
 
 

 

Salt Transport to Saturated Porous Media under 

Unstable Conditions: Experimental, Analytical, 

and Numerical Studies 

by 

Kamal Mamoua 

A dissertation submitted to the Department of Mechanical and Civil Engineering at 

Florida Institute of Technology 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

in 

Civil Engineering 

Melbourne, Florida 

December 2020 



 
 

 
 

 

 

 

 

 

 

 

© Copyright 2020 Kamal Mamoua 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The author grants permission to make single copies _________________________ 



 
 

We the undersigned committee hereby recommend that the attached document be 

accepted as fulfilling in part the requirements for the degree of  

Doctor of Philosophy in Civil Engineering 

Salt Transport to Saturated Porous Media under Unstable Conditions: 

Experimental, Analytical, and Numerical Studies 
 

by 

Kamal Ib Ali Mamoua 

 

 

____________________________             _____________________________ 

Howell Heck Ph.D., P.E.             Ashok Pandit Ph.D., P.E., F.ASCE 

Associate Professor of Civil Engineering          Professor of Civil Engineering 

Department of Mechanical and            Department of Mechanical and 

Civil Engineering                                               Civil Engineering 

Committee Chair                                               Committee Member 

 

 

____________________________            ______________________________ 

Paul J Cosentino, Ph.D., P.E.            Luis D Otero, Ph.D. 

Professor of Civil Engineering            Associate Professor of Systems Engineering 

Department of Mechanical and                        Department of Computer Engineering and  

Civil Engineering                                               Science                         

Committee Member                                          Outside Committee Member 

 

 
___________________________ 

                                                Ashok Pandit Ph.D., P.E., F.ASCE 

                                                Professor of Civil Engineering 

                                                Department of Mechanical and  

                                                Civil Engineering 

                                                Department Head 



 
 

iii 
 

ABSTRACT 

Salt Transport to Saturated Porous Media under 

Unstable Conditions: Experimental, Analytical, and  

Numerical Studies 

 
Author: Kamal Mamoua 

Major Advisor: Howell Heck. Ph.D., P.E 

There are three main transport mechanisms that occur under unstable flow 

conditions: a) The transport of saltwater from the overlying salt source to the 

underlying porous media, b) the transport of an equivalent volume of displaced 

groundwater from the porous media into the source, and c) the transport of the 

saltwater through the porous media. In many situations; such as, estuaries, salt lakes, 

and landfills, it may be necessary to determine the rate of saltwater transport from an 

overlying unstable salt source that has heavier saline water overlying porous media 

fully saturated by lighter saline water. Studies of unstable density stratification have 

shown a rapid and erratic redistribution of salt. The phenomenon of saltwater 

transport through a porous media under unstable conditions has been studied 

extensively via laboratory and/or numerical studies. In comparison, the phenomenon 

of saltwater transport from the saltwater source to a less dense underlying porous 

media under unstable conditions has received very little attention. Therefore, this 

research will address this saltwater transport under unstable conditions. 



 
 

iv 
 

Goals of this research were to measure and model the salt mass transport from the 

source to underlying porous media under unstable conditions. The basic steps 

followed were: 1) To measure salt mass transport from the source to porous media 

with time called a source depletion curve (SDC) as well as salt mass transport 

through the porous media called a break through curve (BTC), 2) to be able to verify 

the measured SDC of all experiments with analytical equations, and 3) to create a 

numerical simulation that will predict the experimental and analytical results. To 

achieve this, the independent parameters measured were column size, porous media 

depth, initial source concentration, initial porous media concentration, source height, 

and hydraulic conductivity. Thirty-seven experiments were conducted on five 

different plexiglass models of different dimensions which were filled with saturated 

F40 sand. The cross-section of the models ranged from 10 cm by 10 cm to 61 cm by 

61 cm, while the depth of models ranged between 13.6 cm and 170 cm, the saline 

water layer on top of the sand was termed the source layer. Thirty-four experiments 

had finite mass source and were conducted over 15 days with initial source 

concentration that ranged between 4.5 g/l and 72 g/l and source depth that ranged 

from 4.5 cm to 11.70 cm. The salt transport through the porous media was studied 

using the sand column with a finite mass source and constant mass source 

experiments lasting between 5 to 29 days. Salt concentrations were measured at five 

different depths within the porous media from the porous media interface. There was 

no hydraulic gradient across the porous media at any time of the experiments run.  
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The finite source mass experiment results, using mass analysis, showed that the salt 

transport from the source to porous media was deterministic. All experiments that 

had the same conditions produced identical rates of mass transport from the source 

to porous media. In contrast, the salt transport through the porous media was 

stochastic, since the observed breakthrough curves at the five depths were 

considerably different. The analytical equations used to predict the SDC of all 

experiments that were run under different parameters visually matched the measured 

SDCs. Additionally, it showed that the salt transport from source to porous media 

SDC is independent from column size, porous media depth, initial source 

concentration, initial porous media concentration, source height, and hydraulic 

conductivity until the salt reaches the sand column bottom. The results presented in 

this research can be used to predict source depletion curves accurately. The mass 

transport from source to porous media was examined numerically and showed that 

the measured and predicted of SDC was well matched. Therefore, the SDC can be 

simulated accurately by using a coupled numerical model. 

The conclusions include: 

1- SDC is deterministic and can be modeled analytically and numerically 

2- BTC is stochastic and could not be modelled accurately  

3- The SDC can be predicted numerically for any size models 

4- A numerical model to predict SDC of real-world situations such as estuaries 

can be modelled. 
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Chapter 1 

Introduction 

1.1: Overview of Mass Transport under Unstable Conditons 

Unstable flows in groundwater occur when a mass of relatively heavier fluid overlies 

a porous media containing a lighter fluid. Under these conditions, additional 

hydraulic gradients, in addition to the natural hydraulic gradients may be present, 

become established and lead to “convective” dispersion. Three main transport 

mechanisms occur under unstable flow conditions a) the transport of saltwater from 

the overlying salt mass of the source to the underlying porous media, b) the transport 

of an equivalent volume of displaced groundwater from the porous media into the 

source, and c) transport of the saltwater through the porous media. While the 

phenomenon of saltwater transport through the porous media under unstable 

conditions has been studied extensively via laboratory and/or numerical experiments, 

the phenomenon of saltwater transport through the interface between the saltwater 

source and the underlying porous media has received very little attention. The rate 

of mass transport from the source to the porous media was observed by measuring 

the salt concentration within the source while the salt transport through the porous 

media was documented by measuring the breakthrough curves within the sand 
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column. Do the salt transport from the source to the porous media and the salt 

transport through the porous media deterministic or stochastic? 

