring and verifying the methods of this assessment. 

For example, in the mathematical model of decarbonation of a ball-shaped sample 

made of Hills calcium carbonate [44], it assumes that carbon dioxide flow follows 

Knudsen’s diffusion principles [45,46]. Consequently, carbon dioxide transport equations 

use Knudsen diffusion coefficients. Khinast et al. Assume similarly in the paper [47], re-

garding limestone decarbonation. Still another approach is presented in [44]. An effective 

carbon dioxide transport factor through the layer of quicklime is introduced in the de-

scription of carbon dioxide transport during limestone decarbonation. On the other hand, 

in [48,49], the Darcy equation [50,51] is used to describe the displacement of the thermal 

dissociation reaction front of limestone, in which the specific permeability of the solid 

reaction product characterizes its texture [52] and determines the amount of carbon di-

oxide flow. 
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Thus, there is a relationship between the porosity of the bed and the type of flows 

that can occur in it [53]. A characteristic feature of Poiseuille flow is the viscous flow re-

sistance, which determines the gas flow velocity in the capillaries forming the porous 

medium. In Knudsen diffusion flow, the frequency of collisions of gas particles with ca-

pillary walls is higher than the frequency of intermolecular collisions. Gas loses mo-

mentum due to collisions with capillary walls. Volmer flow occurring as a result of sur-

face diffusion is particularly important in limestone decarbonation. According to 

Bretsznajder [54], carbon dioxide forms a two-dimensional gas on the surface formed by 

calcium oxide, which moves from places with low carbon dioxide adsorption potential to 

places with higher carbon dioxide adsorption potential, favoring the course of the reverse 

reaction to the thermal dissociation reaction of calcium carbonate. At large times, for 

which Kn < 10−2, there is a Poiseuille flow. When the average free path of gas molecules in 

relation to the diameter of the capillary (pores) through which the gas flows is in the 

range Kn (10−2-10), the flow in the capillary (time) occurs under the influence of its own 

partial pressure gradient. Surface diffusion of two-dimensional gas occurs for the value 

of Knudsen number Kn > 10−2. 

According to the principles adopted in chemical technology [55], the description of 

limestone decarbonation uses, among others, the mass balance equation of transported 

carbon dioxide through the resulting quick lime layer and the heat balance equation 

recorded for the reaction front [44,47–49,56]. 

Another example is the Skotniczny study [57] for a porous medium, which was a 

bed formed of glass beads (ballotin). According to Skotniczny, for the fluid flow through 

the isotropic medium, the value of the Reynolds Red number is important, which is a 

characteristic dimension for the diameter of the solid phase particle. The author of the 

study noted that for flows with Red > 1 there are deviations from Darcy’s law due to the 

increasing share of an additional factor, which is the quadratic resistance of the flow. This 

phenomenon, interpreted by Forchheimer [58], indicates the extension of the basic Darcy 

equation by a term describing the effect of quadratic resistance on pressure drop in a 

porous bed. 

The empirical observations [59–66] indicate that the movement of air and other 

gases taking place at a distance not very far from the rigid impermeable walls is most 

often of a turbulent flow nature [60]. The final effect of the internal transport of kinetic 

turbulence energy is its dissipation occurring due to fluid viscosity, in the range of the 

finest vortex structures characterizing the flow [59]. Turbulent flow is an unstable 

strongly vortex motion, for which the occurrence of vortices of various size scales is 

characteristic. Large-scale vortices are carriers of the greatest kinetic energy, but they do 

not dissipate it; instead, they transfer it to smaller-scale vortices. As a result, the energy 

dissipates finely in vortices of the smallest scale and converts it into heat [61–63]. Turbu-

lence may or may not develop when the Reynolds number Re exceeds the critical value 

Recr [64]. Detailed experimental studies have shown that this value is not universal, but 

depends on the specific type of fluid movement. For example, for flow through straight 

round tubes Recr = 2300. Due to the complex nature of turbulent movement, its univer-

sally accepted definition has not yet existed, and all existing terms are fragmentary and 

incomplete. According to the classic Hinze definition [62], turbulent flow is an irregular 

fluid movement in which velocity and other flow parameters experience unpredictable, 

random changes in space and time (so-called fluctuation). However, certain average 

values characterizing the flow may be determined. 

The cause of turbulent traffic for many years was an unsolved problem, among 

others due to the incompatibility of this phenomenon with the variational principles of 

mechanics. As Reynolds [64] suggested, and Lin ultimately showed [65–67], the cause of 

turbulence is fluid instability, in which, in addition to the regular behavior characteristic 

of laminar flow, there is a continuous spectrum of alternative behavior. Because none of 

them are highlighted in any particular way, the actual fluid motion process occurs ran-

domly from one alternative behavior to another. This manifests itself in the form of a 
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chaotic turbulent movement. The role of viscosity in creating turbulence is clearly am-

bivalent. An increase in viscosity stabilizes the nature of fluid movement. On the other 

hand, viscosity is an important cause of instability, and ideal fluid flows, in which the 

viscosity of the definition equals zero, are always regular and no turbulence occurs. Ac-

cording to the Reynolds idea, the vector of fluid velocity in turbulent motion can be 

presented as the sum of the average value and random fluctuation. Consequently, 

non-zero component values for the Reynolds tensor are finally obtained for the move-

ment of real fluids. Depending on how the Reynolds tensor is represented, the appro-

priate turbulence model is obtained. 

The reference books also describe statistical–physical models describing the course 

of the liquid flow process in porous structures, as illustrated in the studies [2,3,19,68,69]. 

