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Abstract. To understand the thermodynamics, transport and physical phenomena in porous
media today, the most effective way is to use various models of porous media and conduct
numerical experiments on their basis. It has been shown that such models are an effective
tool for research of transport processes from the local scale at the level of individual pores to
the level of individual granules. The approach proposed in this paper is based on numerical
calculations based on known theoretical approaches. The principal difference from the previously
used approaches and novelty lies in the absence of simplifications associated with the narrowing
of the distribution of pores in size and the number of nearest neighbors, which allows us to
take into account in detail the possible geometric configurations, when the pore of the same
radius can be surrounded by a different number of neighboring pores. In addition, the use
of numerical modelling allows us to obtain a large number of different parameters, ranging
from structural characteristics (the number of nearest neighbors, connectivity, etc.), cluster
(percolation thresholds) and ending with volume dependencies on pressure and time and the
visualization of filling processes.

1. Introduction

Over the past decades, due to the complexity of the real pore structure, many experimental,
theoretical and numerical approaches have been proposed and developed to study transport
processes through porous media [1-11]. Field experiments, as well as studies using X-rays,
PEM, SEM, etc., are usually expensive and time-consuming. Such measurements are sensitive
to material composition, sample preparation and methodology. Analytical solutions are usually
limited to problems with perceived homogeneous properties and specific boundary conditions,
some of which are of limited practical significance or difficult to assess.

Modelling a porous environment, or a numerical approach, can significantly improve the
understanding of large-scale processes and determine the physical nature of phenomena. Their
importance is related to the fact that they can provide rather economical and accurate forecasts
for local transport (diffusion/permeability) and at the same time allow systematic changes in
system parameters (pore geometry, fluid properties and boundary conditions), which is much
more difficult to achieve through experiments [12].

To build a model of a porous medium it is necessary to know the geometry and topology
of the pore space. To date, there are several methods by which these data can be obtained.
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One of them is the method of visualization, based on the creation of three-dimensional images
by computer processing of the real internal structure of the original samples of the porous
medium (or destructive approach by cutting 2D-sections confocal laser scanning microscopy, or
nondestructive X-ray microtomography [13-16]) or construction of 3D images from 2D-sections
of high resolution using statistical methods or simulation of geological processes. Other non-
destructive approaches to date are mercury porometry and gas adsorption, with the help of
which it is possible to obtain the distribution of pores in size and surface area within certain
assumptions.

Of the existing methods, X-ray microtomography does not allow for the study of nanoporous
media, since the maximum resolution of laboratory installations does not exceed 50 nm [17].
The mercury porometry method is the most popular method for characterizing porous materials
with pores in the range up to 3 nm [16-18]. Compared to the gas sorption method, it has a
much wider range of pores and significantly higher speed. However, the main drawback of
the method is the assumption used to represent a porous structure in the form of a bundle
of cylindrical pores. When obtaining a pore size distribution, all pores are considered equally
available for an external mercury tank. This assumption can only be made if the pore structure
is represented by a bundle of capillaries or if the pore connectivity is very high. In fact, however,
pore connectivity effects can be very important, leading to dispersion effects when part of the
non-wetting liquid can become wetting due to the interaction of adjacent pore clusters [21]. In
addition, the method is based on the use of the Laplace equation generalized by Voshburn and
the concept of phenomenological wetting angle [22]. At the same time, as numerous studies
show, the filling of the disordered nanoporous medium with a non-wetting liquid does not occur
according to the Laplace law [21]. Even for a wide distribution of pores by size AR/R > 1 the
chance to be filled has pores of all radii, and the probability of filling depends on the nearest
pore environment. Information about the correlations in the process of filling the non-wetting
liquid nanoporous medium and its outflow can lead to the development of a new method of
characterization and porous media porosity porometry, which is also one of the most pressing
problems in the development, synthesis and use of such media.

