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Abstract: The study deals with the numerical modeling of leachate distribution in the porous medium located under a municipal solid waste disposal landfill (MSWLF). The considered three-layer system is based on geological data obtained from field measurements. For simplicity, the problem is investigated by assuming a two-component approach. Nevertheless, the heat produced by landfills due to biological and chemical processes and the thermal diffusion mechanism contributing to pollution transport are taken into account. The numerical modeling of the propagation of leachate in the considered layered porous medium is implemented for parameters corresponding to natural soil and for the case where disruption of the porous medium structure is due to cracks formation or erosion. The latter is accompanied by an increase in rock permeability. In this case, the emergence of multi-vortex flow in the layer of high permeability is observed to substantially influence the bottom layers and cause intensification of the leachate propagation. These effects should be taken into account when estimating the parameters and properties of materials required for the construction of solid waste disposal facilities.
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1  Introduction

Leakage of hazardous substances from sludge storage facilities, and landfills for household and industrial waste can have a critical impact on the natural environment due to the high risk of penetration of contaminants into groundwater [1,2]. For municipal solid waste landfills (MSWLF), one of the most dangerous pollutants is leachate, which is produced as rainwater filters through landfill wastes and can leak out of the landfill body. The leachate has a complex composition resulting from the diversity of waste types, and contains high concentrations of organic and inorganic pollutants, heavy metal ions, etc. [1,3–5]. In the case of leachate penetration into the soil under the landfill, there is a high probability of its long-range spread by filtration. It should be noted that leachate formation starts from the beginning of landfill operation and lasts for decades after its closure, which further increases its harmful effect [6].

The review of modern leachate treatment technologies [7] demonstrates the importance of proper organization of MSWLF. Different methods of the leachate treatment, including biological and physicochemical methods, as well as their combinations, have been considered in [8–10]. It is concluded in [8] that individual biological or physicochemical methods are unable to provide satisfactory leachate utilization efficiency. The maximum cleaning effect is achieved through the application of a combination of two or more physicochemical treatments, or a combination of biological and physicochemical treatments.

Identification of landfill leachate migration routes by the development and application of mathematical models is one of the ways to solve the problem of harmful substance leakage [2,11,12]. Modeling systems such as MSWLF is a rather complex task. The difficulties are due to a number of uncertainties associated with the estimation of the parameters of a model, which should adequately describe the complex biological, chemical and physical processes occurring in landfills. In [13], the authors present a review of mathematical models designed to simulate the formation and distribution of leachate in MSWLF. The paper also describes future needs for more effective approaches and potential improvements to existing models.

In [14], it is shown that a filter separator layer between the waste and the drainage layer reduces the leachate strength entering the gravel drainage layer and extends the time to clog the drainage layer. In particular, the effect of the filter layer is more significant when the drainage layer consists of pea gravel rather than coarse gravel. Numerical simulation of seepage in the landfill leachate layers was performed in [15]. It was found that the maximum saturation depth is affected by the drainage pipe’s ability to discharge. The saturation depth linearly increased with the infiltration of leachate and drastically decreased with the increasing drainage slope.

In the design and construction of solid waste landfills, it is necessary to take into account the geological features of the area. According to the requirements for such objects, their foundation must consist of waterproof rocks. In addition, it is necessary to isolate soils from the effect of leachate during the operation of the landfill and for a long time after its conservation. In modern MSWLF the isolation is provided by installing a screen, which is currently made of modern materials, and in previous times–of specially prepared and compacted top soils (clays and loams). At the same time, due to the average nature of geological surveys and measurements, the probability of heterogeneity of screen properties increases when old construction standards are used. Nowadays, a number of landfills of former design are still in operation. The model describing a part of such landfill unit will be considered in this article.