The fluid movement has a different character for turbulent flow in the free stream and in 

the pore space. The effect of the occurrence of a non-zero speed at the media border, 

called the slip velocity, is difficult to accurately describe due to the significant differences 

in the equations of motion describing the flow of fluid in a free stream and in a porous 

bed. 

From the phenomenological point of view, the flow of a liquid through a porous 

medium may be subject to various hydrodynamic criteria, which are influenced by the 

structure of the medium, the type of fluid (single or multiphase) and the method of 

forcing the flow (gravity, pressure). A wide range of carefully analyzed publications, incl. 

in the works [70–75] describing this issue on the scientific and research grounds, it con-

cerns the filtration process and is generally equated with the laminar flow of a fluid 

through granular beds according to Darcy’s law [76]. It does not exhaust many other 

examples of fluid flow through porous media. For turbulent fluid flow, the Forchheimer 

[77] and Szczelkaczew [78] models should be distinguished. A more advanced descrip-

tion of the flow through the spatial system of capillaries in the form of meandering 

channels is also found in Brinkhman [79]. The literature on the subject discusses other 

models of hydrodynamics of single and multiphase fluids flowing through porous me-

dia, taking into account the influence of fluid properties and the type of porous medium 

on the flow through granular beds [80–87]. A separate group of the practical use of the 

gas permeability methods is studies on the quality assessment of construction materials, 

particularly concretes [88–92]. Research upon the gas permeability of concretes also ena-

bles indirectly assessing the capillary/porous structure of concretes which results from 

their composition of components, including a kind of the cement applied. This research is 

exemplified by the experiments carried out by Tracz [92]. In this research the author de-

termines the permeability of concretes for the nitrogen flow and by using Darcy’s law. 

The results of these tests indicate a clear influence of the total porosity of the mortar iso-

lated from concrete on its permeability. Another method for measuring the concrete gas 

permeability is Torrent’s method which is, among others, described in the study by Śli-

wiński and Tracz [91]. This method is restricted to the sample of concrete with a thickness 

of several centimeters to which a vacuum suction pipe is connected with a special meas-

uring head. The permeability measurement consisted of creating the vacuum of 10-50 

mbar on the controlled surface of the tested element; then, after obtaining the required 

vacuum and deactivating the vacuum pump, the pressure freely equalizes to the at-

mospheric pressure. It was determined that the time and intensity of pressure equaliza-

tion depended on the concrete permeability, which proves its porosity and structural 

construction. In addition, concretes are characterized by very small gas permeability (10−4 

mDa) which is proved by numerous research, including those carried out by Glinicki 

[88], the results of which also cover the concrete quality classification criteria. The thesis 

that identifies the flow nature (laminar or turbulent) with the permeability of porous 

materials contributed to numerous experimental research, in particular with respect to 

the gas flow conditions in such structures [93–96]. 

The methods used to measure gas permeability through porous beds are very di-

verse in the literature and it can be assumed that the only common feature of these 
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methods is the construction of samplers, although there are no uniformly standardized 

methods for this assessment. An additional difficulty in this respect is the fact that the 

samples used in the research have a different form and shape, and most often they are 

model beds, which do not always correspond to real conditions. A slightly different as-

pect is that the gas permeability assessment is generally performed in one selected flow 

direction of the prepared sample, which, in relation to porous natural materials, leads to 

large quantitative errors. This state of affairs does not facilitate the transfer of measure-

ment results to real conditions, nor does it facilitate the establishment of clear criteria for 

scale transfer. This results in the individualization of methods for assessing gas permea-

bility through porous beds, which are usually based on experimental formulas. The the-

oretical assumptions resulting from the interpretation of the hydrodynamics of the gas 

flow through various media are formulated with greatly diversified models (mathemat-

ical and experimental), considering a straight/axial flow (Poiseuille’s laminar flow mod-

el) or a more complex filtration process (the Darcy model that is the only possible one for 

the laminar movement) or numerous modifications of those models for specific structural 

conditions of the deposit, based on the experimental criteria of the fluid movement in the 

closed spaces. The literature-based modifications most frequently refer to the determina-

tion of flow resistances, albeit they are dedicated for granular media or for their specific 

forms such as the infill of column apparatuses. 

Referring to the analysed methods for measuring the gas flow in porous structures 

and methods for assessing the gas permeability through porous deposits, it must be 

stated that a great difficulty for the application of the literature-based models and their 

adaptation to other (compared to their assumptions) process conditions is a result of a 

very diversified structure of porous materials, particularly the shape of pores, their 

cross-section, mutual connections that enable the liquid flow or the porosity size whose 

relatively high value does not always mean the greater efficiency of the frame-structured 

porous materials. 

Generally, it may be assumed that the non-linear dependence (Figure 3) between the 

pressure decrease and the liquid flow is characteristic for a great amount of inertia forces 

that are significantly higher than the impact of viscosity forces—Forchheimer’s model 

[77]. In its general approach, the model described by Forchheimer is also called the Dar-

cy–Forchheimer model, delineates a decrease in pressure in the porous deposit with re-

spect to viscosity forces characteristic for the laminar flow (Darcy law) and to inertia 

forces that consider the significance of the turbulent flow. The characteristic Forchheimer 

coefficient, for which the permeability parameter K, is determined experimentally, but 

there are also known calculation formulas that depend the value of this coefficient on the 

deposit porosity and the channel tortuosity. A slightly broader definition of the Forch-

heimer model is provided by Brinkman who observed that elementary liquid flows 

moving at various speeds would affect one another with additional viscosity forces, de-

pending on the flow of wall effects with diversified sections [97]; this is confirmed by a 

fully developed turbulent flow [98–101]. By comparing the Darcy, Forchheimer and 

Brinkman models, it is possible to compare the scope of their application as shown in 

Figure 5. The characteristics of the permeability function with respect to the pressure 

decrease in the deposit show that except for the Darcy range (A) in which the linear de-

pendence of this function applies, in the remaining ranges depicting the transitional and 

turbulent flows (B and C), this function is non-linear. When in the laminar area the liquid 

flow is affected by diffusion phenomena, then in this area the permeability description is 

also non-linear. Generally, the greater flow turbulence gives rise to the greater impact of 

inertia forces on the generation of flow resistances. 
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Figure 5. Gas flow as a function of gas flow resistance in a granular medium (author’s own elabo-

ration) range: A—Darcy, B—Forchheimer, C—Brinkman. 

