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Abstract

Due to the scarcity of freshwater resources, especially in arid and semi-arid regions, groundwater has
become an essential alternative. However, the increasing contamination of groundwater globally has raised
significant concerns about the sustainability of this vital resource. Contaminants, often originating from
sources like landfills and agricultural runoff, are typically released near the land surface. These pollutants
travel through the unsaturated soil zone, known as the vadose zone, eventually reaching groundwater
reservoirs. The movement of contaminants through the vadose zone is complex and poses significant
environmental challenges. Therefore, understanding and accurately modeling the processes governing
contaminant transport in this zone is critical for protecting groundwater quality. The equations governing
pollutant transport in unsaturated porous media are complex and depend heavily on specific problem
characteristics. Various mechanisms, including advection, dispersion, and biodegradation, must be
considered as they influence the fate and transport of contaminants. Advection describes the movement of
contaminants with the water flow through the porous medium, while dispersion accounts for the spreading of
contaminants due to variations in flow velocities. Biodegradation involves the breakdown of contaminants
by microorganisms, significantly altering pollutant concentrations during their movement through the soil.
One of the key complexities in modeling contaminant transport in unsaturated porous media is the
dependence of dispersion coefficients and seepage velocities on soil moisture content, which varies both
spatially and temporally. To address these challenges, this study first solves the flow equation in an
unsaturated medium using Richards’ equation, a widely recognized model for unsaturated flow. Parameters
such as moisture content and hydraulic head were computed, followed by the estimation of seepage velocity
and hydrodynamic dispersion coefficients. These parameters are crucial for predicting how contaminants
move through the vadose zone and were used to solve the contaminant transport equation to determine
concentration distribution within the computational domain.

Given that analytical solutions to these equations are typically limited by the need for simplified boundary
conditions and geometries, numerical methods offer a more flexible approach. Numerical methods can
handle the non-linearity and variability inherent in flow and transport equations, making them well-suited for
more complex scenarios. The most commonly used numerical techniques in this field include finite
difference, finite element, and finite volume methods. In this research, a novel numerical method called Dual
Discrete Finite Volume (DDFV) was developed specifically for modeling flow and contaminant transport in
both saturated and unsaturated porous media. This method uses structured and unstructured grids to
effectively handle complex geometries often encountered in real-world scenarios. Flow and contaminant
transport equations were accurately modeled for each triangular element within the grid. By solving the flow
equation, the study was able to determine moisture content and hydraulic head at both the center and vertices
of each element. Flow velocities at the interfaces of these elements were then calculated, allowing for the
determination of dispersion coefficients. The developed model was validated against three different
examples. The first example involved pure diffusion with two-dimensional transient flow. The second
example dealt with the advective-dispersive equation with continuous contaminant injection. By comparing
the two-dimensional case with the one-dimensional case, it was found that no numerical oscillations occurred
in the two-dimensional case, regardless of mesh size or time step. The third example considered the fate of
contaminants undergoing biodegradation. In this scenario, root mean square errors (RMSE) and normalized
root mean square error (NRMSE) values were calculated for different mesh sizes and time steps. Mesh
refinement was found to decrease the error values, and all results demonstrated the high accuracy of the
proposed numerical model.

Keywords: Unsaturated porous media, Richards’ equation, Advection, Dispersion, Numerical modeling,
Finite volume method.
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