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ABSTRACT

During the manufacturing or processing of materials, large volumes of water of the required quality are often
needed. Industrial water treatment and water purification is the process of removing impurities and pollution
from the considered medium. To obtain liquid with specified quality parameters, complex systems of filters
and treatment facilities are generally used. In this work, the cleaning process for a filtration column is studied.
Three-dimensional numerical simulations of flow in a columnar array consisting of a porous medium are con-
ducted. In particular, a model case corresponding to laboratory conditions is examined, with potassium salt being
considered as a pollutant. It is assumed that the vertical column is a desalination system, as a result of which
saturation and clogging of the pores of the medium occur; at the end of the operating cycle of such a filter, wash-
ing is required. Filtration modeling is implemented through the Brinkman approach taking into account density
stratification. It is found that owing to density stratification and related effects, clean water moves in the central
part of the filter, while contaminants near the side walls remain motionless for a long time. A solution to this
problem is presented by changing the flow rate of supplied water.
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Nomenclature
q Density of the liquid
vi Velocity vector
i ¼ x; y; z Cartesian coordinates
l Dynamic viscosity of the liquid
dij Kronecker symbol
m Porosity of porous medium
K Permeability of porous media
r ¼ @=@xi Nabla operator
J Vector of the diffusion flow of the impurity
Dm Molecular diffusion coefficient
R Cleaning coefficient
v Solutal expansion coefficient
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1 Introduction

Analysis of concentration convection in order to find an effective way to control the filtration process
during the transport of a limited volume of impurities in a porous column is in demand, since it is widely
used on an industrial scale. A fairly large number of works have been carried out within the framework
of laboratory experiments and theoretical studies of systems characterized by laboratory scales. However,
most studies were carried out in a range of parameters for which gravitational effects were assumed to be
insignificant [1–5]. Experimental and numerical studies of the control of convective flows in porous
media are mostly devoted to thermal convection [6–10]. Some of the first works that considered the
stability of convective motion in a porous medium are [11,12]. In these works, it was shown that in a
layer of a porous medium, at a given temperature (concentration) difference between the boundaries,
a flow in the form of convective cells, the width of which is equal to the depth of the layer, arises in a
threshold manner. Later in [13], it was found that in the case of a pressure flow through a layer of a
porous medium, the same flow occurs, but the amplitude of the velocity and concentration fluctuate
around the average values, and the frequency of oscillations is proportional to the speed of the pressure flow.

When a liquid flows in an array of porous media, there is a problem of visualizing changes in the
concentration of the solution spreading in the carrier medium. Laboratory-scale solute dispersion imaging
experiments are performed on transparent model porous media of varying morphologies. This is how the
coefficients of longitudinal and transverse dispersion are assessed depending on the liquid flow rate and
the corresponding modes of dispersion of dissolved substances are determined [14–17].

A number of researchers have conducted laboratory experiments on the transport of contaminants in
sand columns [18–21]. In [18,19] the authors studied the flow and mixing processes of waters of variable
density in porous media in laboratory reservoir models and concluded that changes in density can create
complex flow and mixing patterns. Numerical simulations of laboratory experiments performed in [20]
using both conservative and reactive tracers under transient flow conditions in porous media and found
that the numerical results were nearly identical to measured concentrations, and that transient flow
enhanced lateral mixing and reaction controlled by stirring. The dynamics of sodium chloride (NaCl) and
the food color brilliant blue FCF (BBF) through a column with homogeneous quartz sand is studied in
[21]. It is found that sodium chloride behaves less differently and is not a passive impurity, which is
characterized by complex convective regimes.

The remediation of contaminated water-saturated porous media has attracted widespread attention from
many researchers and organizations [22]. The quality of consumed water, the development of which depends
on the cleaning of porous media, is an important topic. The main problem arises when a permanent source is
found in the groundwater from dissolved contamination [23]. Stable plumes are found in aquifers [24,25].
The long-term storage and slow release of contaminants from low-permeability water bodies (back
diffusion) seriously impede aquifer restoration. Thus, pollutants from low-permeability zones are
considered secondary sources of pollution after removal or isolation of primary sources [26].
Unfortunately, the removal of contaminants in areas of low permeability is difficult, and thus the process
of back diffusion represents a potential limitation to aquifer restoration [27]. In [28], a series of
experiments focused on evaluating dissolved contaminant flushing in cylindrical models containing a
cylindrical low-conductivity zone is considered. The solute tailing in spatially heterogeneous porous
media was studied. Analysis of a contaminant propagation from region of low-permeability was
performed also in [29].