In all the cases described in the literature there is no uniform view of the possibility 

of using in the hydrodynamics description the criteria for flow pores or the assessment of 

gas permeability (flow stream). In addition, there are considerable variations in the ap-

proach to the experimental assessment of the permeability parameters. It hinders to a 

great extent the possibility of the research results, which, consequently, leads to difficul-

ties in adapting the existing computational models. An additional problem is the proper 

assessment of the nature of the flow and the actual flow parameters resulting from the 

structure of the porous deposit. 

A significant variety of porous deposits, both for their use in the industrial tech-

nology and their presence in the environment, makes the flow of liquids through this 

kind of materials tremendously complex and not finally recognized. The reference books 

referring to this issue put a greater emphasis on the application-based recognition of 

hydrodynamics of the liquid flow through porous deposits (granular or skeletal) com-

pared to the fundamental research; therefore, the use of the gas permeability model was 

proposed. Figure 6 shows the gas permeability characteristics related to the apparent 

velocity in the deposit depending on the direction of gas flow, i.e., X, Y and Z. The ob-

served phenomenon of gas permeability indicates the correct interpretation of the pro-

posed model (9), because regardless of the direction of gas flow in the characteristic 

channels forming orthogonal networks, the curves overlap. 
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Figure 6. Distribution of experimental points characterizing the KV gas permeability coefficient through a 20 mm × 20 mm 

× 20 mm cubic polyamide bed with respect to the measured gas flow velocity, wε, depending on the flow direction X, Y 

and Z. 

The developed model (9) was related to the Brinkman, Forchheimer, Darcy and 

Szczełkaczew models (Figure 7); it can be noticed that the author’s own model univer-

sally fits into the previously unrecognized area and fills the gap for the research niche. 

The author’s own model also takes into account the mean volumetric value calculated as 

a weighted mean for the generalized XYZ direction (Figure 7). It can be seen in Figure 7 

that very different results are obtained in terms of the applied calculation method. There 

are three characteristic tendencies of changes in the value of the gas permeability coeffi-

cient with the increase in apparent velocity: increasing (Figure 7a), proportionally in-

creasing (Figure 7a) and decreasing (presented in detail in Figure 7b). According to the 

Darcy, Forchheimer and Brinkman models, the downward trend indicates a greater 

throttling effect than the gas velocity is available for. A completely different character of 

the changes in the gas permeability coefficient is described by the Szczełkaczew model; 

this indicates an increase in the permeability intensity with an increase in gas velocity, 

eliminating the effects of throttling. The gas flow intensity may indicate the full free sur-

face with a regular structure (Figure 4). Taking into account such large discrepancies and 

numerous limitations in the use of models known from the literature in terms of the 

structure of porous materials and the approach to the assessment of the hydrodynamics 

of gas flow through porous materials—based on the author’s own model—it was ob-

served that the gas permeability coefficient increases proportionally to the apparent ve-

locity. 

This demonstrates the limitations of the use of other authors’ models in relation to 

the proprietary model, which is universal and has no limits to its application. 
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(a) 

 

(b) 

 

Figure 7. Reference and comparison of the Kv gas permeability coefficient to other models—distribution of experimental 

points characterizing the gas permeability of a 20 mm × 20 mm × 20 mm cubic polyamide bed with respect to the meas-

ured gas flow velocity depending on the averaged direction of flow XYZ: (a) general chart and (b) fragment of the chart. 

3.2. Numerical Assessment 

The characteristic type of polyamide material is shown in Figure 8, which, in its 

structure, is representative of the microchannels forming the orthogonal network that is 

typical for polyamide sinter. The network model of the geometry of gas flow forms the 

structural equivalent to these materials, as it represents the structure and porosity of the 

materials in question. The porous sinter (polyamide) demonstrating the characteristics of 

isotropy Figure 3 forms in this respect a practical model of the porous material whose 

equivalent number for a sample volume with the cubic shape is equal to n = 1 (Table 1). In 

addition, a porous medium characterized by a porous structure Figure 8a is repeatable in 

terms of its layout of all its components, which leads to the conclusion about repetitive 

geometry of the calculation network along its entire volume. On the basis of the model of 

the geometry of porous spaces (Figure 8b), a specific gas flow unit was identified to es-

tablish the elementary model of its geometry (Figure 8c). This was followed by its dis-

cretization for different mesh densities were used in the calculations, as shown in the 

examples in Figure 8d. 
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(a) (b) 

 

 
 

 

(c) (d) 

  

Figure 8. Geometrical model: (a) porous bed with a symmetric cube structure a = 20 mm, dk = 10 μm, Ψ = 32.2%, elemen-

tary bed model structure; (b) structure of symmetric porous spaces; (c) elementary unit of cellular open for flow structure; 

(d) calculation network 85∙103 cells. 

From the assessment of the impact of the number of grid cells on pressure distribu-

tion in the orthogonal network it follows that the repeatable results of calculation are 

obtained for 85∙103 and more number of cells (Figure 9). 
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Figure 9. Discretization of model of geometry for cube-shaped network; a = 20 mm, dk = 10 μm, Ψ 

= 32.2%. 

