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Abstract

Filtration of an incompressible liquid (gas) in a non-deformable porous me-
dium is investigated. The results of numerical simulation of the hydrody-
namic features of the flow arising after the passage of the liquid through a
layer of an immobile porous medium are presented. An interpenetrating
model of multiphase media is used to describe such flows. Kozeny-Karman
relations are used as the interaction force. The influence of the geometrical
shape of the bulk layer on the nature and magnitude of the inhomogeneity of
the flow velocity around the obstacle is shown. The shape of the porous me-
dium significantly affects the flow parameters. Numerical simulation results
are compared with experimental data. The shape of the porous medium sig-
nificantly affects the flow parameters. Numerical simulation results are com-
pared with experimental data. The effects of non-uniformity of the fluid ve-
locity field arising due to the shape of the layer surface are investigated by the
methods of a computational experiment. A qualitative comparison is made of
velocity inhomogeneities when a fluid flows through a porous obstacle. For
the numerical implementation of the filtration equation of the interpenetrat-
ing model, a SIMPLE-like algorithm was used.
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1. Introduction

In natural phenomena and processes, the interaction of a liquid or gas flow with
heterogeneous media is observed. The term heterogeneous medium is unders-
tood as a combined area in which there is a free zone and a porous layer. One of
the types of such interactions is the flow of a flow through a layer of a porous
medium. The study of the laws of flow of continuous media through a stationary

granular layer is one of the areas of research in the field of mechanics of multi-
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phase media [1]-[10].

In industry, processes of this kind are present in chemical catalytic reactors.
When simulating hydrodynamic processes in a layer of a granular medium, the
layer creates significant hydrodynamic resistance. In this case, directly behind
the layer, a flow inhomogeneity is formed. Such inhomogeneities have been noted
in a number of experimental works, for example, in [11] [12] [13].

In [14], the problem of the flow of an ideal incompressible fluid along a flat
surface with a stationary granular layer perpendicular to it is considered. The
problem is solved by using the self-consistent field method. In the first approxi-
mation in terms of the volume fraction of granules in a layer, functions describ-
ing the ensemble-averaged liquid velocity profile both inside and outside this
layer are obtained in an analytical form. The work [15] is devoted to the influ-
ence of the curvature of the granular layer on the structure of the viscous flow.
In this case, an “M”-shaped profile of the velocity behind the layer was obtained.
Numerical results are obtained based on the large particle method. The work
[16] is also devoted to the detection of the profile of inhomogeneities. In this
work, the control volume method with a quadratic force of interaction was used
in a two-dimensional computational domain. The study of the force of interac-
tion in the form F =4.5uf (1-f )a’zu was carried out in [17] (a is the radius
of the particles of the granular layer). In [18], numerical results were obtained
for the problem of flow through a fixed porous layer on the basis of an interpe-
netrating model with an interaction force in the form of Kozeny-Karman. The
non-uniformity of the longitudinal velocity field behind the porous layer has
been studied. In this case, the left boundary of the layer was not deformed, and
the influence of the right boundary of the layer on the flow structures was inves-
tigated.

This work is devoted to the study of the processes of redistribution of the fluid
flow in a layer of a stationary granular medium with various types of layer ar-

rangement while observing the interaction force in the Kozeny-Karman form.

2. Mathematical Model and Numerical Method

Let us consider an interpenetrating model describing the flows of two-phase
media [18] [19], where the velocity of the discrete phase is neglected. Then the
flow of the liquid phase is described by a system of equations (two-dimensional
case):

ou ou fop 4 o0(,0u 1 0(,0au
fu—fv—=-——"—+——| f— |+ ——| f—
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Here, u,v is the component of the flow velocity, p is fluid pressure, £is volume

=0 (3)

concentration, Re is the Reynolds number, Cis interaction coefficient. In Equa-
tions (1)-(3), the parameters are dimensionless (Re = UHp/u), U is average vo-
lume velocity, L is characteristic scale, p is fluid density, y—viscosity). For the
D? (1~ )’

interaction coefficient, the Kozeny-Karman relation was used: C = Re 12
e

>

D =+/aH / d, dis the characteristic size of the porous medium.

Equations (1)-(3) allow one to study flows both inside and outside porous
media, since at £= 1 we obtain the Navier-Stokes equations for an incompressi-
ble fluid. Moreover, these equations are suitable for the entire area under con-
sideration. For the numerical solution of (1)-(3), we use the control volume me-
thod [20] [21] with a non-uniform mesh. The irregular mesh was built so that
their thickening was formed around the porous insert. The SIMPLE algorithm
[20] is generalized for Equations (1)-(3).