The theoretical work of (Bachmat and Elrick 1970) showed that the net transfer of 

salt from the unstable source in the underlying porous media occurs because of 

convective or free dispersion and not due to molecular or mechanical dispersion. The 

knowledge of the rate at which salt is transported from an unstable salt source into 

the underlying porous media can be desirable in many real-world situations such as, 

natural salt basins, evaporation ponds, or estuaries. The methodology used for 

estimating the rate of salt from a source to the underlying aquifer under unstable 

conditions can also be applied to waste dump sites where heavier waste to overlay 

an aquifer where there was no hydraulic gradient extends across the porous media. 

One of the major studies conducted on this topic was by (Bachmat and Elrick 1970) 

who developed equations to predict the transport of salt from an unstable source 

overlying porous media containing freshwater under unstable conditions. However, 

as elaborated subsequently, their experiments did not explore the effect of certain 

key factors that can affect the magnitude of this type of salt transport.  Furthermore, 

their experimental results could not be utilized in real-world conditions.  
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1.2: Research Hypothesis 

The research hypotheses are the following: 

1. Adequate measured physical data of mass transport from a source whether finite 

mass or constant mass to porous media can be collected over five rectangular 

physical models using a variety of initial source concentration, source height, 

different porous media depth, and hydraulic conductivities. 

2. The rate of mass transport through the porous media can be documented by 

measuring breakthrough curves at five locations within the sand column. 

3. Developed a methodology to predict the rate of salt transport under unstable 

conditions (new equation created to satisfy experimental results named as a 

Modified Backmat and Elrick 1970 equations) since porous media fully 

saturated by brackish water instead of freshwater. 

4. Examine the numerical modeling to match the measured salt mass transport from 

a source to porous media under different conditions such as initial concentration, 

source height, and porous media concentration, which was using an appropriate 

coupled dispersion-convection coefficient (Apparent diffusion coefficient). Also, 

salt transport through the porous media simulated numerically to match measured 

results at different locations using time dependent apparent diffusion coefficient. 

1.3: Objectives and Scope 

The main objective of this research is to understand how parameters can affect mass 

transport from source to porous media in seven ways: 1) Modeling and conducting 
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experiments to examine the effect of the column size and porous media depth by 

determining the values of the shape factors for rectangular columns, 2) modeling and 

conducting experiments to examine the effect of the initial source concentration on 

SDC and salt transport, 3) examine the effect of source height on the source SDC, 4) 

model and examine the effect of the hydraulic conductivity by determining the values 

of the shape factors and SDC for rectangular columns, 5) study the effect of 

concentration contrast between source area and porous media as porous media 

initially fully saturated by brackish water instead of freshwater, 6) measuring 

breakthrough curves of porous media at different locations of a physical model using 

a constant source mass and a finite source mass, and 7) examine numerical modeling 

to predict the measured SDC, and determine if it is replicated SDC using different 

conditions as well as could be used to predict SDC for big model size and real-world. 

1.4: Research Organization    

The research work proposed in this dissertation is presented in six chapters. The 

summary of each chapter is presented as follows: 

▪ Chapter One: Introduction / Literature Review 

A brief description about the importance of this work is covered in this chapter. Also, 

the research hypothesis, the experimental and numerical studies, scope, and the 

objectives of this research are summarized. 
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▪ Chapter Two: Salt Transport from an Unstable Finite Mass Source to 

Underlying Porous Media Contained Freshwater 

This chapter presents twenty-seven experiments under unstable conditions, with 

durations of up to 15 days. They were conducted on five rectangular shaped physical 

models ranging from cross-sections of 10 cm by 10 cm to 61 cm by 61 cm with 

different porous media depths. The experimental results were used to develop a 

methodology to predict the rate of salt transport under unstable conditions in five 

sections: 1) Determining the shape factor of a rectangular shaped physical model, 2) 

model and examine the effect of the initial source concentration on SDC and salt 

transport, 3) examine the effect of source height on the SDC, 4) examine the effect 

of hydraulic conductivity on SDC, and 5) bring to light that the shape factor estimated 

for the model could be used for larger model systems, this methodology could also 

be used for unstable sources other than saltwater. 

▪ Chapter Three: Salt Transport from an Unstable Finite Mass Source to 

Underlying Porous Media Contained Brackish Water 

This chapter presents six experiments under unstable conditions, with a porous media 

that initially contained brackish water for durations of 15 days. The experiments were 

conducted on two rectangular shaped physical models with cross-sections of 61 cm 

by 61 cm and 20 cm by 20 cm with different porous media depths, and a methodology 

was developed to predict the rate of salt transport under unstable conditions in three 
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sequences: 1) Created a new equations by (Author) use experimental study named as 

a Modified Bachmat and Elrick 1970 equations acting as a porous media fully 

saturated by brackish water instead of freshwater, 2) validate equations, and 

approved by using the same shape factor of physical model that predicted in chapter 

2, and 3) bring to light that the modified equations for the model could be used for 

larger system at different initial conditions of source and porous media.  

▪ Chapter Four: Salt Transport under Unstable Conditions through Porous 

Media using Finite Mass Source and Constant Mass Source  

The rates of mass transport from the source to the porous media, using finite source 

mass experiments and constant source mass experiments, were observed by 

measuring the salt concentration within the source. Salt transport through the porous 

media was documented by measuring breakthrough curves at five locations within 

the sand column, where the salt transport from the source to the porous media was 

deterministic. However, this chapter shows that the salt transport through the porous 

media was stochastic and goes down in fingering shape. 

▪ Chapter Five: Numerical Modeling Simulations of Unstable Flow Due to 

Heavier Saline Water Overlying Lighter Saline Water 

The rate of salt movement is much different than predicted by ordinary molecular 

diffusion alone under unstable conditions. The dynamics of this unstable flow was 

investigated using two physical models made of plexiglass, Model 5 is 170 cm high 
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and has a base of 61 cm by 61 cm consisting of five ports. The measured 

breakthrough curves of two experiments using model 5 were conducted over 5 days 

and 28 days, in which the source concentration was kept constant at 36 g/l at a depth 

of 4.5 cm. These results were compared with a numerical model (SEAWAT). Model 

1 is 54.5 cm high and has a base of 20 cm by 20 cm. Both models were filled with 

F40 sand fully saturated with freshwater and brackish; the water ranging from 9.0 g/l 

to 36 g/l with different source concentrations to predict mass transport “source 

depletion curve” numerically using (SEAWAT) and make a comparison between 

measured source depletion curves and predict numerically. 