All mentioned above experimental work on the transport of solutes through water-saturated layers of
porous media was performed for parameters of laboratory setup. For industrial installations characterized
by dimensions on the order of ten meters, such studies have not been carried out in combination with a
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changing hydrodynamic gradient caused by changing boundary conditions. Thus, more research is needed to
fully understand the behavior of variable density water flow and solute transport as hydrodynamic gradients
change. Since a visualized study of processes under industrial conditions is not possible, numerical
simulation of the flow of water of variable density and the transport of dissolved substances (which are
continuously injected) is carried out in the framework of this work under unsteady conditions in a
homogeneous column of a porous medium. The objectives of this study were: (1) to evaluate the effect of
a varying hydrodynamic gradient on the transport behavior of a dense sodium chloride solution in a
homogeneous, open-ended, water-saturated column of a porous industrial tank; (2) to evaluate fluid flow
and solute transport parameters; and (3) to investigate the transport behavior of sodium chloride in terms
of spatiotemporal concentration distribution as well as the shape of convective structures to gain insight
into transport mechanisms as hydrological parameters change.

2 Problem Statement

Mechanical water purification is required to comply with standard indicators of turbidity, transparency,
and color due to the presence of insoluble suspended particles of sand, clay, silt, colloidal iron and silicon,
pipeline rust, scale and other impurities. Mechanical purification is the most common method of water
purification. A mechanical filter protects process equipment from clogging and premature failure at
subsequent stages of cleaning. The filters, up to ten meters high, are often used to organize industrial
water treatment (Fig. 1).

The operation of such filters usually includes the filter back-flushing stage, which is necessary to clean
the filter from accumulated contaminants. To calculate the effective injection rate of clean water, three-
dimensional numerical modeling of a vertical porous column is carried out, during which the emergence
and development of convective flows in industrial filtration columns during the washing process are studied.

Three-dimensional numerical modeling of flow in a columnar displacement array consisting of a porous
medium, characterized by spatial dimensions of industrial samples. In particular, the filtration column with
diameter of 3.4 m and height of 7.8 m is considered. The vertical column is assumed to be a desalination
system, as a result of which saturation and clogging of the pores of the medium occur. Thus, the
potassium salt is considered as a pollutant in the present study.

Figure 1: Industrial filter for mechanical cleaning called vertical filtration column
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The modeling is carried out based on the Brinkman equation of filtration taking into account density
stratification. The finite volume method was used to discretize the governing equations and boundary
conditions. For spatial discretization of the equations, the second-order accuracy scheme was used. The
time evolution was modeled via an explicit second-order scheme.

3 Mathematical Model and Numerical Setup

The problem is solved within the framework of a non-stationary isothermal approach. The equations of
filtration in tensor form are

@

@t
mqð Þ þ r � q~vð Þ ¼ 0 (1)

@

@t
~vþ 1

m2
~v � rð Þ~v ¼ � 1

q
rpþ l

mq
D~v� l

K
~vþ q~g; (2)

wherem, K are porosity and permeability of the porous medium, respectively; q is density of the liquid, vi are
components of the velocity vector (i = 1, 2, 3), l is kinematic viscosity of the liquid.

The impurity transfer equation reads

@

@t
mqcð Þ þ r � q~vcð Þ ¼ �r �~J : (3)

Here c is the dimensionless concentration of contaminants, ~J is the diffusion flux of the impurity,
calculated by the expression

~J ¼ �qDmrc; (4)

where Dm is the specified molecular diffusion coefficient.

The geometry of the computational domain and the computational grid are shown in Fig. 2. On the solid
walls of the computational domain, conditions of adhesion and impermeability to matter are set. At the inlet
of the computational domain, a constant operating pressure and a constant impurity concentration equal to
zero are specified. It was assumed that at the initial moment the filter was uniformly filled with impurities. At
the outlet from the computational domain, normal atmospheric pressure is set. At other boundaries, the
condition of adhesion is hold, and the boundaries are considered impermeable to filtration flow. The
dependence of density on concentration is specified by the following formula [30]:

q ¼ q0 þ vc (5)

where q0 ¼ 999:993 kg=m3 is the density of pure water, v ¼ @q=@c is the coefficient describing the
concentration caused change of density. We assume that v ¼ 250 g=l and the initial state corresponds to
c ¼ 1, so the initial concentration equals to the concentration of a saturated solution of 250 g/l. The inlet
pressure is varied from 1 to 20 atm in order to study the effect of pumping on the backflushing efficiency.