In addition, the description of the flow in a porous medium is based on the Darcy equation or
the generalized Darcy equation for wetting and non-wetting liquids [23] with boundary conditions
of adhesion (for wetting liquids) and boundary conditions of gliding, leading to an increase in
the speed of movement in the channel [24-25]. However, recent studies have shown that Darcy’s
law may not be fulfilled when liquid is filled with nanoporous media. Thus, modeling the
molecular dynamics of water flow through nanoporous media, taking into account different laws
of interaction of molecules with the surface of pores, has shown that the permeability can be
more than 30 times higher than the results, which were calculated using the Coseni-Karman
equation based on the Darcy law. Such an effect can be related both to changes in the flow
rate of liquid in a single nanotube and in the case of formation of a per-colation cluster medium
from the pores grid, the authors unfortunately do not discuss such an interrelation [26]. Due to
geometric flow correlations, one can expect changes in the transfer rate of matter in a porous
medium [27-30]. It is important to note that in percolating nanoporous media it is possible both
to accelerate the transfer rate due to long-range flow correlations in the percolation cluster [27]
and to reduce it due to the formation of short-range correlations leading to stagnant zones and
a reduction in the number of "transport” pores arising from the configuration of the percolation
cluster, which does not ensure equal availability of all its parts.

One of the tasks of characterizing the nanoporous medium is to investigate the properties
of the medium, which takes into account both the distribution of pores in size and correlation
effects in the mutual arrangement of pores during the flow of liquid through the porous medium.
These local configurations interact with each other through an infinite percolation cluster of filled
pores in accordance with the mutual arrangement of pores in a frozen random pore structure
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of a porous medium. From the researches carried out for today it follows that disordered
environments, usually considered homogeneous, are inherent in such phenomena as heterogeneity
and slow relaxation of the formed metastable heterogeneous state, arising due to collective effects
in the system of local metastable configurations, which make up the structure of heterogeneous
state. If we consider that the disordered nanoporous medium filled with liquid shows the
properties typical of the general properties of disordered systems, then the question arises about
the reasons for the difference in the nature of relaxation of the state of non-wetting liquid in
disordered nanoporous medium from the known general law of relaxation of the properties of
disordered systems (glasses). In this connection the problem of characterization of disordered
nanoporous media, determination of their structural properties and development of new porous
materials by means of investigation of properties at structure manipulation are actual tasks of
the present time and underlines the scientific novelty of the work.

Recently, there have been several works that allow us to obtain analytically, within the
framework of some assumptions and simplifications, the theoretical dependence of the volume
change of the system consisting of nanoporous granules immersed in a non-wetting liquid on the
applied pressure (hysteresis) or on time after the removal of the external load (relaxation) [10,
31-33].

The approach proposed in this paper is based on numerical calculations based on the
theoretical approaches described in detail in [31-33]. The principal difference from the previously
used approaches and novelty lies in the absence of simplifications related to the narrowing of pore
size distributions and the number of nearest neighbors, which allows us to take into account in
detail the possible geometric configurations, when the pore of the same radius can be surrounded
by a different number of neighboring pores. In addition, the use of numerical modeling allows
us to obtain a large number of different parameters, ranging from structural characteristics (the
number of nearest neighbors, connectivity, etc.), cluster (percolation thresholds) and ending
with volume dependencies on pressure and time.

The work structure is as follows. Methodology of modeling, description of numerical
experiments in section 2. In section 3 the comparison of the published experimental results and
results of numerical modeling on the example of a hysteresis depending on change of volume of
system from pressure for porous medium Libersorb23 in water is resulted.

2. Main part
2.1. Modelling procedure
Modelling is carried out in a sequential manner and consists of several steps:

e Generation of porous media
e Infiltration simulation

e Defiltration simulation

The sequence of these steps with fixed medium parameters and maximum filling pressure of
Pinma. 18 carried out at least 102 times.

2.2. Generation of porous media

Let’s consider that the filling of porous medium granules occurs independently of each other.
This allows us to simulate the filling of a single granule, which is a set of intersecting spheres
whose centers lie within the cube with a given size. Behavior of the aggregate of granules is
achieved by averaging the results obtained through repeated numerical experiments. The pore
space is the space inside the spheres. The porosity of ¢, equal to the ratio of pore volumes in
the granule to the cube volume, should be such that the proportion of bound pores significantly
exceeds the proportion of pores not belonging to the bound system. For three-dimensional
systems the threshold value of porosity varies in the range ¢, = 0.16 = 0.3 [34].
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Input parameters for the beginning of environment generation are: length of a cube edge L,
function of distribution of pores on the sizes f(R), porosity ¢, the area of a surface of pores
Sp, volume of pore space V,. All these parameters, except the cube size, should be taken
directly from the experimental material measurements on the corresponding equipment. The
cube size should correspond in order of magnitude to the real size of one granule of porous
matter. However, as calculations have shown, there is no need to specify such a large size of the
system, because starting from several million pores in the simulated granule the results become
indistinguishable from each other within the error limits. Besides, if the size of L of porous
body granules is much larger than the maximum pore size of R4, then the characteristics of a
porous body granule are indistinguishable from the characteristics of an infinite body with the
accuracy of Rpyae/L ~ 1074 — 1072,

Then it is necessary to choose the model of porous media within which the generation will be
performed. As a model we used the approach of chaotically arranged spheres of different sizes
with a solid core (cherry-pit model). The pore space was the space inside the spheres.