In order to analyze the fluid dynamics of gas flow through microchannels in a po-

rous material, there must be a step related to the determination of the material properties, 

determination of environmental conditions and selection of boundary conditions. This 

stage is one of the most important aspects of using the CFD method, as the range of initial 

and boundary conditions significantly affects the quality of the obtained numerical solu-

tion. The analyzed issue concerned the definition of the superficial criteria needed to de-

fine the boundary conditions at the inlet: pressure-inlet and velocity-inlet. For this pur-

pose, selected areas were identified along the model object, which were later called 

zones. Such zones are taken into account in the calculation procedure as a representation 

of the limits for which selected input quantities, both measurable and observable, are 

determined. The inlet boundary condition was defined as the air velocity at the inlet to 

the duct with the value ug = 0.195 ms–1. The boundary condition for the outlet pressure 

was assumed as determined by the static pressure. During the simulation, the input pa-

rameters were set as they were during the experimental tests. For example, the property 

of a gas under temperature and pressure conditions was as follows: gas viscosity 

0.000018 Pas, gas density (1.258–2.684) kg/m3, ambient temperature and pressure (4.7–

128.7) kPa. In numerical research, only an example of the structure formed by the real 

sample is presented. The focus was on relating the hydrodynamic conditions in the nu-

merical object. The calculation results characterizing the pressure change during gas flow 

in a cubic structural system are shown in Figure 10a. For a multiplied volume sample, 

analogous calculation results are shown in Figure 10b. The same calculation criteria were 

used to describe the velocity field as shown in Figure 10c,d. In each of these cases, a con-

sistent set of calculation results was obtained, which indicates a well-applied methodol-

ogy for modeling the geometric structure of porous materials. 
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(a) (b) 

  

(c) (d) 

  

Figure 10. Distribution of gas flow in the framework structure for the cross-section of (a) the elementary unit’s pressure, 

Pa; (b) times multiple of the elementary unit’s pressure, Pa; (c) the elementary unit’s velocity, ms-1; (d) times multiple of 

the elementary unit’s velocity, ms−1. 

The summary of the results, yet referring to the comparison of the results of the 

numerical and experimental data, is presented in Figure 11. The results of the numerical 

studies—which are related to the mean structure of these materials—offer a suitable 

characteristic of the conditions resulting from the fluid dynamics of the gas flow through 

a porous bed. The tendency to note variations in the permeability function that was ob-

served for a constant geometric network represented by the velocity of the gas flow offers 

a considerable degree of repeatability; it is does not present distinct results from the ones 

gained from the experiment. The lower results gained from the experiment for the case of 

polyamide (Figure 11) are associated with the imperfections of the structure of this ma-

terial, formed by sintered material with a cube-shaped structure, as it comprises a large 

number of defects in the capillary flow channel, which result from the characteristics of 

the sintering process. This could lead to formation of an asymmetric structure [102,103], 

which was not accounted for in the numerical calculations. The analysis of the results 

presented in Figure 11 also leads to the statement that for a porous isotropic material, 

there must be a boundary range of gas velocities for which the pressure drop assumes the 

lowest value for around 1 ms−1 for polyamide. This distinction is associated with the di-

verse structure of these materials. The results confirm the well-accepted calculation 

methodology and make it possible to evaluate the dynamics of gas flows through porous 
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structures. This study can form a considerable contribution to the validation of the results 

of testing performed in the conditions of actual porous beds. 
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Figure 11. Summary of experimental and numerical results for porous sinter. 

4. Conclusions 

Experimental studies have shown that the porous polyamide sinter is an isotropic 

material. The results of numerical simulations enabled the quantitative analysis of gas 

flow through the structure of orthogonal microchannels using the turbulent k–ε model 

taking into account the Kolmogorov hypothesis. The validation of the numerical model 

with experimental data indicates the validity of the adopted research methodology. The 

following conclusions can be drawn from this study: 

(1) It was found that the permeability characteristics of the tested porous material 

practically did not depend on the direction of gas flow. This indicates a symmetrical 

structure and isotropic properties. For porous polyamide, the permeability characteristic 

is non-linear, which, from the point of view of the measurements carried out, indicates 

the advantage of turbulent gas flow over its laminar movement. The porous medium 

characterized by a spherical bed structure is reproducible in every element in terms of its 

structure. 

(2) The results of numerical calculations concerning the structure of the porous ma-

terial in the form of sintered polyamide are well characterized by the conditions resulting 

from gas flow through the porous bed. The tendency of changes in the permeability 

function is repeatable and does not differ much from the experimental values. 

(3) The analysis of the presented results shows that for a porous polyamide bed 

there is a certain limit range of gas velocity (10−4-1) ms−1, at which the flow resistance is the 

lowest. On the other hand, the highest value of the flow resistance is gradually achieved 

in the range of gas velocity (1-10) ms−1. This is due to the different structure of the iso-

tropic polyamide material. 

(4) Practically in all cases (literature models) there is no uniform view on the possi-

bility of using criteria characteristic for flow resistance or assessment of permeability 

(flow stream) in the description of hydrodynamics. In addition, the literature on the 
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experimental 
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subject indicates large discrepancies in the approach to the experimental assessment of 

permeability parameters. This makes it difficult to compare research results, which in 

turn translates into difficulties in adapting the already existing computational models. 

Moreover, the problem is the correct assessment of the nature of the flow and flow pa-

rameters resulting from the structure of the porous bed. 

(5) The innovation of the work consists in the concept of solving the above problems 

and a completely new approach to gas permeability based on the assessment of process 

phenomena in many technological aspects relating to the properties of materi-

als—resulting from the hydrodynamics of gas flow, e.g., example by isotropic material. 