Calculations are carried out using ANSYS Fluent software, which implements the finite volume method.
The spatial discretization is performed using the third-order MUSCL scheme (Monotone Upstream-Centered
Schemes for Conservation Laws). The gradients are computed according to the least squares cell-based
method that assumes the solution to vary linearly over a cell. The method is less computational expensive
than the node-based gradient algorithm, while provide similar accuracy. The pressure-based coupled
solver is used for simulations, which allows to obtain a robust solution using considerably larger time
steps compared to the segregated solution schemes. Condition of zero normal velocity is hold at solid
boundaries and condition on pressure is implemented for the inlet and the outlet. It is assumed that pure
water is flowing in at the inlet.
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The time evolution is modeled using second-order scheme. The time step is determined by stability
criteria according to the adaptive time stepping algorithm. Based on an evaluation of the truncation error
related to the time integration scheme, the time step size is automatically determined. The size of the time
step is increased if the truncation error is less than a given tolerance, and decreased if the truncation error
is larger. An algorithm of the predictor-corrector type is used by ANSYS Fluent to estimate the truncation
error [31]. In our calculation, the time step was approximately equal to 2 � 10�3 s. At each time step the
convergence criterion for the velocity components is used. The relative residual errors have to be less
than 0.001.

The computational mesh consisting of rectangular cells for internal volume and quadrangular or
pentagonal prisms near solid boundaries was used (see Fig. 2). To perform the mesh convergence
analysis and select the spatial mesh step, calculations were carried out for three different grids (see
Table 1). The change in concentration shows that the results for the 0.075 m grid differ from the results
obtained for the 0.01 and 0.075 m grids by more than 5%. For grids characterized by steps of 0.05 m and
0.025, the difference in the maximum concentration is less than 2%. Therefore, the mesh with the step of
0.05 m was used to carry out computational experiments (the number of mesh nodes is 1.5 million).

4 Mathematical Model Verification

The verification case suggested in [32] was used to verify the implemented mathematical model of
transport in porous media. It considers a domain containing two zones of different porosities and
permeabilities. In particular, the 10 m long, one-dimensional area is split into two equal sections. One

(b)

(c)(a)

Figure 2: Geometry of the computational domain (a) and the computational mesh near the outlet (b) and the
inlet (c)
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half is free water (porosity had porosity of 1), while the other half is made up of soil (had porosity of 0.3,
which is equivalent to a 0.01 m effective particle diameter). At the entrance of the computing area, a
continuous flow is established using the passive impurity concentration as an indicator. A fixed intake
flow rate of 0.01 m/s is used. The calculation area is initially filled with impurity-free, clean water.

We compared the outcomes of our simulation with known analytical solution for this one-dimensional
continuous injection problem (see [32]). The simulated curves obtained under continual injection show a
good agreement with the analytical results, as shown in Fig. 3. As one can see, the concentration front
moves across the medium nearly without affecting its structure.

5 Modeling Results

Numerical modeling revealed that at low operating flushing pressures, the development of Rayleigh-
Taylor instability occurred. Fig. 4 shows the evolution of the impurity concentration in the vertical
section of the filter and the flow line (fluid trajectory) at a flushing pressure of 2 atm. Initially the field of
filtration velocity is nearly uniform with a magnitude of 0.012 m/s (Fig. 4a). Then, density stratification
effects cause clean water to move in the central part of the filter, while contaminants near the side walls
remain stationary for a long period of time (Fig. 4b). Similar behavior was observed in simulations
performed in [33]. In addition, the development of the Rayleigh-Taylor instability causes the appearance
of vortex flows in the upper part of the filter (see Fig. 4b). All this leads to a decrease in washing
efficiency: a significant part of the impurity remains near the filter walls for a long time during washing.

At high flushing rates, the Rayleigh-Taylor instability does not have time to develop, and the impurity is
completely displaced from the porous medium. Fig. 5 shows the washing process at a pressure of 20 atm. At
the beginning of the back-flushing process the displacement front has the shape of a hemisphere (see Fig. 5a),
then, it becomes almost flat (see Fig. 5b). The velocity field remains nearly uniform with a magnitude of
0.076 m/s. In this case, the impurity is completely displaced near the side surface of the filter.

Table 1: Dependence of maximum impurity concentration, C, at the outlet on the mesh spatial mesh step, D,
for flushing pressure of 2 atm and t = 500 s

D, m 0.075 0.05 0.01

C 0.28 0.321 0.314

Figure 3: Comparison between simulation result (points) and the analytical solution (lines)
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Figure 4: Concentration of impurities in the vertical section and fluid flow trajectories at a flushing pressure
of 2 atm. At different times: (a) t = 100 s, (b) t = 500 s

Dimensionless 
impurity 

concentration

(a) (b)

Figure 5: Concentration of impurities in the vertical section and fluid flow trajectories at a flushing pressure
of 20 atm. at different times: (a) t = 10 s, (b) t = 50 s

FDMP, 2024, vol.20, no.12 2715



The dependence of the washing efficiency can be accessed via the filter cleaning coefficient, which is
calculated according to the formula:

R ¼
Z

q1 � qr
q1 � q0

dV � 100%; (6)

where integration is performed over the filter volume, qr is the residual density of the mixture, q0 is the
density of pure water, q1 is the density of the saturated solution which corresponds to C ¼ 1. This
coefficient characterizes the amount of the impurity washed off during the flushing.