The algorithm is as follows.

1 The maximum value of the pore size distribution function is determined f(R)mqz-

2 A randomly generated pore size is Rge, within the given distribution (Rmin < Rgen < Rmaz)
and a random number N,,,qs within the range from 0 to f(R)maz- If the condition that
f(Rgen) > Nyang is fulfilled, the pore radius is considered to be generated and the transition
to the next step is performed. Otherwise, step 2 is repeated. This simple approach allows us
to repeat the experimental distribution function when it does not exist in the analytical form.

3 Coordinates of the future center of sphere x,qnd, Yrand and Zyqnq lying in a range from 0 to L,
where L. — length of a cube edge are generated randomly.

4 The check on intersection of the generated sphere at the previous step with other already
existing spheres is carried out. If at least one distance between the centers of spheres will
appear less than core * (Rgen + R;) where index i runs on all spheres the algorithm returns on
step 3. The value of core is responsible for the fraction of the radius that occupies the solid
core of the sphere. The case core = 1 corresponds to absolutely non-overlapping spheres which
cannot be crossed, and core = 0 — to completely permeable spheres. Thus a choice of value
of value core is carried out so that the total specific area of a surface of pores corresponded
to experimental value .S,.

5 Coordinates Trand, Yrand and zrqang are saved and the achieved porosity value is checked as

3
Omod = 1 —exp(d_; %). If it does not exceed the specified number (.04 < ¢), the whole
algorithm is repeated from the second step.

After porosity will reach the set value (from the experimental data), those pores which lie on
border of a cube from a simple condition that the distance from the center of sphere to a face
of a cube should not be more than radius of sphere are calculated and written down in a array
bound. Also for each pore its nearest neighbors from a geometrical condition of intersection of
spheres are defined.

2.8. Infiltration simulation

The next step is to simulate the filling of the generated medium with a non-wetting liquid. At
the initial point of time the pores in the granule are empty and the liquid pressure is zero. All
pores in the bound array border with non-wetting liquid. Compressibility of porous medium
and liquid is neglected. The pressure change is considered to be quasi-static, i.e. 7, > 7 > 7,
where 7, — characteristic time of pressure change, 7y — characteristic time of pore filling, 7,
— characteristic time of barrier-free hydrodynamic pore filling. Such time hierarchy allows to
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consider the process of filling of each pore at constant pressure. The sequence of steps to fill an
initially empty medium is as follows:

1. The final pressure of pe,q and the number of steps on the pressure of N, are specified, so
the step on the pressure is calculated as psiep = Pend/Np-

2. As the first pores which can be filled are the pores lying on a border of a granule at first
from an array bound the pores are chosen randomly in the beginning. If the selected pore is
empty, then the work to be spent on filling at the current pressure of p [21] is:

SA = —pV + (S = Sn) 00+ % (S — S2), )

where V' — pore volume, S — internal surface area, S,,, — area cut out from the sphere by
other spheres intersecting with it, S — area of meniscuses which are formed at contact of a
current filled pore with neighboring pores, S, — area of meniscuses which will disappear at pore
filling because of contact of two filled pores. do — the difference between the surface energies
of the solid—liquid interface and solid—gas interface, 0 — the surface energy of the liquid.

If the work is negative, the pore is considered filled. The filled pore is added to the filled
array and the flag corresponding to the filling changes its value from 0 to 1.

Then the pore is randomly selected from the bound array or the nearest neighbor of a random
pore from the filled array. For the chosen pore work also is calculated. If work appears
negative, the pore is considered filled up. The filled pore is added in a array filled and the flag
corresponding to filling changes the value from 0 on 1. This step repeats until all pores from a
file bound and the nearest neighbours of pores from a file filled will be selected. If none of the
pores can be filled, the current pressure increases: p = p + psiep. Multiple repeats of numerical
experiments on filling of porous medium with zero pressure allow to realize various variants of
growth of clusters of filled pores.

On each step on pressure there is a array of the filled pores filled and corresponding volume
of the porous environment, which filled with liquid is calculated as the sum of volumes of the
filled pores less crossing parts. It allows to plot a dependence of change of volume of simulated
system on pressure.