The paper is structured as follows. In the next section, the problem formulation is proposed and the governing equations and boundary conditions are considered. Then, the numerical setup is considered and mesh convergence is analyzed. The results of numerical simulations are first presented for parameters of field measurements taking into account the effect of thermal diffusion. Then the analysis is extended to the case when one of the porous layers has high permeability. In the conclusion section, our main findings are summarized.

2  Problem Statement

The ground base of the MWLF has a complicated soil composition, which is usually a combination of soils of different types having rather complex structures. For example, Fig. 1 shows a fragment of a geological section of the solid waste disposal facility, which has been in operation since 1978. As one can see, the base of the unit is a porous medium consisting of layers of clay loam, siltstone and mudstone (from top to bottom). Obviously, the specific features of this structure should be taken into account during the modeling of the leachate distribution. The base of a solid waste facility is modeled as a system of three horizontal layers of a porous medium, shown in Fig. 1. Geometry of the problem corresponds to the field measurements carried out at the MWLF site in 2017 [16]. On the other hand, the considered structure is typical, and the obtained results can be applied to a number of practical situations.
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Figure 1: Fragment of a geological section of a municipal solid waste disposal facility

Due to a large number of impurities, the modeling of leachate dynamics based on a full multicomponent model is rather difficult because it is hardly possible to completely determine its structure over the entire length of the MSWLF. Therefore, in this work, the leachate is described within the framework of a simplified model based on a two-component approach. Thus, the variety of contaminant compositions in the examined area is disregarded and the leachate is described as a mixture of impurities (containing all kinds of contaminants) in pure water. It is also assumed that the influence of the rock wettability variation on the leachate spreading can be neglected [17]. At the same time, thermal diffusion is taken into account because it can affect the distribution of impurities at low filtration rates.

Thermoconcentration convection of a binary mixture in a porous medium is described within the framework of the Darcy-Boussinesq model, taking into account the thermal diffusion properties of the mixture. It is assumed that the density of the mixture linearly depends on temperature, 
T
, and impurity concentration, C.


ρ=ρ0(1−βT(T−T0)−βC(C−C0)).
(1)

Here, 
βT=−1/ρ0(∂ρ/∂T)
is the coefficient of thermal expansion, 
βC=−1/ρ0(∂ρ/∂C)
is the coefficient of concentration expansion, 
ρ0=1000 kg/m3
is the reference density, 
C0=0.05
and 
T0=313
K are the reference concentration (mass fraction) and temperature. The value of the reference concentration, 
C0
, corresponds to the average concentration of impurities (containing all kinds of contaminants) obtained from the field measurements.

The cavity under consideration has a rectangular shape of length 
L=20
m and height 
H=5
m. It comprises three horizontal layers of different rocks (Fig. 2), which are characterized by constant values of porosity and permeability. The porous medium is saturated with a solvent, and the upper boundary of the system is the source of the impurity.
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Figure 2: Problem geometry

In the framework of the Darcy-Boussinesq model, the nonstationary equations of thermoconcentration convection of a mixture of two viscous incompressible fluids in a porous medium, taking into account the effect of thermal diffusion, read


0 =−1ρ0∇pi−νKiVi−g(βT(Ti−T0)+βT(Ci−C0)),
(2)


(ρc)i∗∂Ti∂t+ρfcfVi⋅∇Ti=λi∗∇2Ti,
(3)


εi∂Ci∂t+Vi⋅∇Ci=εiD∇2Ci+C0(1−C0)εiDT∇2Ti,
(4)


∇⋅Vi=0.
(5)

Here, index 
i=1, 2, 3
denotes the assignment to the porous layer and index 
f
corresponds to the leachate, 
V
is the filtration rate, 
p
is the pressure, 
g
is the gravitational acceleration, 
t
is time, 
K
is the permeability of the porous medium, 
ν
is the kinematic viscosity of the leachate, 
ε
is porosity, 
λ
is the thermal conductivity, 
c
is the specific heat capacity, 
D
is the molecular diffusion coefficient, 
DT
is the thermal diffusion coefficient. In heat transfer Eq. (3), the effective heat capacity coefficient, 
(ρc)∗=ρfcfε+ρici(1−ε)
, and the effective thermal conductivity coefficient, 
λi∗=λfε+λi(1−ε)
are introduced. The equations are written under the assumption of constant viscosity and transfer coefficients and negligible effects of barodiffusion and diffusion thermal conductivity (Dufour effect).