▪ Chapter Six: Summary with Conclusion and Recommendation 

The summary and conclusions derived from the results of this work are discussed 

and presented in this chapter. A general presentation describing the most important 

recommendations for further research is also reported. Finally, a list of references 

and appendices are summarized towards the end of the dissertation supporting the 

results of the implemented research work.  

1.5: Literature Review 

This section contains a complete outline of literature reviewed to date. The literature 

review on four areas: a) forced, free and mixed convective flow, b) past experimental 

and numerical studies, c) decreasing mass of source concentration experiments, d) 

density dependent flows: 
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1.5.1: Forced, Free, and Mixed Convective Flow 

There are many real-world situations where a mass of relatively heavier fluid overlies 

a porous media containing a lighter fluid. For example, this is fairly common at 

landfills and waste dump sites (Kimmel and Braids 1980; Zhang and Schwartz 

1995), saline disposal basins (Simmons and Narayan 1997), seawater inundation 

along coastal aquifers (Kooi and Leijnes 2000), and in estuaries (Smith and Turner 

2001; Pandit et al. 2016). Typically, when saltwater and freshwater are in contact 

with each other, the groundwater flow is due to natural hydraulic gradients, and the 

movement of the fluid is termed “forced” convection. Under forced convective 

conditions, in the absence of any ambient groundwater velocity, the flux of salt can 

be regarded as the sum of molecular diffusion and mechanical dispersion (Bachmat 

and Elrick 1970). However, when a denser fluid such as saltwater overlies relatively 

less dense, and lighter groundwater, the heavier fluid may establish additional 

hydraulic gradients, which lead to “convective” dispersion; a term used by Bachmat 

and Elrick (1970). Subsequently, the term “free” convection has also been used 

instead of convective dispersion (Gebhart,1988). When both forced convection and 

free convection operate together in a groundwater system, the resulting flow is 

termed mixed convective flow (Gebhart 1988). It has been noted by Wooding 

(1959) and others that the presence of a heavier fluid on top of a lighter fluid is 

potentially unstable but does not always result in free convective transport.  
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1.5.2: Past Experimental and Numerical Studies 

There are three main transport mechanisms that occur under unstable flow conditions 

a) the transport of saltwater from the overlying salt layer, which is termed as 

“source,” to the underlying porous media, b) the transport of the saltwater through 

the porous media, and c) the upward transport of freshwater from the underlying 

porous media into the source as a result of displacement by the denser saltwater. 

These transport processes have been investigated by several researchers via 

laboratory (physical model) and/or numerical experiments (e.g., Wooding 1959; 

Bachmat and Elrick 1970; Schincariol and Schwartz 1990; Webster et al. 1996; 

Simmons et al. 2002; Wood et al. 2004; Post and Simmons 2010; Johannsen et 

al. 2006; Kneafsey and Pruess 2010; Goswami et al. 2012; Hejaz and Azaiez 

2013; Tailor, 2016). In physical model studies, heavier fluids, containing salt, were 

placed on top of a column or tank filled with saturated porous media containing 

freshwater. Some of these experiments were continuous injection experiments 

(constant source) in which the salt concentration was kept constant (Webster et al. 

1996; Fujinawa et al. 2009; Simmons et al. 2002), while others were finite source 

mass experiments in which the overlying, denser fluid has a finite mass (finite 

source) due to salt transport into the porous media over time (Wooding 1959; 

Bachmat and Elrick 1970; Wood et al. 2004; Johannsen et al. 2006). In at least 

two studies (Schincariol and Schwartz 1990 and Goswami et al. 2012), a source 

of finite mass of denser fluid was introduced in the middle of the porous media (not 
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at the top) under conditions of ambient lateral flow in the porous media. A summary 

of the physical models, used by researchers in past studies, with respect to a) the type 

of model (constant or finite source mass), b) model dimensions, c) type of solution 

used in the source, d) ranges of concentration of the source, e) the porous material 

used in the column or model, and f) experiment durations is provided in Table 1. 

Some of the key findings regarding the transport of salt through the porous media 

are: 1) under free convection conditions, saltwater moves through the porous media 

in the form of “lobe” shaped fingers, and convective dispersion, as opposed to 

molecular and mechanical dispersions, the key transport mechanism (Bachmat and 

Elrick 1970; Schincariol and Schwartz 1990; Johannsen et al. 2006), 2) the number 

and configuration of these fingers were not reproducible in experiments (Bachmat 

and Elrick 1970; Schincariol and Schwartz 1990), 3) fingering causes rapid and 

erratic redistribution of solutes Schincariol and Schwartz 1990, and the salt travels 

faster and farther when fingers are formed as opposed to when the transport is due to 

mechanical dispersion (Schincariol and Schwartz 1990; Simmons et al. 2002), 4) 

salt plumes move faster and farther with increasing source concentrations as a result 

the salt once it enters the porous media, the total mass of the salt transported during 

free convection is typically far greater than transported by diffusion (Simmons and 

Narayan 1997; Schincariol and Schwartz 1990), and 5) fingers tend to coalesce as 

they move greater distances (Wooding 1959; Webster et al. 1996; Simmons et al. 

2002). Fingering was observed in most of these experiments either visually through   
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Table 1. Description of Physical Models used in Various Studies 

Author 
Source 

type 

Model dimension                             

(m) 

Source 

solution 

Source   

concentration      

(g/l) 

Porous media 

 materials 

Duration 

(hr) 

Wooding 1959 FSC d =0.01 Na2SO4 NA Glass spheres 120 

Bachmat and Elrick 1970 FSC L=1.0, d=0.05 CaCl2 2.8 ~ 55.5 Glass beads 50 

Schincariol and Schwartz 

1990 

FSC L=10.68, W=0.05, H =0.71 NaCl 1 ~ 100.0 Clean sand 120 

Wood et al. 2004 FSC L = 0.91, d = 0.15 CaCl2 1.221 ~ 236 Clean sand 6.7 

Johannsen et al. 2006 FSC L=0.2, W=0.2, H=0.2 NaCl 3 Glass beads 2.0 

Goswami et al. 2012 FSC L=0.225, W=0.012, H=0.18 NaCl 35 Silica glass NA 

Webster et al. 1996 CSC L=0.6, W=0.6, H=0.15 NaCl 5 ~ 20 Sand 

 (Wind-blown) 
40 

Simmons et al. 2002 CSC L=1.178, W=0.053, H =1.2 CaCl2 3 ~ 300 Sand  2.7 

Fujinawa 2009 CSC W=0.7, H=0.3~0.4 NaCl 50 ~ 1,500 Sand NA 

Post and Simmons 2009 CSC L=1.1, W=0.05, H=0.6 CaCl2 3 ~ 300 Glass beads 7.0 

FSC= Finite source mass; CSC= constant source mass; L= length; W= width; H= height; d= diameter; NA= not available

