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ABSTRACT 

Most heuristic studies of hydrogeology connected with the study of water flow pattern in the ground that uses 

the knowledge and continuous prediction of soil permeability changes and soil porosity have been very costly; 

yet, no concrete comprehensive concept and results have been realized. The need for cost effectiveness in the 

prediction of soluble pollutants’ mobility and behavior in the soil is imperative in this computational 

modeling era where complex problems are numerically analyzed and simulated.  This paper focuses on two 

dimensional modelling of water soluble pollutants through soil using computational fluid dynamics (CFD) 

approach and adapted Navier-Stokes equations for porous flow. The model is used to simulate flow of water 

soluble pollutants in the soil within the laminar flow regime and to examine the dispersion of water soluble 

pollutants through soil layers at various Reynolds numbers. A code was developed and used to simulate the 

model and simulated results validated qualitatively against experimental results. The dispersion pattern of the 

dye used was then physically examined at various times and the results compared. It was found that all the 

flow patterns of the experiments were comparable to the simulated results. The lessons learned from this 

study, recommendations and the potential contributions to future models in pollutant mobility and dispersion 

in the soil and groundwater are discussed herein. 
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1.0 INTRODUCTION 

Flow through and past porous media have attracted significant interest in recent years 

because of their importance in engineering and technology (Alazmi & Vafai, 2001). 

Researchers are still trying to understand some of the modeling aspects of flow through 

soils and other porous media. The porous nature of the soil enables pollutants to be 

conveyed from one locality to another with less resistance to movement of these pollutants. 

Such pollutants after an appreciable time (in months or years) would surely find their way 

into rivers, streams and groundwater, which serve as the major source of drinking water for 

most rural dwellers (Kiptum & Ndambuki, 2012).  

Pollutants released from sources such as sewage sludge, waste liquids, among others are 

distributed throughout the soil system, while remaining in the soil solution as iron and 

organic and inorganic complexes with some remaining mobile for uptake by plants 

(Amonoo-Neizer et al, 1996; Hooda et al, 1997). Their mobility and availability depend on 

several factors including soil porosity, soil texture and soil pH. Changes can occur in 

chemical form and mobility of metal in the leachate, which are usually the result of 

variation in pH or reduction-oxidation (Sims and Patrick, 1978). This pollution of ground 

water may affect surface water and possibly portable water supplies depending on the 

nature of aquifer configuration of an area.  

In Ghana, a greater percentage of waste water is illegally discharged directly into rivers and 

streams as well as the bare soil without treatment. Specifically, untreated sewage, poorly 

treated sewage, or overflow from under-capacity sewage treatment facilities can send water 
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bearing-diseases into rivers and oceans. A typical incidence occurred in 2009 when an 

overflow of a cyanide containment pond of AngloGold Ashanti, Iduapriem Mine led to 

cyanide leakage into nearby rivers and forests. Mining companies in Ghana sometimes 

illicitly dump mining waste directly into rivers or other bodies of water as a method of 

disposal. For instance, the Wassa community near Tarkwa Gold Mine in September, 2009 

complained about cyanide spillage, as well as the release of other hazardous chemicals 

including arsenic, manganese, cadmium, iron, copper, and mercury, zinc and lead into 

water bodies through mining operation. Detailed research by the Wassa Association of 

Communities Affected by Mining Changes (WACAM) revealed that River Nyam in 

Obuasi, which is a mining community, had arsenic concentration of 13.56 as against 0.01 

permissible levels required by the World Health Organization (WHO) and the Ghana 

Environmental Protection Agency (GEPA). A substantial proportion of these cyanide and 

other pollutants ultimately finds their way into poorly-treated drinking water (Asante et al, 

2007). Huge pools of mining waste which is known as "slurry" are often stored behind 

containment dams. If a dam leaks or bursts, water pollution is guaranteed.  

Conventionally, tracers are widely used to study the behaviour of water flow in the soil and 

even beyond the ground water table so as to predict and or determine the direction and 

velocity of ground water movement (Papp et al, 2008). Failures of tracer test are most 

commonly a result of incorrect choice of tracers, insufficient concentrations of tracers and a 

lack of an understanding of the hydrogeologic system being tested. Some of the most useful 

general tracers are bromide chloride, rhodamine WT, and various fluorocarbons. 