The lateral boundaries are assumed to be impenetrable, which excludes the outflow and diffusion of the fluid. The upper and lower horizontal boundaries of the system are maintained at constant temperatures 
Ttop
and 
Tbottom
. It is supposed that the system is bounded from below by a layer of rock with low permeability. Thus, at the lower boundary, the condition for the diffusion flux is satisfied, which implies that the diffusion flux of leachate is absent. The upper boundary is considered a source of pollution, which means that the condition for the leachate concentration is valid. At the internal boundaries between the layers the conditions of equality of pressures, temperatures, concentrations, as well as heat flows and diffusion flows are set.

The boundary conditions are


x=0:Vix=0; JiT=0; Ji=0,
(6)


x=L:Vix=0; JiT=0; Ji=0,
(7)


y=0:V3y=0; T3=Tbottom; J3=0,
(8)


y=H:V1y=0; T1=Ttop; C1=C0,
(9)


y=y1:p1=p2; T1=T2; J1T=J2T; C1=C2; J1=J2,
(10)


y=y2:p2=p3; T2=T3; J2T=J3T; C2=C3; J2=J3,
(11)

Here, 
JT
and 
J
are the heat flow and the diffusion flux of the substance calculated by


JT=λ∗(∂T/∂n)
,


J=−ερ0(D∇C+DTC0(1−C0)∇T)
,

where 
n
is the unit vector normal to the boundary.

Initially, the porous medium saturated with a stationary solvent (water), and the temperature linearly dependent on the vertical coordinate are considered. The temperature at the upper boundary is taken to be 343 K. This value corresponds to the maximum temperature recorded inside the landfill. It is assumed that the landfill screen is heated uniformly to this value over the entire surface. The lower boundary is at a fixed temperature of 283 K, which corresponds to the average soil temperature at a depth of 5 m. Despite the significant temperature difference, the condition for the application of the Boussinesq approximation is satisfied.

The physical parameters of the leachate are shown in Table 1. It is to be noted that the value of the molecular diffusion coefficient and the value of the thermal diffusion coefficient were taken as the values typical of aqueous solutions of inorganic salts and hydroxides [18–20]. The parameters of porous media are taken from the field measurements [16] and listed in Table 2.

[image: images]

[image: images]

3  Numerical Modeling and Mesh Convergence Analysis

Calculations were carried out using the ANSYS Fluent software package, which implements the finite volume method. The spatial discretization was performed using the third-order MUSCL scheme (Monotone Upstream-Centered Schemes for Conservation Laws). At each time step the convergence criterion for the velocity components was used. The absolute scaled residual errors should be less than 0.001 (“scaled” means that the residual error is divided by the flow rate through the domain). For the problem under consideration, it is convenient to use a stream function to describe the filtration flows. It should be noted that in the ANSYS Fluent the stream function, 
Ψ
, is introduced as 
ρu=∂Ψ/∂Ψ∂y∂y
, 
ρv=−∂Ψ/∂Ψ∂x∂x
, where 
u
and 
v
are the 
x, y
components of the velocity vector. Thus, the results for the steam function given below are in units (kg/s).