1
1
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photographs (Bachmat and Elrick 1970; Wooding 1959; Schincariol and 

Schwartz 1990; Simmons et al. 2002; Wood et al. 2004), or by some sort of digital 

processing (Johannsen et al. 2006; Goswami et al. 2012. Mulqueen and Kirkham 

1972) stated that the non-linear dynamics of the unstable system made it impossible 

to predict where a finger would grow or how it might develop. This phenomenon 

was also observed by (Schincariol and Schwartz 1990) who photographed plume 

movement under unstable conditions with a continuous NaCl source and noted that 

position of the instabilities was not the same when an experiment with a source 

concentration of 2000 mg/l was repeated. The observations by (Mulqueen and 

Kirkham 1972; Schincariol and Schwartz 1990) indicate that when the salt 

transports through the porous media is due to free convection, it should be expected 

that when experiments are repeated, the pattern of salt transport through the porous 

media would be vastly different since even minor differences in the packing of the 

porous media can create vastly different fingering patterns leading to completely 

different patterns of transport. In other words, if two experiments are conducted with 

exactly identical conditions in terms of the type of source concentration, and porous 

media characteristics such as hydraulic conductivity, porosity, the transport through 

the porous media may be different indicating that the salt transport through the 

porous media is stochastic in nature and cannot be predicted. The downward 

migration of salt into the porous media simultaneously creates an upward movement 

of the lighter freshwater (Smetacek et al. 1976; Simmons and Narayan 1997; 
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Webster et al. 1996; Johannsen et al. 2006; Fujinawa 2009; Podgorski et al. 

2017). Johannsen et al. (2006) conducted an experiment in a 0.2 m cubic container 

in which a solution containing a mass fraction of 30 % of NaCl was placed above 

freshwater. The downward migration of the salt was observed over a period of four 

hours using magnetic resonance imaging (MRI). They observed that the resulting 

density gradient initiated fingering and that the salt reached the bottom of the 

container within the measurement period. They also noticed that as the salt moved 

downward, a freshwater finger started moving upward simultaneously. A similar 

movement was observed by (Webster et al. 1996) who conducted an experiment in 

a 0.15 m (deep) by 0.6 m by 0.6 m square container in which 5 to 20 mg/l NaCl 

solutions were placed on top of freshwater containing Potassium Bromide (KBr). 

They observed that as the saline fluid “fell” into the sediment, the lighter KBr 

solution was pushed up into the sediment-water interface. In other words, fluids were 

exchanged between the upper reservoir containing the heavier NaCl solution and the 

porous media containing the lighter KBr. Their estimations indicated that the volume 

of fluid exchanged was directly proportional to the initial source concentrations. A 

similar observation was made by Fujinawa (2009) in their results similar to ones 

obtained via numerical modeling. The phenomenon of water moving upward as a 

result of salt displacement has also been observed under field conditions in Kiel Bight 

by (Smetacek et al. 1976; Smith Turner 2001). Smetacek et al. (1976) found that 

very high nutrient and very low oxygen values were measured in the bottom water 
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of the Kiel Bight due to nutrient release from the Kiel Bight sediments as a result of 

the upward movement of the fresher water. They concluded that in certain areas of 

the Kiel Bight, this phenomenon was of great ecological importance both for the 

phytoplankton and the benthos and may be responsible for the summer 

phytoplankton blooms of the Kiel Bight. A similar observation was made by Smith 

and Turner (2001) who hypothesized that the increasing frequency and intensity of 

algal blooms and deteriorating water quality in the Swan Canning Estuary could be 

due to the convective circulation of the estuarine water providing a driving 

mechanism to displace nutrient rich pore water from the sediments into the estuarine 

system. 

1.5.3: Decreasing Mass of Source Experiments 

Experimental studies, under unstable conditions, in which the source contained a 

finite mass and the source was allowed to deplete, were conducted with different 

objectives in mind. Among other factors, the focus of these experiments has been a) 

to observe fingering under different conditions (Wooding 1959; Kneafsey and 

Pruess 2010), b) to study the mechanisms controlling the transport of salt through 

the porous media (Bachmat and Elrick 1970; Johannsen et al. 2006; Schincariol 

and Schwartz 1990; Simmons et al. 2002), and c) to collect data to verify numerical 

models (Goswami et al. 2012). To the best of our knowledge there has been only 

one study conducted by (Wood et al. 2004) that studied the unstable transport 

phenomena through the porous medium by measuring breakthrough curves at the 
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outlet of their model. In their study a 15 cm diameter cylindrical column with a length 

of 0.9 m was used. Wood et al. (2004) explored the changes in breakthrough curves 

in response to the initial concentration in the source fluid.  

1.5.3.1: Experimental Studies and Bachmat Equation 

There have been far fewer studies regarding the transport of saltwater and the 

associated salt from the unstable salt source to the porous media which is the focus 

of this study. The knowledge of the rate at which salt is transported from an unstable 

salt source into an underlying porous media can be desirable in many real-world 

situations such as natural salt lakes (Simmons and Narayan 1997; Verrall et al. 

2009; Verrall and Read 2012), fish ponds (Lui et al. 2003) and estuaries (Smith 

and Turner 2001; Fujinawa et al. 2009; Viezzoli et al. 2010; Kirkegaard et al. 

2011; Pandit et al. 2011; Pandit et al. 2016). The methodology for estimating the 

rate of salt movement from a source to the underlying aquifer under unstable 

conditions can also be applied to waste dump sites where it is very common for a 

heavier waste to overlay an aquifer (Kimmel and Braids 1980; Kooper 1983; 

Zhang and Schwartz 1995). One of the major studies conducted on this topic was 

by Bachmat and Elrick (1970) who developed equations to predict the transport of 

salt from an unstable source overlying porous media containing freshwater under 

saturated conditions. The work of (Bachmat and Elrick 1970) showed that the net 

transfer of salt from the source into the horizontal surface of the underlying porous 

media is mainly due to convective or free dispersion and not due to molecular or 
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mechanical dispersion. However, their experiments did not explore the effect of 

certain key factors that can affect the magnitude of salt transport from the source into 

the underlying porous media.  Furthermore, the experimental results of (Bachmat 

and Elrick 1970) could not be utilized in real-world conditions. The present study 

extends the work of (Wood et al. 2004) by measuring the breakthrough curves at 

multiple ports (five) instead of just at the outlet. The multiple measurements make it 

possible to study the transport of salt through the porous media in more detail by 

examining the changes in the breakthrough curves as the salt moves downward into 

the porous media.  Another difference in the study conducted by (Wood et al. 2004) 

is that their system was mixed convective as they applied a hydraulic gradient across 

the porous medium whereas the present study examines only free convective flow.  