The unfavorable drawback is that, these tracers themselves may also serve as pollutants. 

However, in recent years, several analytical equations for free and porous flows have been 

propounded by researchers in the area of fluid mechanics, water resource management, and 

hydrogeology (Hassanizadeh & Gray, 1979b; Duijn et al, 2007; Yahya & Abdulfatai, 

2007) but their analogous numerical models and simulations have not been fully realized in 

practical terms. Some of the prominent theoretical models are the Henry Darcy’s law 

(1856) and the Forchheimmer equation (1901) for porous flow (Bennethum & Giorgi, 

1996; Huang & Ayoub, 2008). Interestingly, the gap between the number of theoretical 

equations and the corresponding numerical models continue to widen even though few 

models such as MODFLOW (Mcdonald & Harbaugh, 2003) do exist.  In such models, soil 

and hydrogeological properties are to be determined experimentally (Camur & Yazicigil 

2001; Viman et al, 2005; Shao et al, 2013) and subsequently used to estimate and or iterate 

the velocities, direction of flow and contamination levels of pollutant within porous media.  

The intent of this work was to simulate water flow pattern in the soil and examine the 

behaviour of water soluble pollutants and to qualitatively approximate pollutant dispersion 

coverage area vis-à-vis its travel time and pollutant spread pattern. This would help towards 

the development of a sustainable model that would simulate the flow pattern of 

contaminated water through the soil at a cheaper cost. Such a model may be welcomed by 

city and town planners, borehole drillers and mining companies as it would 

complementarily enhance their operations in predictions and planning purposes.  

 

2.0 MATERIALS AND METHOD  

Numerical Model 

A number of assumptions regarding the flow, characteristics of water and the porous sand 

medium were considered for the computational model in Figure 1. These assumptions were 

used in tandem with the following continuity equation (2) as well as the modified adapted 
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two dimensional Navier-Stokes equations (1a and 1b) that describe the flow of 

incompressible fluids through a porous medium (Gent, 1992; Anderson, 1995): 
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Insisting on assumptions about turbulent flow and inertia forces cancel the turbulence term 

and the inertia terms, yielding the following equations:    

 

     
  

   
   

      
                

 

 
 
      
          

  
    

  
    

  

  
    

   
 

  
 
     

  
                            

  
    

  
    

  

  
    

   
 

  
 
     

  
                            

The simplified equations representing equations 2, 3a and 3b are: 

                                              

                    
                                          

                         
                                  

Advective = - Pressure - Convective - Constant (Laminar Resistance) 
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(a)                       (b) 
Figure 1: Computational model (a) Schematic setup (b) Staggered grid  

 

 

Numerical Solution 

The equation (2) is solved by generating a system of new velocities after every n+1 time 

step for all grid points as: 

                        
                                  

The continuity equation (1) may be analogously treated as a stream function Q
n

 as follows: 

Compute                                                

And                                                                                                                             

The concentrations of pollutants were computed once the velocity fields have been 

determined. The equation for the mobility of heavy metals in a porous medium like soil is 

given by     

 

   
    
 

 
 

  
  
  

 
 (after DeCapio, 2003).  …………..…………..………….(8)  

The Equation 8 above was transformed into a two dimensional form as follows: 
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Figure 2a: Flow chart for the numerical simulation (Continuation on next page) 
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  Figure 2b: Flow chart for the numerical simulation (extension) 

 

 

In the computational domain, the concentration fields would behave in the following form: 

  
        

 

   
     
 

 
 

  
       
  

  
                           

       
        

 

   
     
 

 
 

  
      

 
  

  
                               

The flow chart for the numerical simulation in Matlab program is explicitly shown in 

Figures 2a and 2b. The flow velocity in terms of Reynolds number and the assumed travel 

time of pollutants, as well as preset boundary conditions (numbered 1-7 in flow chart) are 

specified. A Matlab code was developed and used to solve the Equation 10a and 10b for 

seven different boundary conditions and at varied dispersion times as well as Reynolds 

numbers. The program runs through a series of iteration until the solution converges.
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Once convergence is arrived, the computation ends, simulation results are graphically 

generated and the results are captured for analysis. The code is flexible enough to be 

massaged in the M-file of Matlab for different porous media and run to give parallel results.   
 