The calculations were carried out using the structured mesh with square cells. Table 3 presents the comparison of the results obtained for different spatial steps and the interpolation of the results to the zero grid step. Time 
tL
was chosen as a criterion for estimating the mesh convergence. This time determines how long it takes for the impurity to reach the lower boundary of the upper layer. These series of calculations were carried out for the following values of the layer permeability: 
4.13⋅10−1
, 
6.02⋅10−3
, 
1.89⋅10−2
d. As can be seen from the comparison with data in Table 2, the permeability of the upper layer is overestimated as against the natural value, which makes it possible to check the resolvability of the emerging convective vortices. The grid with spatial step 
h=0.05
m is used because it has proved to be sufficient to describe the behavior of the system with an error of less than 1% (see Table 3).
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4  Modeling Based on Parameters of Field Measurements: Porous Media of Low Permeability

Data presented in the reference literature allows us to estimate the value of the diffusion coefficient for different binary mixtures, including solutions of inorganic compounds contained in the leachate. However, the case is different for the thermal diffusion coefficient. Moreover, the effect of thermal diffusion can be both positive and negative, which significantly affects the behavior of the mixture. The sign of the thermal diffusion coefficient of the mixture components indicates whether they diffuse into an area at higher or lower temperatures. The former case corresponds to the positive thermodiffusion effect, and the latter- to negative thermodiffusion. It is worthy of note that the negative coefficient of thermal diffusion of a heavy component and heating from above can lead to unstable density stratification and the onset of convection. To identify the possible impact of thermodiffusion, first, it is necessary to investigate the dynamics of leachate without considering thermodiffusion (
DT=0
), and then–under positive (
DT > 0
) and negative (
DT < 0
) thermodiffusion effect. The non-zero values of thermal diffusion coefficients are exactly the same as those presented in Table 1.

The results of calculations show that for parameters of field measurements a convective flow does not occur in the region under consideration. Slow penetration of the contaminant into the rock mass under the landfill is observed. After a long period of time (more than 500 years), the concentration is defined as a piecewise linear function of depth. This time is generally consistent with the characteristic time scale for diffusion (
H2/D
). Thus, the behavior of the liquid tends to a state of mechanical equilibrium described in the absence of convection and the linear distribution of temperature and impurity concentration.

4.1 Without Thermal Diffusion

Let us model the evolution of the impurity concentration at natural environmental parameters, taking no account of thermal diffusion. The simulation has been carried out for a time period of 800 years. Fig. 3 shows how the difference in the concentrations between the centers of the horizontal boundaries of the loam and siltstone layers changes with time. It can be seen that the impurity slowly spreads downwards and reaches the lower boundary of the loam in about 0.8 years and the lower boundary of the siltstone in about 1.3 years. It is in good agreement with the values that can be obtained for purely diffusive pollution transport based on the values of the filtration coefficients for these media (see Table 2). At the end of the simulation time, the concentration difference in the loam and siltstone layers tends to reach identical values. At the same time, the concentration difference in the loam layer becomes slightly lower than the concentration difference in the siltstone layer (Fig. 3), which is also explained by the properties of the media.
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Figure 3: Evolution of concentration difference between upper and lower part of the loam (
ΔCL
) and the siltstone (
ΔCS
) layers

The distribution of impurity along the central vertical line at different times is shown in Fig. 4. It can be seen that after five years the small quantities of impurity reach the mudstone layer, and 50 years after the beginning of continuous leachate flow into the rock of the landfill base the concentration of impurity becomes significant at a depth of more than 3 meters.
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Figure 4: Evolution of vertical profiles of impurity concentration in the center of the cavity for: 1–5, 2–10, 3–50, 4–100 years

4.2 The Effect of Thermal Diffusion

In the case when the effect of thermal diffusion is taken into account, only minor quantitative differences can be observed in the first decades. In particular, the values of the concentration difference between the loam and the siltstone boundaries differ from the case 
DT=0
by 1% or less, both for the positive and negative effects of thermal diffusion in the first 20 years. However, consideration of thermal diffusion in a long-term process of contaminant seepage results in a 1.5-2.5-fold change in the values of the concentration differences 
ΔCL
and 
ΔCS
. As can be seen from Fig. 5, for 
DT < 0
the concentration difference in both upper layers increases, i.e., the negative effect of thermal diffusion slows down the spread of impurities. The positive effect of thermal diffusion accelerates the penetration of pollutants into the soil. Moreover, in this case, the concentration of impurities can become higher at the lower boundaries of the layers than at the upper ones.