2.4. Defiltration simulation
We will count as the initial state of a porous environment, a state when all pores are filled. The
initial pressure can be considered equal to pin,, .-

Liquid can only flow out of those pores that have a way to flow out. In other words, there
must be a continuous chain of other filled pores from the filled pores up to the boundary of the
porous medium with the liquid.

The algorithm of defiltration realization is as follows.

1. The number of pressure steps N, is specified, so the pressure step is calculated as
Pstep = Pinmax /Np

2. Clusters consisting of filled pores and having an exit on a surface of a cube are defined.

3. The pore belonging to such clusters is selected randomly.

4. The work necessary for the flow out of liquid from pore at the current pressure of p [21] is
calculated:

dA=pV — (S —8p)*dc — o= (S. — S.). (2)

If the work is negative, the pore flow and is removed from the array of filled pores filled and
the algorithm returns to step 2. If it is positive, it will be returned to step 3. Returning to step
2 at the current pressure of p will take place as long as there are filled pores that have an exit
to the surface and for which the outflow work is negative. If there are pores that are available



PCPAS 2019 IOP Publishing
Journal of Physics: Conference Series 1696 (2020) 012028 doi:10.1088/1742-6596/1696/1/012028

for defiltrate (there is a defiltration path, but the work is positive), then the current pressure
decreases p = p + psiep and then goes to step 2.

Such a sequence makes it possible to obtain the dependence of the volume of the simulated
system at decreasing pressure to zero, i.e. to describe the relaxation of ” fast states” in accordance
with [31-33]. The liquid remaining in a porous medium at zero pressure, if there are still clusters
with an exit to the surface, can flow at fluctuation overcoming of the barrier de(R,6,T). Then
the relaxation time is equal to [31-33]:

T =1, exp(ée(R,0,T)/T), 3)

where the barrier is defined as §e(R,0,T) = — (S —Sp,) %60 — 0o * (S —S;). From (3) it follows
that the relaxation time of 7 is determined by the waiting time required to overcome the local
barrier and the subsequent barrier—free hydrodynamic time of 7, fluid flow. The relaxation of
such ”slow states” can also be taken into account within the framework of the proposed model
and the solution of this problem will be done in the next papers.

3. Discussion of results

For the modeling, Libersorb 23 porous medium was chosen, which is filled with non-wetting
liquid — water. The nanoporous medium under study was the commercially available KSK-G
silica gel with a random structure of pores obtained in the solgel process. From [31] parameters
of the Libersorb 23 (L23) porous medium are: density p = 1.7798 + 0.0016 g/cm?, specific
surface area of pores S = 212 + 7 m?/g, and specific volume of pores v = 0.62 & 0.02 cm?/g.
The pore size distribution appeared to be close to a Gaussian distribution with the mean radius
R =5.040.2 nm and the relative FWHM dR/R = 0.07, porosity ¢ = 0.52.
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Figure 1. Dependence of the fraction of the filled volume of the ”Libersorb23 — water” system
on the applied pressure at temperature T = 281K

The length of the edge of the simulated cube was L = 500nm, the number of pores in
this cube was determined on the basis of the requirement to achieve the required porosity
and internal specific surface area and was ~ 2 -10°. We performed 50 cycles: generation of
porous medium, pressure increase (filling), pressure decrease (defiltration). Figure 1 presents
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the results of averaging and experimental data from [31]. Compressibility of water, empty frame
of porous medium and experimental chamber was subtracted from the data, because the process
of modeling does not take them into account. From the figure it is visible that qualitatively and
quantitatively it is possible to describe the experimental data.

4. Conclusion

The paper suggests an approach based on the model of chaotically intersecting spheres, where the
insides of the spheres play the role of pore emptiness. In this approach, which takes into account
the size distribution of pores, the correlation effects in the mutual arrangement of pores during
the flow of liquid through the porous medium and the interaction of these local configurations
through an infinite percolation cluster of filled pores, it is possible to describe the hysteresis in
the infiltration—defiltration of a non-wetting liquid from a disordered nanoporous medium. The
proposed approach can be used not only for the analysis of quasi-static filling or abnormally
slow relaxation, but also, with some modifications, which would take into account the possibility
of simultaneous filling and outflow of liquid from pores, for the analysis of shocks, when there
is a rapid increase in pressure and time ratio of 7, > 7, > 7, does not apply.
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