Experimental Model and Setup 

Analogous physical model was built to corroborate the numerical results by way of 

qualitative comparison. The setup (Figure 3) was simple and comprised a two square meter 

wooden wall, labeled as northern, southern, eastern and western boundaries.  A water-proof 

rubber carpet was placed beneath the two square metre wooden wall and filled with a three 

centimeter depth of fine sand (plastering sand) evenly and horizontally spread on the carpet 

within the square walls. The boundaries (wooden walls) were secured with eight pegs to the 

level ground. A two metre long, one inch diameter PVC pipe with linear perforations on it 

and both ends closed and  a water hose connected to the reservoir and PVC pipe was used 

to convey dye solution (soluble pollutant) from  the dye solution reservoir. The pollutant 

reservoir and the PVC pipe were placed at the same height of 30cm above the fine sand.  

 

 
 

Figure 3: Experimental setup of soluble pollutant flow through fine sand. 

 

There were assumptions made with regard to the experimental setup. One of them has to do 

with the thickness of sand used. The thickness of fine sand within the 2-m square wooden 

wall is assumed to be of unit depth to conform with 2D flow. The other has to do with the 

likelihood of distortion in the orientation of particles during flow. Here, the natural 

orientation of the sand particles as well as its associated porosity and permeability is 

assumed to remain unchanged. Finally, the pressure with which the dye enters the sand is 

assumed to be that of atmospheric pressure. Concurrently, the flow of the dye through the 

sand is assumed to be purely laminar with low Reynolds numbers throughout the 

experiment. 

 

Determination of Coefficient of Permeability 

The falling head permeability test was used to determine the permeability of fine sand.  At 

the Geotechnical Engineering Laboratory, the reamer and the proctor mould setup was used 
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to approximate the coefficient of permeability of fine sand. Using the Darcy’s law, the 

permeability is computed as follows:  
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Then the absolute or intrinsic permeability, K is given by;     
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3.0 RESULTS AND DISCUSSION 

The numerical and experimental results obtained from the two analogous models are shown 

in Figures 5 and 6. A close examination revealed that each complementary pair of results 

was similar by qualitative comparison. In Figure 5a, the pollutant was placed along the 

whole length of the northern boundary. It is observed that the pollutant dispersed in a U-

shaped wave form as the concentration levels fall gently from the source to the sink. It is 

very interesting to visualize that as the pollutant source was further moved along the 

northern boundary at about 40% lengthwise way from the western boundary, a true 

eccentric wave form dispersion of the pollutant was obtained. This is evident from Figure 

5b where the eccentric wave of concentration profile declined gently from the source to the 

sink. A more unique development was considered where the pollutant was placed within 

the computational domain 50% lengthwise by 20% breadth as illustrated in Figure 6.  As 

clearly observed, a true concentric wave form dispersion of the pollutant is exhibited. The 

concentration of the pollutant, once again, decreases from the source (with pink colour) to 

the sink (with blue colour) as indicated by the colour bar. 

The complementary experimental results shown at the right side of each of the three 

simulations in Figures 5a, 5b and 6 are photographs captured during the experiment at the 

fifth hour, respectively. It could be observed that each of the experimental results fully 

corroborate that of the counterpart numerical results discussed. This is because the flow 

pattern and configuration of the simulated results and experimental results are very similar; 

hence, the two results are qualitatively comparable.  
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(a)

 

   
(b)

 

Figure 5:  Numerical(left) and Experimental(right) results of pollutant dispersions at:   

(a) pollutant along northern boundary and  (b) midpoint of northern boundary   

 

   

Figure 6:  Comparison of Numerical(left) and Experimental(right) results of pollutant dispersions at inner 

portion of computational domain.  
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Factors Affecting Pollutant Dispersion 