[image: images]

Figure 5: Temporal evolution of the concentration difference between the centers of the horizontal boundaries of the loam (
ΔCL
) and siltstone (
ΔCS
) layers over the interval of the last 100 years of modeling time

The retarding effect of the negative thermal diffusion is demonstrated in Fig. 6, where the distribution of impurities along the vertical center line of the cavity is shown at the time 
t=800
years. Over such a long period of time, the negative thermal diffusion effect leads to the reduction of the impurity concentration by more than 8%. The concentration profile is as close as possible to a piecewise linear distribution.
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Figure 6: Vertical profiles of impurity concentration along the center of the cavity at time 800 years for: 1–
DT < 0
, 2–
DT=0
, 3–
DT > 0

5  The Influence of Permeability Variation

In this section permeability of the loam, siltstone and mudstone layers obtained in field measurements is taken as 
K10
, 
K20
and 
K30
, respectively. Further modeling is carried out for the case where the permeability of one of the layers is two orders of magnitude higher than its real-life value. Such changes in permeability are possible due to the crack formation as a result of the increase in the mechanical load on the soil.

5.1 The Case of the Loam Layer Weathering

Let us consider an increase in permeability of the loam layer (
K1=102 K10
) taking into account the influence of thermal diffusion. The results of the simulation for this case are presented in Figs. 7–10. As can be seen from Fig. 7a, with increasing permeability of the loam layer, the flow occurs throughout the system, regardless of neglecting thermal diffusion, which decays over a long period of time. Moreover, for almost an annual period, the results obtained with consideration for thermal diffusion differ neither qualitatively nor quantitatively from the case of 
DT=0
. During this initial period, the impurity penetrates deep into the porous medium, which is the reason why the difference in concentrations between the upper and lower boundaries of the loam and siltstone layers is constant (see Fig. 7b and 7c). After the impurity reaches the lower boundary of the loam, an increase in the flow intensity is observed. This leads to the mixing of the leachate, which is accompanied by a decrease in the concentration difference between the boundaries of the layers.
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Figure 7: Time dependence of the maximum value of the stream function in the cavity (a, b) and the difference in impurity concentrations between the centers of the upper and lower boundaries of loam (c, d) and siltstone (e, f) at 
K1=102K10
. Black lines correspond to 
DT > 0
, dashed lines are for 
DT=0
, red lines are for 
DT < 0
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Figure 8: Stream function for 
K1=102K10
and different values of thermodiffusion coefficient: 
DT=0
(a), 
DT > 0
(b), 
DT < 0
(c). Isolines are drawn at intervals equal to 
7.5⋅10−7
kg/s
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Figure 9: Leachate concentration for 
K1=102K10
and different values of thermodiffusion coefficient: 
DT=0
(a), 
DT > 0
(b), 
DT < 0
(c)
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Figure 10: Vertical profiles of impurity concentration in the center of the cavity in the case 
K1=102K10
. Black lines – 
DT < 0
, dashed lines – 
DT=0
, red lines – 
DT > 0

The change in the flow structure and the evolution of the impurity concentration distribution in the cavity are shown in Figs. 8 and 9. The flow that occurs after the impurity reaches the lower boundary of the loam layer has a multi-vortex structure and is localized only in this layer (Fig. 8, 
t=10
years). In the course of time, the number of vortices decreases, which is accompanied by changes in the flow intensity (local maxima and minima on the curve of time dependence of the maximum value of the stream function in the cavity, Fig. 7a). There is also a weak penetration of the flow into the layers of siltstone and mudstone (Fig. 8, 
t=50, 100
years). In this case, the positive effect of thermal diffusion accelerates this process, whereas the negative effect slows it down. With the passage of time (many years later), the flow weakens significantly, but becomes “large-scale”, i.e., spreads throughout the cavity, although it is still shifted to the area of the upper layer. At a longer simulation time, one or two well-defined vortices are observed in the flow structure (depending on the sign of the thermal diffusion coefficient).