1.5.3.2: Discussion of Bachmat and Elrick, 1970 Equations and               

             Assumptions to Determine SDCs 

Bachmat and Elrick (1970) showed that in a groundwater system, where a heavier 

fluid overlies freshwater in a porous medium, inside a cylindrical column, the flux 

from the heavier fluid into the porous medium can be approximated by the following 

hyperbolic equation: 

Ct =  
CS0

1+Ft
                                                                  (1) 

where, t is time, Ct is the concentration of the solution in the source reservoir at any 

time t, CS0 is the initial source solution concentration at time t = 0, and F is defined 
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F = A  
k g α CS0

μo  L
                                                                                            (2) 

in which A is a non-dimensional parameter dependent on the shape of the column, 

µ0 is the dynamic viscosity of the pure water in the porous media, α is the 

dimensionless slope of the density versus the salt concentration graph of the source 

solution, L is a characteristic length, k is intrinsic permeability and g is the 

acceleration due to gravity. Bachmat and Elrick (1970) conducted their 

experiments in a 1 m long cylindrical column (diameter = 0.05 m), containing porous 

media, with spherical container attached to the top and used to contain the source 

solution (Figure 1). 

 

 

 

 

 

 

 

 

 

 (a) (b) 

Spherical source 
Square source 

Cylindrical filled with 

saturated sand 

Sequre filled 

with saturated 

sand column 

Figure 1. Physical models used to predict source depletion curves; a) Shape of 

model used by Bachmat and Elrick, 1970, b) Shape of model used in this study. 
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They defined L to be equal to Vs/As where Vs is the volume of the source solution in 

the source and As is the horizontal surface area at the top of the porous material. 

Equation (1) can be used to determine the change of the source concentration with 

time, and the graph of Ct versus time is termed the source depletion curve (SDC). 

Since, 

ρ = ρo +  α ∗  C                                                                           (3) 

where ρ is the density of saline water with a concentration of C, and ρ0 is the density 

of freshwater, the parameter α is usually estimated from equation (3) as 0.7143since 

the densities of ocean water (C= 35 kg/m3) and freshwater (C= 0 kg/m3) are usually 

1025 kg/m3 and 1000 kg/m3, respectively. In deriving Equation (1), Bachmat and 

Elrick (1970) made two key assumptions: a) the column containing the porous 

medium below the source is semi-infinite, i.e., the column depth is finite but the 

column depth is considered to be infinite, and b) the water in the porous medium is 

freshwater. In addition, their derivations also assumed that the net transfer of the salt 

from the source into the horizontal surface of the porous media is mainly due to 

convective or free dispersion and not due to molecular or mechanical dispersion. 

Equation (2) can also be written as:   

   F =  A
 α K CS0

𝐿 ρ0  
                                                                                                        (4) 

where K is the hydraulic conductivity and is equal to (kgρo /o). Since equation (1) 

can be rearranged to:  
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CS0

Ct
− 1 =  Ft                                                                                    (5) 

the value of F can be obtained by conducting an experiment and plotting a graph of 

(CS0/Ct) -1 versus t, and then calculating the slope of the graph. Once F is determined, 

the value of A can be determined by rearranging equation (4) to: 

   A =  
F L ρ0

α K CS0
                                                                                                            (6) 

The experiments presented in this study were conducted in rectangular columns 

containing porous media overlain by a saline water which was also contained in a 

square shape and had the same cross-sectional dimensions as the column (Figure 1). 

For a square source area, the characteristic length, L, would be equal to the source 

height, h0, and equation (4) can be written as: 

F =  A
α K CS0

h0 ρ0
                                                                                                           (7) 

The salt mass lost from the source at any time t (ML), can be determined by: 

ML = Mi − Mt                                                                                       (8)  

where Mi is the initial source mass at time t= 0, and Mt is the salt mass in the source 

at any time t. If it is assumed that the source volume, Vs, does not change during 

the entire experiment as a result of a) the downward migration of saltwater from the 

source to the porous media being compensated by an equal volume of water from 

the porous media moving upward into the source, and b) negligible evaporation 

losses during the experiment, Equation (8) can also be written as: 
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ML = (CS0 −  Ct) ∗  (VS)                                                                                      (9) 

Substituting Equation (1) in Equation (9) and manipulating, one obtains: 

ML =
Mi  F t

1 + F t
                                                                                             (10) 

1.5.3.3: Validation of Bachmat and Elrick, 1970 Equations through                     

             Experiments 

Bachmat and Elrick (1970) validated their methodology by conducting experiments 

by using CaCl2 solutions in the range of 2.8 to 55.5 g/l as a salt source and analyzing 

the measured and predicted source depletion curves. They primarily used coarse to 

fine sized glass beads as porous media. Bachmat and Elrick (1970) measured the 

concentration of the source solution by a) pumping a portion of the solution out of 

the source area, b) measuring the concentration, and c) injecting the solution back 

into the source solution. They found that the shape factor (A) of their experimental 

set-up was approximately 0.06 and the general value was close to 0.09 for 

experiments run without starring. While Bachmat and Elrick (1970) were able to 

validate their methodology, their procedure could not be used for real-world 

situations primarily because the value of the shape factor determined by them could 

not be used for real-world situations, since in a real-world the porous media cannot 

be discretized into cylindrical shapes, and the source areas cannot be discretized into 

sphere shapes. On the other hand, the shape factor obtained for a rectangular column 

with a square source can be used for real-world systems since all real-world systems 
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can be easily discretized into smaller square-shaped cross-sections. However, this 

leads to the question if the shape factor (A) determined for a relatively small physical 

models can be used for real-world systems which are orders of magnitude larger than 

the experimental system.  Another area not explored by Bachmat and Elrick (1970) 

was the effect the depth of the experimental column would have on the source 

depletion curve (SDC). As mentioned earlier, in their derivations, Bachmat and 

Elrick (1970) assumed that the depth of the porous media was semi-infinite. Since 

their experimental column had a depth of 1 m, it was not clear how their measured 

SDC would have been affected if they had used a deeper or shallower depth. Finally, 

Bachmat and Elrick (1970) did not verify the effect of the characteristic length, L, 

in their study since they used a single value of L in all of their experiments. Since the 

characteristic length L was equal to the source height, h0, in the experiments 

conducted in this study, it was convenient to study the effect of source height on the 

source depletion curves. 