(6) A novelty in the research is the use of a measuring system to test the permeability 

of a porous material for a directed gas flow. The use of a proprietary model of the gas 

permeability coefficient enables a universal approach to research on the hydrodynamics 

of porous deposits. 
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Nomenclature 

List of major signs 

a edge of the cube m 

b vector of mass forces (acceleration of gravity) m/s2 

c constant  

d diameter m 

e unit base vector  

g  earth acceleration m/s2 

k kinetic energy of turbulence m/s2 

l scale of vortex  

m mass kg 

n equivalent number of volume *  

o open  

p pressure Pa 

t time s 

u velocity m/s 

w velocity m/s 

x Cartesian coordinate  

A layer bed cross-section, m2  

D outer diameter of the cell m 

K coefficient of permeability m2 

L height of porous medium m 

P pressure Pa 

Q stream m3/s 

Re Reynolds number  

T scale of tunnel  
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V volume m3 

ΔP pressure drop, resistance flow Pa 

Δh denotes pressure drop Pa 

δ Kronecker symbol  

ε dissipation of kinetic energy of turbulence m2/s−3 

η viscosity Pa·s 

λ the Kolmogorov scale  
 density kg/m3 

τ stress Pa 

ψ indicator porosity  

ω vortex  

ϑ density of a solid body kg/m3 

Ψ porosity  

Lower indices refer to 

1, 2, 3 Cartesian components 

b absolute 

cr critical value 

d particle diameter 

e equivalent 

g gas 

k ball 

o reference 

poz apparent 

pr sample 

st skeleton 

swo free 

zm measured 

V own model 

References 

1. Aksielrud, G.A.; Altszuler, M.A. Mass Movement in Porous Bodies; WNT: Warsaw, Poland, 1987. 

2. Dulniеw, G.N.; Nоwikоw, W.W. Prоciеssy piеriеnоsа w niеоdnоrоdnych sriеdаch. Eniеrgоаtоmizdаt 1991, 248. 

3. Mozhaev, A.P. Chaotic homogeneous porous media. 2. Theory of dispersion turbulence: Basic propositions. J. Eng. Phys. 

Thermophys. 2002, 75, 371–383. 

4. Wałowski, G. Interpretation of gas flow mechanisms in anisotropic porous materials in phenomenological terms. Int. J. Curr. 

Res. 2018, 9, 62010–62015. 

5. Corey, A.; Klute, A. Application of the potential concept to soil water equilibrium and transport. Soil Sci. Soc. Am. J. 1985, 49, 3–

11. 

6. Hopmans, J.; Dane, J. Temperature dependence of soil water retention curves. Soil Sci. Soc. Am. J. 1986, 50, 562–567. 

7. Kool, J.; Parker, J.; van Genuchten, M. Determining soil hydraulic properties from one-step outflow experiments by parameter 

estimation. Soil Sci. Soc. Am. J. 1985, 49, 1348–1359. 

8. Mansell, R.; Bloom, S.; Burgoa, B.; Nkedi-Kizza, P.; Chen, J. Experimental and simulated p transport in soil using a multireac-

tion model. Soil Sci. Soc. Am. J. 1992, 153, 185–194. 

9. Talsma, T. Prediction of hydraulic conductivity from soil water retention. Soil Sci. Soc. Am. J. 1985, 140, 184–188. 

10. Williams, R.; Ahuja, L.; Naney, J. Comparison of methods to estimate soil water characteristics from soil texture, bulk density, 

and limited data. Soil Sci. Soc. Am. J. 1992, 153, 172–184. 

11. Burdine, N.T. Relative permeability calculation from pore size distribution data. Trans. Am. Inst. Min. Eng. 1953, 198, 71–78. 

12. Gonet, A.; Nagy, S.; Rybicki; C.; Siemek, J.; Stryczek, S.; Wiśniowski, I.R. Coal bed methane extraction technology (CBM). Min. 

Geol. 2010, 5, 5–25. 

13. Mualem, Y. Modeling the hydraulic conductivity of unsaturated porous media. In Indirect Methods for Estimating the Hydraulic 

Properties of Unsaturated Soils; van Genucthen, M.T., Leij, F.J., Lund, L.J., Eds.; University of California: Riverside, CA, USA, 

1992; pp. 15–36. 

14. Szott, W.; Gołąbek, A. Simulation of the process of exploitation of natural gas deposits in shale gas formations. Oil Gas. 2012, 

68, 923–936. 

15. Mertas, B.; Sobolewski, A.; Różycki, G. Research on gas permeability of the plastic layer of coals as a factor influencing the 

magnitude of the generated expansion pressure. Karbo 2013, 2, 163–171. 



Materials 2021, 14, 3832 23 of 25 
 

 

16. Wiеzirоw, D.S.; Kоcziеszkоw, А.А. Мiеchаnikа i mаszinоstrоjеnijе. Izw. АN SSSR 1963, 6, 87–90. 

17. Grunewald, J.; Bomberg, M. An engineering approximation of material characteristics for input to heat, air and moisture 

transport simulations. In Proceedings of Materials of Symposium for Building Physics; Copenhagen, Denmark, 16–18 June 

2008. 

18. Grunewald, J.; Steiger, M.; Kriegel, R.; Espinosa, R. Implementierung Eines Models für den Salztransport in Kapillarporösen 

Baustoffen im Simulationprogramm Delphin4; Materials of Symposium for Building Physics; TU Dresden: Dresden, Germany, 

2002; pp. 514–525. 