Isolines of the leachate concentration evolution are presented in Fig. 9. It can be seen that after a few decades, the spread of pollution occurs more slowly. Even at these moments of time, the concentration of the leachate in the lower part of the cavity is uniform. When a local flow occurs in the loam layer, the concentration isolines are significantly deformed (Fig. 9, 
t=10
years), while in the siltstone layer, the concentration distribution is close to linear, and in the mudstone layer, the impurity has not yet reached the lower limit (Fig. 10, 
t=10
years). It is evident from the vertical concentration profiles that the influence of thermal diffusion in this time interval is insignificant.

As time passes, the flow becomes “large-scale” and the impurity reaches the lower boundary of the cavity; curvatures of the concentration isolines are observed throughout the cavity (Fig. 9, 
t=100
years). From Fig. 9, it can also be concluded that the negative thermal diffusion has a stabilizing effect: in this case, the degree of deformation of the concentration isolines is much less. Since the flow decays in the course of time, the concentration distribution becomes piecewise linear (Fig. 10), which is observed when the simulation is based on the real values of layer permeability (Fig. 6).

5.2 The Effect of the Increased Permeability of Bottom Layers

Further the effect of increasing permeability of the siltstone and argillite layers is demonstrated for the case of a negative effect of thermal diffusion. As can be seen from Fig. 11, convection in the cavity begins when the impurity reaches the corresponding layer with high permeability. Thus, in the mudstone layer, the flow occurs more than 10 years after the beginning of the simulation (Fig. 11a). The flow that arises in the cavity exists for quite a long time but eventually fades out. The flows occurring in the cavity with increasing permeability of loam and siltstone layers have nearly the same intensity, provided that the heights of these layers are equal, and their permeability is of the same order of magnitude. The highest flow intensity is observed with increasing permeability of the mudstone layer; apparently, this is due to the greatest thickness of this layer and its higher initial permeability (see Table 2). The flow provoked by an increase in permeability enhances the mixing of the leachate and, accordingly, the rate of penetration of pollution (the difference in concentrations between the boundaries of the layers decreases, Fig. 11b and 11c). This can have the most dangerous consequences in the case when the integrity of the lower layers, which might be in close proximity to groundwater, is violated.
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Figure 11: Time dependence of the maximum value of the stream function in the cavity (a, b) and the difference in impurity concentrations between the centers of the upper and lower boundaries of loam (c, d) and siltstone (e, f). Gray lines are for 
K1=102K10
, red lines – 
K3=102K30

An increase in permeability of the siltstone and mudstone layers leads to the emergence of a “local” convective flow (Figs. 12 and 13). In the case of 
K2=102K20
(increased permeability of the siltstone layer), the multi-eddy flow is localized for a long time only in this layer (Fig. 12a). At times greater than 100 years, the flow penetrates into the lower layer of mudstone. In this case, the observed degree of penetration is higher than for the case of increased permeability in the loam layer (Fig. 8c). In this case, the flow has an asymmetrical four-vortex structure.
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Figure 12: Isolines if flow function (a) and the leachate concentration (b) for 
K2=102K20
. The stream function isolines are drawn at intervals equal to 
8.5⋅10−7
kg/s
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Figure 13: Isolines of flow function (a) and the leachate concentration (b) for 
K3=102K30
. The stream function isolines are drawn at intervals equal to 
1.7⋅10−6
kg/s