At the boundaries of the computational domain, the adhesion condition is set
on a solid wall; constant pressure and Poiselle flow are given at the channel inlet,

and the output is a soft boundary condition [17].

3. Results and Discussion

1) Gas flow through a rectangular porous barrier. Let a part of the flat channel
be filled with a granular medium. Equation (1)-(3) is considered in the area:
0<x<L, 0<y<1. The x-axis is directed along the lower wall of the channel,
and the yaxis is perpendicular to it. At the entrance to the channel, a symmetric
velocity profile is given, which makes it possible to consider the problem in the
lower half of the channel with the condition of symmetry of the flow at x= 0.5
(ou/dy =0). Part of the channel is filled with a granular medium with a porosity
of 0.6.

It can be seen from the graph in Figure 1 that a uniform flow is observed near
the exit from the porous layer in the main part, except for the boundary layer
where a profile of the boundary layer type is observed. At Reynolds numbers 10
and 100, the velocity profile near the exit of the porous layer is observed with a
maximum profile near the boundary. When passing through the porous layer,
the maximum approaches the walls. Streamline graph Figure 2 shows the sym-
metry of the streamline relative to a rectangular porous layer.

2) Fluid flow through a porous layer with a shift on the channel axis. Let the
porous layer in the delicate part of the channel be filled in the area
Q={(x,y):y+1<x<y+150<y<05}, while in the upper part it is symme-
trical about the axis of the channel.

The calculation results are shown in Figure 3. In this case, the maximum val-
ue of the longitudinal velocity is observed near the wall behind the layer (Figure
3).
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Figure 1. Filtration longitudinal velocity profiles for different channel sections: x = 0.5;
1.548; 2.848; 3.816 and with parameters: D = 100; Re= 1.
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Figure 2. Streamlines at = 0.1; 0.2; 0.3; 0.4.
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Figure 3. Filtration llongitudinal velocity profiles for different channel sections: x = 0.5;
2.059; 2.905; 3.863; and with parameters: D= 100; Re= 1.

The streamline given in Figure 4 clearly shows that, if an increase in velocity
is observed behind the layer, and vice versa before the layer. This conclusion
coincides with the conclusion of [16], where it is stated that the direction of the
fluid flow at each point of the porous region is opposite to the pressure gradient
vector. From this, it follows that what type of interaction force is not chosen, an
increase in the velocity near the wall is observed.

3) Liquid flow through a porous layer with a shear upstream. Let the porous
layer in the delicate part of the channel be filled in the area
Q= {(x, y)il-y<x<15-y,0<y< 0.5} , while in the upper part it is symme-
trical about the axis of the channel. In this case, the flow structure changes in its
own way.

The calculation results are shown in Figure 5. In this case, the maximum val-
ue of the longitudinal velocity is observed near the wall in front of the layer
(Figure 5). This fact is also confirmed on the basis of the current shown in Fig-
ure 6.

4) Liquid flow through a porous layer with a curved surface. Let us consider

the case in which a part of the computational domain:

Q:{(x, y)iy25-(y-15) <x<05+,25-(y-15);0< ysO.S}.
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Figure 5. Filtrition longitudinal velocity profiles for different channel sections: x = 0.1;
1.25; 1.75; 3.863; and with parameters: D= 100; Re= 1.
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Figure 7. Streamlines at = 0.1; 0.2; 0.3; 0.4.

is filled with a porous medium and the upper part is symmetrical about the axis
of the channel. In this case, the inhomogeneity is observed more noticeably in

comparison with the straight boundary (Figure 7).

4. Conclusions

Rakhmatulin’s model explains the reason for the non-uniformity of the flow ve-
locity profile behind the layer and when observing the interaction force in the
Kozeny-Karman form.

The results of the study are in good qualitative agreement with the experi-
mental results.

When the porosity of the layer is constant, the non-uniformity of the longitu-
dinal velocity behind the layer mainly arises due to its geometrical arrangement.

If the shear of the porous layer takes place downstream, then the maximum
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value of the velocity is observed behind the layer near the wall; if the shear of the
layer is located upstream, then the maximum value of the velocity is observed in
front of the layer.

The main reason for the nonuniformity of the velocity profile behind the layer
is the movement of the liquid towards the side with the least resistance, Ze. per-

pendicular to the layer.
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