1.5.4: Density Dependent Flows 

In numerous field conditions, the density of the fluid is often non-uniform, and the 

flows that occur as a result of the non-uniform nature of the fluid density are termed 

density-dependent flows. Typical applications of density driven flow include 

concentrated brine transport of pollutants or radionuclides, saltwater intrusion in 

coastal aquifers, flow of leachate from landfills and industrial waste disposal sites 

(Diersch and Kolditz 2002). They can also occur in waste repository management, 
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petroleum engineering, geothermal energy exploration, and nuclear waste disposal 

facilities (Musuuza et al. 2011). 

Since the lighter fluid moves upward due to buoyancy forces and the heavier fluid 

moves downward due to gravitational forces, the movement of water or salt due to 

free convection is termed buoyancy or gravity-driven transport. As a result of salt 

transport through fingers, groundwater systems with free convection have 

contaminant transport over larger distances and over shorter time scales than is 

possible by diffusion alone (Prasad and Simmons 2003).  

1.5.4.1: Theoretical Values of Diffusion Coefficients used 

The values for diffusion coefficients (D) electrolytes in water are generally cited in 

the range of 1.0 * 10-9 to 2.0 * 10-9 m2/s at 25 OC Fetter (1999). However, the 

coefficients are temperature dependent and may be as much as 50% smaller at five 

degrees Celsius (Freeze and Cherry 1979; Flury and Gimmi 2002). For chloride 

in water at 25 degrees Celsius, the molecular diffusion coefficient is 2.0 * 10-9 m2/s 

Fetter (1999). However, in porous media, the diffusion coefficients for electrolytes 

are much smaller than in water because the ions follow longer paths of diffusion 

caused by the presence of the particles in the solid matrix and because of possible 

adsorption on the solids. Freeze and Cherry (1979) term the diffusion coefficients 

in porous media as “apparent” diffusion coefficients (D*) and indicate that these 

apparent diffusion coefficients usually follow the following relationship: 

𝐷∗ =  𝜏 ∗ 𝐷                                                                                                                    (11) 
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where τ is an empirical coefficient, commonly referred to as tortuosity, that has 

values between 0.01 and 0.5. Using this definition, and the values of the chloride 

diffusion coefficient provided by Fetter (1999). So, the range of the apparent 

diffusion coefficient in porous media should be approximately 1.0*10-09 to 1.0*10-11 

m2/s.  

1.5.4.2: Diffusuion Values used in Numerical Models 

Values of diffusion coefficients for chloride in porous media are also commonly used 

in density-dependent flow numerical models. Henry, 1964 used Dm = 6.6 * 10-6 m2/s 

in his hypothetical problem which is commonly used to benchmark numerical 

models for stable density-dependent flows. Other authors have also solved Henry’s 

problem using a slightly different Dm = 1.886 * 10-5 m2/s (Simpson and Clement 

2003) and Dm = 2.31 * 10-5 m2/s (Pinder and Cooper 1970). Voss and Souza (1987) 

used a value of Dm = 6.06 * 10-6 m2/s, and 3.565 * 10-6 m2/s to solve the Henry and 

Elder problem respectively, which are commonly used as a benchmark problem for 

unstable density-dependent flows. Table 2 shows a list of diffusion coefficients used 

by researchers in past studies. However, it has also been recognized that as the salt 

concentration increased (density increase) the sink of plume increased too. 

Schincariol and Schwartz (1990), and, diffusion coefficients vary with the salt 

concentration. Simmons and Narayan (1997) also suggested that additional studies, 

both theoretical and experimental, are needed to determine the values of dispersion 
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           Table 2. Diffusion Coefficients used by Researchers in Past Studies 

  Reference 
Diffusion  

coefficient 
αL and αT 

Real-World Benchmark 
Stable / 

Unstable 
No                Name m2/sec M 

1 Pinder and Cooper 1970 2.31* 10-05 αL = αT = 0 - Henry Problem Stable 

2 Vossa and Suza 1987 
6.60* 10-06 αL = αT = 0 - Henry Problem Stable 

3.565* 10-06 αL = αT = 0 - Elder Problem 1976 Unstable 

3 Simmons and Naryan 1997 2.80 * 10-09 αL = 50, αT = 5 Mixed convection process below Saline Disposal Basin Unstable 

4 Simmons and Narayan 1998 2.80 * 10-09 αL = 50, αT = 5 Lake Tutchewop saline disposal, Victoria. Unstable 

5 Simmons et al. 1999 0.90 * 10-09 αL =αT= 0.9*10-09 Salt Lake Problem. Hele-Shaw Problem Unstable 

6 Simmons et al. 2001 
1.00 * 10-09 αL = αT = 1.0 Gulf of Mexico case study. - - 

1.00 * 10-09 αL = 60, αT = 15 Rio Grande Embayment - - 

7 Frolkovic and Schepper 2001 3.565* 10-06 αL = αT = 0 - Elder Problem  Unstable 

8 Diersch and Kolditz 2002 

3.565* 10-06 αL = αT = 0 - Elder Problem  Unstable 

9.00* 10-10 αL =αT= 9*10-10 - Salt Lake Problem - 

1.00* 10-09 
αL = 1.2*10-03 

αT=1.2*10-04 
- Salt Pool Problem - 

4.00* 10-06 
αL = 5.0*10-04 

αT= 5.0*10-05 
- 

Variable Saturated 

 Flow Cell 
- 

9 Prasad and Simmons 2003 3.565* 10-06 αL = αT = 0 - Elder Problem 1976b Unstable 

10 Simpson and Clement 2003 
1.886* 10-05 αL = αT = 0 - Henry Problem Stable 

3.565* 10-06 αL = αT = 0 - Elder Problem Unstable 

11 Douglas et al. 2004 3.565* 10-06 αL = αT = 0 
Horton Rogers Lapwood  

(HRL) 
- - 

12 Xie et al. 2012 
2.80 * 10-09 

3.565* 10-06 

αL = αT = 1.0 

αL = αT = 0 
- 

Modified 

Elder Problem 
Unstable 

13 Ashtiani et al. 2014 3.565* 10-06 αL = αT = 0 - Elder Problem Unstable 

  

2
4
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used in unstable conditions. (Simmons et al. 1998; Simmons et al. 2001; Prasad 

and Simmons 2003; Boluda et al. 2014) have attempted to model the salt transport 

under unstable conditions using the transport equation, especially when they solve 

the Elder Problem, also, Simmons et al. (1999) used the same equation to solved 

salt- lake problem.  

         
𝜕𝐶

𝜕𝑡
= 𝐷 

𝑑2𝐶

𝑑𝑥2  −  𝑣𝑥
𝑑𝐶

𝑑𝑥
                                                                                       (12) 

where D = combined effects of diffusion and dispersion; vx is the velocity of the 

solution; C is concentration; t is time. 