Fig. 6 shows the dependence of the cleaning coefficient on the flushing pressure, calculated for a
cleaning time of 10 min. As can be seen, this dependence is nonlinear. At low flushing pressures,
efficiency is greatly reduced. At high flushing pressures, the Rayleigh-Taylor instability does not have a
significant effect on the flushing process and the impurity is almost completely displaced from the filter.
As shown in Fig. 6, the numerical modeling reveals that the inlet pressure between 9 and 13 atm results
in the flushing efficiency of only 85% after 10 min (approximately 15% residual impurities remain in the
filter). With further increase of flushing pressure, the efficiency substantially improves. The pressure
exceeding 18 atm allows for 100% cleaning of the filtration column.

It is worth to note that the Rayleigh-Taylor instability develops though a bifurcation in this process.
Initially the density stratification is stable, but during the flushing, as the front of the impurity
displacement moves upward, the unstable stratification forms and the instability starts to develop. In that
case, variation of the calculation’s parameters may influence not only of the rate of the Rayleigh-Taylor
instability development but also on the time then it appears. As a result, one can expect some variation of
the calculated values with rather small changing of the inlet pressure. To estimate the calculation error,
the modelling was repeated with small increase and decrease in the inlet pressure (in particular +100,
+50, −50, −100 Pa). Then, the error estimation was performed by conventional technique. At first, the
mean value and the standard deviation were calculated. Further, the confidence limits, shown in Fig. 6,
were calculated by multiplying the standard deviation and the Student coefficient for confidence
probability 99.7% (3σ).

Figure 6: Dependence of the filter cleaning coefficient on the operating pressure
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6 Discussion

Under gravity, when liquids of different densities are arranged in a porous medium so that the heavier
liquid is above the lighter one, any small disturbance at the boundary leads to the emergence of instability,
which has the form of non-stationary growth of finger structures. This Rayleigh-Taylor instability develops in
such a way that disturbances at the boundary grow exponentially with time. Such dynamics are predicted by
the linearized Rayleigh-Taylor theory, but at finite times nonlinear effects occur and the dynamics change.
Rayleigh-Taylor instability can occur at different length scales, which depends not only on the size of the
system, but also on external influences and flows. This explains some effects of cloud formation in
meteorology [34] and the formation of finger-like structures in astrophysics [35]. In the review by Kelly
et al. [36] the influence of flows on the shape of the resulting currents is shown. Scaling of Rayleigh-
Taylor mixing in porous media was considered in [37]. In our case, we consider an incoming flow of a
less dense liquid into a denser one. In this case, finger instability is not observed; a vortex of the order of
the horizontal dimensions of the system arises, leading to the emergence of a residual concentration
during the filter washing process. A similar liquid flow was observed in [33] when considering the wave
profile of the initial disturbance for two mixing liquids, and in [37], where the numerical simulation show
that the balance between gravity and viscous forces can result in a growth of elongated plumes.

7 Conclusion

Three-dimensional numerical modeling of flow in a columnar displacement array consisting of a porous
medium characterized by the spatial dimensions of industrial samples was carried out. A model case
corresponding to laboratory conditions was considered when potassium salt was taken as a pollutant
while the size of the column corresponded to the industrial scales. Thus, it is assumed that the vertical
column is a desalination system, where saturation and clogging of the pores of the medium occur.
Therefore, at the end of the filter’s operating cycle, it must be washed. Filtration modeling was carried
out on the basis of the Brinkman model, taking into account density stratification. ANSYS Fluent, which
implements the finite volume method to discretize the governing equations and boundary conditions, was
used to carry out the modeling.

Numerical modeling revealed that at low operating flushing pressures, the development of Rayleigh-
Taylor instability is observed. The evolution of the impurity concentration in the vertical section of the
filter was monitored, and streamlines (fluid trajectories) were plotted for different flushing pressures. It is
found that the effects of density stratification cause clean water to be moved up only in the central part of
the filter, while contaminants near the side walls remain motionless for a long time. In addition, the
development of the Rayleigh-Taylor instability causes vortex flows to appear in the upper part of the
filter. All this leads to a decrease in washing efficiency because a significant part of the impurity remains
near the filter walls during washing. During the flushing process at a pressure of 20 atmospheres, at the
initial moments, the displacement front has the shape of a hemisphere, and then it becomes almost flat. In
this case, the impurity is completely displaced near the side walls of the filter.

The efficiency of washing is analyzed by the dependence of the filter cleaning coefficient on the
operating pressure at the inlet of the filtration column. It is shown that this dependence is nonlinear, and
efficiency is greatly reduced at low flushing pressures. When flushing pressures exceed 18 atm, the
Rayleigh-Taylor instability does not have time to develop, and the impurity can be almost completely
removed from the filter.
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