19. Grunewald, J.; Funk, M.; Scheffler, G.; Sladek, V.; Sladek, J. Modelling, Software Development and Simulation. In Workpackage 

1 Report of the EU Project GRD1-1999-11149 “Development of Insulation Materials with Specially Designed Properties for Building 

Renovation—INSUMAT”; Eigenverlag der TU Dresden: Dresden, Germany, 2004. 

20. Skotniczny, P. Determination of the sliding velocity for tangential air flow over a porous bed. Works Strata Mech. Inst. Pol. Acad. 

Sci. 2011, 13, 183–195. 

21. Biełow, S.W. Pоristyjie mietаłły w mаszinоstrоjеnji. Маszinоstrоjеnjiе 1976, 184. 

22. Kiеlciеw, N.W. Оsnоwy аdsоrbciоnnоj tiеchniki. Chimija 1976, 512. 

23. Kоłоkоlnikоwа, I.I. Dоłgоwiеcznоst strоitiеlnych mаtiеriаłоw. Wysszаja Szkоłа 1975, 159. 

24. Sziеjdiеggiеr, А.I. Fizikа tiеciеnija żidkоstiеj cziеriеz pоristyjе sriеdy. Gоstоrtiеchnizdjat 1960, 251. 

25. Wyrwał, J. Moisture Movement in Porous Materials and Building Partitions; WSI in Opole; Studies and Monographs; WSI: Opole, 

Poland, 1989; Volume 31. 

26. Werner, H.; Gertis, K. Energetische kopplung von feuchte- und wärmeübertragung an außenflächen. In Hygrische 

Transportphänomene in Baustoffen; Deutscher Ausschuß für Stahlbeton: Berlin, Germany, 1976; Volume 258. 

27. Pogorzelski, J. Thermal Physics of Buildings; PWN: Warsaw, Poland, 1976. 

28. Wałowski, G. Interpretation of the mechanism of biogas flow through an adhesive bed in analogy to gas-permeability for a 

structural model of a porous material. Int. J. Curr. Res. 2018, 10, 76225–76228, doi:10.24941/ijcr.33180.12.2018. 

29. Czekała, W.; Gawrych, K.; Smurzyńska, A.; Mazurkiewicz, J.; Pawlisiak, A.; Chełkowski, D.; Brzoski, M. The possibility of 

functioning microbiogas plant in selected farm. J. Water Land Dev. 2017, 35, 19–25, doi:10.1515/jwld-2017-0064. 

30. Voytovych, I.; Malovanyy, M.; Zhuk, V.; Mukha, O. Facilities and problems of processing organic wastes by family- type 

biogas plants in Ukraine. J. Water Land Dev. 2020, 45, 185–189, doi:10.24425/jwld.2020.133493. 

31. Cała, M. Soil Mechanics; Department of Geomechanics, Civil Engineering and Geotechnics; AGH University of Science and 

Technology: Krakow, Poland, 2012. 

32. Filipczak, G.; Wałowski, G.; Krause, E. System for Determination the Coefficient of Gas Permeability through Porous Materials 

with Anisotropic Structure, preferably through Chars. Patent P.409191, 18 August 2014. 

33. Ferziger, J.H.; Peric, M. Computational Methods for Fluid Dynamics; Springer: New York, NY, USA, 1999. 

34. Murakami, S.; Mochida, A. Applications of CFD to bluff body aerodynamics. In A State of Art in Wind Engineering; Wiley 

Eastern Limited: New Delhi, India, 1995; pp. 65–89. 

35. Chou, P.Y. On velocity correlations and the solutions of the equations of turbulent fluctuation. Q. Appl. Math. 1945, 3, 38–54. 

36. Launder, B.E.; Reece, G.J.; Rodi, W. Progress in development of a Reynolds-stress turbulent closure. J. Fluid Mech. 1975, 68, 537–

566. 

37. Elsner, J.W. Turbulence Flows; PWN: Warsaw, Poland, 1987. 

38. Bogusławski, A.; Drobniak, S.; Tyliszczak, A. Turbulence—From randomness to determinism. Eng. Model. 2008, 36, 41–48. 

39. Ansys Inc. Academic Research, Relase 13.0, Help System, CFX-Solver Theory Guide; Ansys Inc.: Budapest, Hungary, 2010. 

40. Siuda, T. Possibilities of using the FLUENT program in the works carried out at the oil and gas institute. Nafta Gaz 2011, 67, 53–

63. 

41. Chung, T.J. Computational Fluids Dynamics; Cembridge University Press: Cambridge, UK, 2002. 

42. Strzelecki, T.; Kostecki, S.; Żak, S. Modeling Flows through Porous Media; Lower Silesian Educational Publisher: Wrocław, Poland, 

2008. 

43. Waluk, J. Laboratory of Soilmechanics; Wroclaw University of Science and Technology: Wrocław, Poland, 1973. 

44. Hills, A.W.D. The mechanism of the thermal decomposition of calcium carbonate. Chem. Eng. Sci. 1968, 23, 297–320. 

45. Bennett, C.O.; Myers, J.E. Transfer of Momentum, Heat and Mass; WNT: Warsaw, Poland, 1962; pp. 413–419. 

46. Burghardt, A.; Bartelmus, G. Chemical reactor engineering. In Reactors for Heterogeneous Systems; Polish Scientific Publishers; 

PWN: Warsaw, Poland, 2001; Volume 2. 

47. Khinast, J.; Krammer, G.F.; Brunner, C.; Staudinger, G. Decomposition of limestone: The infl uence of CO2 and particle size on 

the reaction rate. Chem. Eng. Sci. 1996, 51, 623–634. 

48. Lech, R. A mathematical model of thermal decomposition of limestone: Part 1–Set of the model equations. Silic. Ind. 2008, 73, 

205–218. 