The diffusion coefficient of all researches is listed in Table 2. They can be divided 

into two groups: group one uses a small diffusion coefficient with dispersivity 

coefficients (longitudinal and transvers), while the second group was used high 

diffusion coefficients (3 orders higher than normal) but assigned zero for longitudinal 

and transvers dispersion coefficients. 

1.5.4.3: Rayleigh Number 

It has been noted by Wooding (1959) and others that the presence of a heavier fluid 

on top of a lighter fluid is potentially unstable but does not always result in free 

convective transport. For free convection to occur, a dimensionless number known 

as the Rayleigh Number (Ra), must exceed a critical value. The Rayleigh Number is 

defined as the ratio of buoyancy or gravitational forces and diffusion or dispersive 

forces (Simmons et al. 1999). In most general terms, Ra can be defined as: 
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         𝑅𝑎 =   
𝑈 𝐿

𝐷
                                      (13) 

where, U, L, and D are the characteristic velocity, length and diffusion or dispersion, 

respectively. Wooding (1959) provided the following equation for calculating Ra: 

        𝑅𝑎 =   
𝑑ρ

𝑑𝑧
  

𝑔 𝑘 𝑏2

𝜇 𝐷
                                                    (14) 

where dρ/dz is a uniform upward density gradient, g is the acceleration due to gravity, 

k is the intrinsic permeability of the porous media, b is the radius of the circular 

column, μ is the mean viscosity of the fluid system (solution and pure water), and D 

is the apparent diffusivity of the solute through the porous material. Subsequently, 

researchers have modified the equation for calculating the Rayleigh Number. For 

example, Simmons et al. (2001) suggested the following equation: 

          𝑅𝑎 =     
𝑘 𝑔 𝛽 (𝐶𝑚𝑎𝑥−𝐶𝑚𝑖𝑛) 𝐻

𝜃 𝜈0 𝐷0
                                       (15) 

where, D0 is the molecular diffusivity coefficient; νo is the kinematic viscosity of the 

freshwater; θ is the porosity; H is the characteristic length scale; β = ρ-1 (∂ρ/∂C) is 

linear expansion of fluid density with changing fluid concentration; Cmax is the 

salinity of the source or heavier fluid on the top of the porous media at time t = 0, 

and Cmin is the salinity of the fluid in the porous media at time t = 0. Equation (15) 

can be modified to: 

          𝑅𝑎 =     
𝐾  𝛽 (𝐶𝑚𝑎𝑥−𝐶𝑚𝑖𝑛) 𝐻

𝜃 𝐷0
                                                                                 (16) 

where K is the hydraulic conductivity defined as: 
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          𝐾 =    
𝑘 𝑔 

𝜈𝑜
=  

𝑘 𝑔 𝜌𝑜

𝜇𝑜
                                                                                                         (17) 

Simmons et al. (2001) and Nakanishi et al. (2016) concluded that the definition of 

characteristic length scale, H, in equation (16) is difficult and ambiguous. Critical 

Rayleigh number defines the transition between dispersive/diffusive solute transport 

(at lower Rayleigh numbers) and convective transport by density-driven fingers (at 

higher Rayleigh numbers). Instabilities observed in the laboratory typically take the 

form of fingers, first of a very small wavelength, which with time become dominated 

by several large fingers (Simmons et al. 2001).  
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Chapter 2 
 

Salt Transport from an Unstable Finite Mass 

Source to Underlying Porous Media Contained 

Freshwater 

 
2.1: Introduction  

In many situations it may be necessary to determine the rate of saltwater transport 

from an overlying unstable salt source that have higher saline water to the underlying 

porous media fully saturated by freshwater. The goal of this chapter was to develop 

a methodology to predict this rate of saltwater transport under unstable conditions. 

This goal was accomplished by 1) determining the shape factor of a rectangular 

shaped physical model, 2) model and examine the effect of the initial source 

concentration on SDC and salt transport, 3) examine the effect of source height on 

the SDC, 4) examine the effect of hydraulic conductivity on SDC and 5) bring to 

light that the shape factor estimated for the model could be used for larger model 

systems, and this methodology could also be used for unstable sources other than 

saltwater. 

Twenty-seven experiments, with durations of up to 15 days, were conducted on five 

rectangular shaped physical models ranging from cross-sections of 10 cm by 10 cm 

to 61 cm by 61 cm with different porous media depths. The results showed that a) 

the shape factor for a rectangular shaped model is 0.173, and that this shape factor is 



 

29 

 

independent of the model cross-section, b) the shape factor is independent of soil 

depth up to a certain duration, ta, after which the bottom of the physical model begins 

to affect the rate of saltwater transport, and c) the duration ta depends on the initial 

source concentration, source height, and the hydraulic conductivity of the soil. Could 

this methodology also be used for unstable sources other than saltwater? 

2.2: Methods 

    2.2.1: Description of the Physical Models  

Experiments were conducted on five different dimensions of rectangular plexiglass 

models filled with the same type of sand (F40) as shown in Figure (2). Model 1, had 

a cross-section area of 20 cm by 20 cm, and has a sand column depth of 54.4 cm. 

Model 2 had the same sand column depth as Model 1 (54.4 cm) but the cross-section 

area was 10 cm by 10 cm. They were constructed to obtain the value of the shape 

factor for rectangular columns. The results of Models 1 and 2 were compared to 

determine the effect of the box cross sectional area on the source depletion curves. 

Models 3 and 4 have the same cross-section as Model 2 but have sand column depths 

of 27.2 cm and 13.6 cm, respectively. The results of Models 2, 3 and 4 were analyzed 

to study the effect of the porous media depth on the SDC. All four models had a 1.27 

cm diameter drainpipe that was connected to a valve at the bottom of the sand column 

as shown in Figure (2). The valve remained closed during the experiments and was 

used for flushing the salt out of the porous media prior to starting a new experiment.  

Therefore, there was no flow through the porous media due to an artificially imposed
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Figure 2. A schematic diagram of physical models 1 to 5. 
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hydraulic head or forced convection, and the salt transport was strictly due to free 

convection. Model 5 had a cross-section area of 61 cm by 61 cm and a depth of 170 

cm and it was used to validate the shape factor value for a much larger physical 

model, as well as to study the effects of the source height.  

2.2.2: Porous Media Properties 

The sand used in this study was 40F from Standard Sand and Silica Company, with 

an effective size (d10) of 0.17 mm, and a uniformity coefficient of 1.8. The sand 

porosity was obtained by filling a known volume of sand in a graduated cylinder and 

adding water to the sand in increments until the sand column was fully saturated. The 

porosity was calculated as the ratio of the volume of water added to the total volume. 