Apart from source concentration levels and velocity of flow or the Reynolds number, 

another parameter that has influence on the rate of pollutant travel in a computational field 

is time. From figures 7a and 7b illustrated below, it is evident that the gradients of 

concentration levels (Cg) determined have a constant concentration rate of distribution at 

times 1 hour and 5 hours and for both cases 6 and 7. The longer the time interval, the higher 

the concentration levels along the midpoint of lz as more moles of the pollutant are able to 

disperse and travel to the midfield of the computational domain. In both cases considered, 

the gradients (Cg) of the various curves remain constant with Cg = -1.725 ×10
-11

 kmol/m
3
 

and Cg = -6.192 ×10
-11

 kmol/m
3
 for case 6 and 7, respectively at all times. The implication 

is that the rate of pollutant dispersion depends on the pollutant travel time as the higher the 

pollutant travel time, the higher the rise in concentration levels of a given monitoring point. 

Moreover, the pattern of pollutant dispersion depends on the source of the pollutant and its 

boundary conditions. This is because unique dispersion patterns were recorded for cases 6 

and 7 at all time intervals irrespective of the pollutant moles dispersed.  

In addition, a section of the results generated from the Matlab codes confirmed that the 

higher the Reynolds number for the same quantum of pollutant concentration at fixed 

source, the more swift, irregular and haphazard the dispersion of that pollutant.  
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          (b) 

Figure 7: Concentration of dispersed pollutant for two different locations of plummets after: 

(a) One hour pollutant leakage (b) Five hour pollutant leakage 

 



 AFRICAN JOURNAL OF APPLIED RESEARCH (AJAR) 
www.ajaronline.com Vol.3, No.3 (Pages 34-45) ISSN 2408-7920 (March 2016) 

    44 

 

4.0 CONCLUSION AND RECOMMENDATIONS 

Matlab code for simulating water soluble pollutants through soil has been developed and 

numerical results validated against experimental results. The code is fundamentally 

dependent on a modified form of the adapted Navier-Stokes equation for porous flow. It is 

used to simulate how water soluble pollutants manoeuvre their way through homogenous 

soil and any other homogeneous porous media. There exists a fairly consistent relation 

between the flow pattern, pollutant dispersion and the flow variables. This is more 

comprehensive when the concentration levels along the mid-point of the computational 

domain were determined and analyzed at varying Reynolds numbers and times. The code 

was validated qualitatively using an experimental set-up performed by physically 

monitoring of the flow of a dye from three different sources within a two square metre by 

three centimetre depth of fine sand spread over a water proof carpet on a level ground. The 

distribution and dispersion pattern of the dye used was then physically examined at various 

times as simulated in the code and results compared. It was found that the concentration of 

the dye qualitatively decreased away from the source. This coincided with the physical 

analysis and observation of the dye configuration obtained at the end of all the three 

experiments. It is postulated that water soluble pollutants travel uniformly through 

homogenous soil from a source to a sink as their concentration level from the source to the 

fixed point under monitoring also increases qualitatively with time. It has become clear that 

the higher the Reynolds number (velocity) of the flow, the higher the rate of pollutant 

distribution from the source to the fixed point(s) being monitored. Additionally, pollutants 

may disperse in conical, U, eccentric and concentric shapes from a source to sink 

depending on boundary conditions. It is suggested that that there exists a very good level of 

agreement between the experimental and numerical results obtained.  

Notwithstanding the fact that the model developed could be considered to be a good 

representation of the phenomenon of mobility of pollutants in the soil, several inputs are 

required by future environmental researchers to ensure the development of a more 

adaptable code. Future codes should be extended to include obstacle or non-permeable and 

non-homogenous medium in the computational domain so that pollution around 

impermeable obstacles such as hardened rocks, concrete wall, moulds or metallic moulds 

and confinements could be modeled. A wide variety of experimental models with different 

soil types should be built and results harmonized with simulated results for upgrading of 

code. Moreso, reverse coding could be developed for tracing pollution sources, especially 

soluble pollutants found in underground water. 
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