The flow weakly penetrates into the loam layer, whose permeability is lowest. Comparison of time dependence of 
ΔCL
for natural and increased permeability of the siltstone layer reveals their qualitative and quantitative similarity (Figs. 3a and 11b). Thus, at the “local” increase of convection, the impurity concentration is close to the linear distribution through the thickness of the loam layer (Figs. 12b, 14a). In the siltstone layer, its value changes slightly, and the isolines are significantly deformed. In the mudstone layer, the concentration isolines are slightly deformed. Over the years, the flow penetration into other layers with lower permeability also involves the deformation of the concentration isolines (Fig. 12b).
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Figure 14: Vertical profiles of the impurity concentration in the center of the cavity for 
K2=102K20
(a) and 
K3=102K30
(b)

In the case of increased permeability of the mudstone layer (
K3=102K30
), convection occurs much later, and the flow intensity is higher than in the previous cases. The flow is of “local” nature (Fig. 13a) and its structure is multi-vortex. A large number of vortices associated with the flow occurrence gradually merge in pairs. These rearrangements of the flow structure are accompanied by numerous jumps of the flow intensity as is seen from the graph of the maximum value of the stream function in the cavity vs. time (Fig. 11a). The flow pattern maintains a “local” character over a long period of time: permeability of the upper layers is rather low, which prevents the flow from penetrating into the upper layers. After a long time a symmetrical four-vortex structure of the flow is formed (Fig. 13a, 
t=500
years).

As can be seen from Figs. 13b, 14b, the flow in the argillite layer is quite strong, and therefore prevents high impurity concentration due to dilution. After a year, the distribution of concentration in the loam and siltstone layers is close to linear, and in the mudstone layer the concentration practically does not change. After a longer time, when the flow weakens and the impurity penetrates into the lower layer, the concentration isolines are seen to be strongly deformed by the flow (Fig. 13b for 
t=500
years).

5.3 Discussion on Permeability Influence

The rate of leachate propagation due to diffusion is low (see Figs. 3 and 4). Convection is known to be able to intensify the impurity transport by several times. In the cases under consideration, filtration flows cannot be initiated by natural thermal convection due to internal heat sources in the MSWLF body, which leads to heating from above. On the other hand, as shown above, concentration convection can develop in a layer of high permeability when the critical difference in concentration values exceeds the stability threshold.

An important finding of the modeling is that convective flows, which initially developed in the layer of high permeability, penetrate into the neighboring layers and enhance the leachate transport in them. The effect is particularly pronounced in the layers adjacent to the bottom of the high permeability layer (see Fig. 12). This phenomenon can be explained by the formation of finger-like structures in the layer with high permeability, which moves downwards and introduces significant perturbations in the concentration field of the bottom layer. Consequently, the concentration convection develops in the bottom layer and results in a “large-scale” convection in the system, which substantially increases the rate of leachate propagation.

The dependence of the average impurity concentration at the bottom of the computational domain is shown in Fig. 15a for two upper layers of the porous medium of different permeability. In particular, the figure presents three curves corresponding to the parameters of field measurements, high permeability of the loam layer and high permeability of the siltstone layer. As can be seen, the high permeability of the loam layer leads to a 25% increase in the concentration at the layer bottom, and in the case of the high permeability of the siltstone layer, the increase is more than 30%. This growth cannot be explained by extensive convection in only one layer. The effect is especially remarkable if the middle layer (siltstone) is of high permeability. In Fig. 15b, the dependence of the concentration growth rate reaches a maximum after approximately 125 years in this case. The dependence of the flow function in Fig. 13a demonstrates the same behavior, which conforms to the development of “large-scale” flows. Thus, the existence of a layer with high permeability can significantly influence the process of leachate propagation because intensive convection flows in this layer are able to penetrate into the bottom layers, accelerating the transport of contaminants.
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Figure 15: Evolution of impurity concentration (a) and concentration growth rate (b) at the bottom of the mudstone layer for different values of permeability “1” corresponds to field measurements (
K1=K10, K2=K20, K3=K30
), “2” is the case of the upper layer (loam) is of high permeability (
K1=102K10, K2=K20, K3=K30
), “3” is the case of the middle layer (siltstone) is of high permeability (
K1=K10, K2=102K20, K3=K30
)