49. Lech, R. Mathematical Modeling in Ceramics Technology; AGH Publishing House: Krakow, Poland, 2007. 

50. Geiger, G.H.; Poirier, D.R. Transport Phenomena in Metallurgy; Addison–Wesley: Boston, MA, USA, 1973; pp. 91–92. 

51. Malczewski, J.; Pierkarski, M. Models of Mass, Momentum and Energy Transport Processes; PWN: Warsaw, Poland, 1992; pp. 223–

225. 

52. Klinik, J. The Texture of Porous Solids; Center for Part-Time Education: Krakow, Poland, 2000; pp. 4–5. 

53. Lech, R. Front velocity distribution of limestone decarbonation as a function of texture. Ceram. Mater. 2007, 2, 63–67. 



Materials 2021, 14, 3832 24 of 25 
 

 

54. Bretsznajder, S. On the course of the reaction type A solid + B gas = C solid. In Catalysis and Catalysts; Basiak, E., Ed.; PWT: 

Warsaw, Poland, 1952, pp. 329–373. 

55. Bretsznajder, S. Fundamentals of General Technology. In Inorganic Chemical Technology; Bobrownicki, W., Ed.; WNT: Warsaw, 

Poland, 1965; pp. 44–47. 

56. Seidel, G.; Huckauf, H.; Stark, J. Technologie des Ciments, Chaux, Plâtre; Septima: Paris, France, 1980; pp. 34–389. 

57. Skotniczny, P. Model of air flow in a porous medium, taking into account internal heat sources. Works Strata Mech. Inst. Pol. 

Acad. Sci. 2008, 10, 103–113. 

58. Zerihun, Y.T. Extension of the Dupuit–Forchheimer model for non-hydrostatic flows in unconfined aquifers. Fluids 2018, 3, 42, 

doi:10.3390/fluids3020042. 

59. Talaga, J. Analysis of the possibility of determining the energy dissipation of liquid turbulence in a mixer based on 

one-dimensional energy spectra. Inż. Ap. Chem. 2009, 48, 118–119. 

60. Skotniczny, P.; Sławomirski, M.R. Hybrid model of a porous bed. Works Strata Mech. Inst. Pol. Acad. Sci. 2013, 15, 27–52. 

61. Landau, L.D.; Lifshitz, E.M. Mekhanika Sploshnykh Sred; Polish Edition: Mechanics of Continuous Centers, Warsaw, 1958; 

Gosudarstvennoe Izdatelstvo Tekhniko-Teoreticheskoi Literatury: Moscow, Russia, 1944. 

62. Hinze, J.O. Turbulence, 2nd ed.; McGraw Hill: New York, NY, USA, 1959. 

63. Naphon, P.; Wongwises, S. A review of flow and heat transfer characteristics in curved tubes. Renew. Sustain. Energy Rev. 2006, 

10, 463–490. 

64. Reynolds, O. An experimental investigation of the circumstances which determine whether the motion of water shall be direct 

or sinuous, and of the law of resistance in parallel channels. Philos. Trans. R. Soc. 1883, 174, 935. 

65. Lin, C.C. On the stability of laminar fl ow. Part I. Q. Appl. Math. 1946, 3, 117. 

66. Lin, C.C. On the stability of laminar fl ow. Part II. Q. Appl. Math. 1946, 3, 217. 

67. Lin, C.C. On the stability of laminar fl ow. Part III. Q. Appl. Math. 1946, 3, 277. 

68. Mozhaev, A.P. Chaotic homogeneous porous media. 4. Heat exchange in a cell. J. Eng. Phys. Thermophys. 2004, 77, 84–92. 

69. Usowicz, B. Statistical and physical models of mass and energy flow in a porous medium. Acta Agrophys. 2000, 29, 1–120. 

70. Ergun, S. Fluid flow through packed columns. Chem. Eng. Prog. 1952, 48, 2, 89. 

71. Dulniеw, G.N.;Muratova, B.L. Thermal conductivity of fibrous systems. Inzhenerno-Fizicheskii Zhurnal 1968, 14, 15–18. 

72. Dullien, F. Porous Media: Fluid Transport and Pore Structure, 2nd ed.; Academic Press: San Diego, CA, USA, 1992. 

73. Bębenek, B.; Bębenek, H. Energy losses in fluid flows, Ed. Cracow University of Technology, Cracow, 1987. 

74. Amao, A.M. Mathematical Model for Darcy Forchheimer Flow with Applications to Well Performance Analysis. Master’s 

Thesis, Texas Tech University, Lubbock, TX, USA, 2007. 

75. Liu, L.; Deng, Q.-F.; Agula, B.; Zhao, X.; Ren, T.-Z.; Yuan, Z.-Y. Ordered mesoporous carbon catalyst for dehydrogenation of 

propane to propylene. Chem. Commun. 2011, 47, 8334–8336. 

76. Darcy, H. Les Fontaines Publiques de la Ville de Dijon; Victor Valmont: Paris, France, 1856. 

77. Forchheimer, P. Wasserbewegung durch Boden [Water movement through soil]. Zeitschrift Vereines Deutscher Ingenieuer 1901, 5, 

1781–1788. 

78. Szczełkaczew, W.N. Упpyгий Peжим Вoдoнocныx Cиcтeм [Elastic Mode of Water-Bearing Systems]; Гостоптехиздат: Mos-

cow, Russia, 1948. 

79. Brinkman, H.C. A calculation of the viscous force exerted by a flowing fluid on a dense swarm of particles. Appl. Sci. Res. 1949, 

1, 27–34. 