6  Conclusion

The results of direct numerical simulation of the process of contaminant propagation through the porous medium saturated with pure liquid have been discussed. The modeling was carried out for the problem of leachate seepage from the MSWLF into the foundation soil of the landfill. According to the field measurements, the landfill base should be treated as a complex medium consisting of three layers of porous media: loam, siltstone and argillite. The influence of thermal diffusion on the leachate dynamics was investigated under conditions of internal heating of the MSWLF body by considering both the positive and negative thermal diffusion and making a comparison with the results obtained without the influence of the thermal diffusion. Then the effect of variation in soil layer permeability, which is caused by crack formation due to increased squeezing in the process of MSWLF operation, was studied in detail. For the values of layer permeability obtained from the field measurements, it has been shown that filtration flows in the examined area are of low intensity, and the impurity slowly penetrates into the porous medium primarily by diffusion. The penetration of contaminants into porous media was traced over a long period of time (up to 800 years). Under these conditions, the effect of thermal diffusion significantly affects the distribution of impurities for a long time, accelerating or slowing down the penetration of impurities deep into the medium, depending on the sign of the thermal diffusion coefficient. It has been shown that positive thermal diffusion reduces the rate of impurity propagation, at the same time, it also slightly reduces the threshold for the onset of convective instability. Negative thermal diffusion leads to an increase in the rate of leachate propagation. Within a period of less than 100 years, the effect of thermal diffusion is weak and can be neglected.

As soon as the protective properties of the layer forming the base of the landfill have degraded, the permeability of this layer increases, which results in the occurrence of a local multi-vortex flow. It has been shown that convection that initially occurs “locally” in the layer of growing permeability is intensified, penetrates into other layers, and turns into a “large-scale” flow. This flow accelerates the penetration of impurities deep into the base. Thus, the existence of a layer of high permeability in the foundation of MSWLF can lead to a significant acceleration of impurity spreading. In particular, the degradation of the siltstone layer leads to an up to 25% increase in the leachate concentration in groundwater after 125 years of MSWLF construction (see Fig. 15a). These effects should be taken into account during the assessment of the risk of leachate infiltration into the foundation soils of MSWLF.
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Table 3: Dependence of time when pollution reaches the lower boundary of the loam on the step of the
computational mesh
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Table 1: Physical and thermal parameters of the leachate

Parameter Value

/¢, thermal conductivity coefficient, W /(mK) 0.56

cr, specific heat capacity, J/(kgK) 4180
(pc);, heat capacity, J/(m’K) 4.18 - 10°
fr, thermal expansion coefficient, 1/K 1.8-107%
pc, concentration expansion coefficient —0.96

v, kinematic viscosity, m* /s 1.0-107°
D, molecular diffusion coefficient, m? /s 1.5-107°
Dr, thermal diffusion coefficient, m? /(Ks) +9.10712
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Table 2: Physical and thermal parameters of media

Parameter Soil types

Clay loam Siltstone Mudstone
p, density, kg /m’ 1.55-10° 1.74 - 10° 1.67 - 10°
4, thermal conductivity coefficient, W/mK 1.36 2.1 1.69
¢, specific heat capacity, J/(kgK) 1973 894 756
(pc), heat capacity, J/(m°K) 3.06 - 10° 1.56 - 10° 1.26 - 10°
g, porosity 0.43 0.39 0.36
(pc)”, effective heat capacity, J/(m>K) 3.54-10° 2.58 -10° 2.31-10°
A", effective thermal conductivity, W/mK 1.016 1.500 1.280
o, filtration coefficient, m/day 3.50 - 10° 5.10-10° 1.60 - 10°
K, permeability, d 4.13.1073 6.02- 1073 1.89-1072
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