80. Berthonneaua, J.; Obligera, A.; Valdenairea, P.-L.; Graubyb, O.; Ferryb, D.; Chaudansonb, D.; Levitzc, P.; Kimd, J.J.; Ulme, F.-J.; 

Pellenqa, R.J.-M. Mesoscale structure, mechanics, and transport properties of source rocks’ organic pore networks. Proc. Natl. 

Acad. Sci. USA 2018, 115, 12365–12370, doi:10.1073/pnas.1808402115. 

81. Monteiro, P.J.M.; Rycroft, C.H.; Barenblatt, G.I. A mathematical model of fluid and gas flow in nanoporous media. Proc. Natl. 

Acad. Sci. USA 2012, 109, 20309–20313, doi:10.1073/pnas.1219009109. 

82. Lian, C.; Janssen, M.; Liu, H.; van Roij, R. Blessing and curse: How a supercapacitor’s large capacitance causes its slow charg-

ing. Phys. Rev. Lett. 2020, 124, 076001. 

83. Tao, H.; Lian, C.; Liu, H. Multiscale modeling of electrolytes in porous electrode: From equilibrium structure to 

non-equilibrium transport. Green Energy Environ. 2020, 5, 202, 303–321, doi:10.1016/j.gee.2020.06.020. 

84. Ryoo, R.; Joo, S.H.; Kruk, M.; Jaroniec, M. Ordered mesoporous carbons. Adv. Mater. 2001, 13, 677–681. 

85. Joo, S.H.; Jun, S.; Ryoo, R. Synthesis of ordered mesoporous carbon molecular sieves CMK-1. Microporous Mesoporous Mater. 

2001, 44, 153–158. 

86. Mohan, T.V.R.; Palla, S.; Kuppan, B.; Kaisare, N.S.; Selvam, P. Hydrogen sorption characteristics of ordered mesoporous car-

bons: Experimental and modeling view point. J. Chem. Eng. Data 2018, 63, 4543–4551. 

87. Niu, D.; Gao, H. Thermal conductivity of ordered porous structures coupling gas and solid phases: A molecular dynamics 

study. Materials 2021, 14, 2221, doi:10.3390/ma14092221. 

88. Glinicki, M.A.; Jóźwiak-Niedźwiedzka, D.; Gibas, K. Assessment of permeability of concrete with calcium fly ash—Research 

concept. 5th Conference materials Energy and environment in the technologies of building, ceramic, glass and refractory ma-

terials, Ustroń, Poland, 9-11 June 2010, 229-240. 

89. Rilem, T.C. 116-PCD, Permeability of concrete as criterion of its durability. Final report: Concrete durability—An approach 

towards performance testing. Mater. Struct. 1999, 32, 174–179. 



Materials 2021, 14, 3832 25 of 25 
 

 

90. Shi, H.; Xu, B.; Shi, T.; Zhou, X. Determination of gas permeability of high performance concrete containing fly ash. Mater. 

Struct. 2008, 41, 1051. 

91. Śliwiński, J.; Tracz, T. The effect of concrete surface polishing on permeability evaluated with Torrent's method. Conference 

materials. In Proceedings of the XXVI Scientific and Technical Conference, Building Failures, Szczecin-Międzyzdroje, Las Ve-

gas, NV, USA, 21–26 July 2013; pp. 873–880. 

92. Tracz, T. Conference materials, rheology in concrete technology. In Proceedings of the 7th Scientific and Technical Symposium, 

Gliwice, Poland, 29 November–2 December 1998. 

93. Pisarczyk, S. Soil Mechanics; Publishing House of the Warsaw University of Technology: Warsaw, Poland, 2005. 

94. Chilingarian, G.V. Deltaic and Shallow Marine Deposits; van Straaten, J.U., Ed.; Elsevier: Amsterdam, The Netherlands, 1963; pp. 

71–75. 

95. Chilingarian, G.V.; Wolf, K.H. Compaction of coarse-grained sediments. In Developments in Sedimentology; Elsevier: New York, 

NY, USA, 1976, pp. 225–355. 

96. Chmiel, K.; Palica, M.; Waluś, J. Yearbook of Environmental Protection; Middle-Pomeranian Scientific Society for Environmental 

Protection: Koszalin, Poland, 1999; Volume 1. 

97. Tobiś, J. Investigations of the Kinetics of Heating a Liquid Stream in a Column Filled with a Fixed Bed; Institute of Physical Chemistry 

of the Polish Academy of Sciences: Warsaw, Poland, 1981. 

98. Anderson, B.A.; Sarkar, A.; Thompson, J.F; Singh, R.P. Commercial scale forced air cooling of strawberries. Trans. ASAE 2004, 

47, 183–190. 

99. Franchi, F.; Straughan, B. Structural stability for the Brinkman equations of porous media. Math. Methods Appl. Sci. 1996, 19, 

1335–1347. 

100. Hansen, T.E. Flow in Micro Poros Silicon Carbide. Master’s Thesis, Technical University of Denmark, Lyngby, Denmark, 2007. 

101. Wałowski, G.; Filipczak, G.; Krause, E. Conference materials, young for technician. In Selected Research Problems in Chemistry and 

Chemical Technology; Warsaw University of Technology: Płock, Poland, 2013; Volume 253. ISBN 9788362081158. 

102. Peyret, A.; Zhao, H.; Lecommandoux, S. Preparation and properties of asymmetric synthetic membranes based on lipid and 

polymer self-assembly. Langmuir 2018, 34, 3376–3385. 

103. Wheeler, R.A.; Whangbo, M.-H.; Hughbanks, T.; Hoffmann, R.; Burdett, J.K.; Albright, T.A. Symmetric vs. asymmetric linear 

M--X-M linkages in molecules, polymers, and extended networks. J. Am. Chem. Soc. 1986, 108, 2222–2236. 