The experiment was repeated five times and the estimated porosity values ranged 

from 31.7% to 32.2% with an average porosity of approximately 32% with a standard 

deviation of 0.21. The hydraulic conductivity of the sand was determined by 

conducting constant head tests. The test was repeated five times and the range of 

hydraulic conductivity values measured were from 7.2 m/d to 8.6 m/d with an 

average of 7.6 m/d and a standard deviation of 0.70. 

2.2.3: Experimental Procedure and Description of Experiments 

In Models 1 to 5, sand was placed inside the sand column in increments of 25 cm. 

Each increment of sand was fully saturated with water before adding the next 

increment of sand. Saturation was assured by allowing water to stand on top of the 

sand for a period of one day and observing the water level. 
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The sand was considered saturated if the water level did not drop. This procedure 

took two days for Models 1 to 4 and one week for Model 5. After the sand had been 

placed in Model 5, water was passed through the sand column until inflow became 

equal to outflow and the process was continued for a period of six hours to ensure 

that there were no structural changes, such as settlement or consolidation, in the sand 

column as a result of the fluid passing through the porous medium. Next, the drainage 

valve was closed, and the source area was filled with freshwater to the desired level.  

The water was allowed to sit in the source area for a period of one week to ensure 

that there was no water loss and that the sand column was fully saturated and devoid 

of any air pockets. A similar process was followed for Models 1 to 4. When 

conducting the experiments, the source area was covered by a thin plastic sheet to 

minimize evaporation losses. No evaporation losses were observed in any of the 

experiments. Salinity and temperature measurements were taken using YSI 85 

salinity meter which measured conductivity and converted it into salinity. A salinity 

standard solution was used to calibrate the YSI 85 salinity meter. Additional quality 

control includes comparison of values measured with the salinity water to laboratory 

measured values. Laboratory analysis was performed following part 2,540 solids B 

Standard Method (Rice et al. 2017). Experiments were started by adding saline water 

solutions (sodium chloride) to the source area to the desired depth and this procedure 

took less than one minute. Source salinity measurements were taken by inserting the 



 

33 
 

salinity meter into the source; no samples had to be extracted. The sampling schedule 

for measuring salinity in the source area for all experiments is shown in Table (3).  

Table 3. Sampling Schedule at Source for all Experiments 

Period (hr) Measurements (frequency) 

0 - 0.50 every 5 minutes  

0.50 - 1 Once 

1 - 2 Once 

2 - 4 Once 

4 - 6 Once 

6 - 48 every 6 hr 

48 - 120   every 12 hr 

120- End   every 24 hr 

 

Salinity measurements were taken after 1, 5, 15, 60, 120, 240 and 360 minutes in the 

first six hours, then after every six hours until the end of day 2 (48 hours), then every 

12 hours till the end of day five (120 hours), and then every 24 hours until the end of 

the experiment. All measured data are listed in Appendices A-1 through A-2. 

2.3: Analyses and Results               

   2.3.1: Estimation of the Bachmat and Elrick (1970) Shape Factor  

             for a Rectangular Box, and the Methodology of Predicted    

             Salt Transport 

In experiments 1 to 4, the source depth (h0) was 4.5 cm, while the initial source 

solution concentrations (CS0) ranged from 9 g/l to 72 g/l. The durations (td) ranged 

between 5 to 13 days for all four experiments, which were conducted using Model 1 
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(20 cm by 20 cm) and are described in (Table 4). These experiments were conducted 

to compare the measured source depletion curves with those predicted by the 

methodology presented by Bachmat and Elrick (1970) as well as to estimate the 

shape factor of a rectangular sand column connected to a source of the same cross-

sectional area. The equation developed by Bachmat and Elrick (1970) for 

estimating the source depletion curves will be referred to as “theoretical” results.  

Table 4. Description of Experimental Results and Shape Factor in Model 1 

Exp. td ta ho CS0 CSf Vi Mi Ma Ml (F) (AM) 

# day day cm g/l g/l l g g/m2 g % d-1 - 

1 13 12 4.5 9.0 2.8 1.8 16.2 405 11.2 69 0.187 0.172 

2 11 9.0 4.5 18 4.1 1.8 32.4 810 25.0 77 0.377 0.174 

3 5.0 3.0 4.5 36 11 1.8 64.8 1620 45.0 69 0.751 0.173 

4 5.0 1.5 4.5 72 22.2 1.8 129.6 3240 89.7 69 1.502 0.173 

           Average  0.173 

          S.D 0.001 

td = duration of experiment; ta = duration of experiment to steady state; ho = source depth; CS0 = initial source concentration; 

CSf = final source concentration; Vi = initial source volume; Mi = initial source mass; Ma = Mass per area; ML = Mass lost from 

source after ta; F = Measured slope line of Bachmat Eq; AM = Measured shape factor; S.D = standard deviation; Model size = 

20 cm * 20 cm; Sand column depth = 54.4 cm. 

The source solution concentrations at the end of the experiment (CSf) are also shown 

in Table (4), and it ranged from 2.8 g/l to 22.2 g/l, respectively. There were no 

evaporation losses during any of the experiments and the source height remained 

constant during the course of these experiments and the experiments. The fact that 

the source height remained constant indicates that not only was there no evaporation 

loss during the experiments, but also that the denser saltwater transporting from the 
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source into the porous media was being replenished by less dense (fresher) water 

from the porous media into the source.   

The experiments were terminated if there was no significant change (less than 0.1 

g/l) in the source concentration after a period of one day, or in other words when the 

system had reached a quasi-steady state. Thus, experimental results showed that the 

quasi-steady state occurred faster (1.5 day) when the initial source concentration 

(CS0) was 72 g/l and took much longer (12 days), when CS0 was 9 g/l. The measured 

and theoretically predicted SDC for Experiments 1 to 4 are compared in Figures (3 

to 6), respectively. The theoretical curves were obtained by a) determining the values 

of F for the four experiments by plotting graphs of (Cs0/Ct) -1 versus time (t) up to a 

duration of ta (Figure 7), b) fitting separate linear graphs through the data obtained 

for each of the four experiments, and c) determining the value of F for each of the 

linear graphs by estimating their slopes (F = slope of each graph as described by 

Equation (5). The measured values of F for the four experiments ranged from 0.187 

per day to 1.502 per day Table (4). The computed values of F were used to predict 

the source depletion curves for Experiments 1 to 4 using Equation (1).  

A comparison of the measured and predicted graphs, which nearly overlap with each 

other, indicates that the methodology provided by Bachmat and Elrick (1970) can 

be used to predict source depletion curves under unstable conditions. The values of 

the corresponding shape factor (A) for Experiment 1 to 4 Table (4) were determined 

by Equation (7) in which α = 0.7143. The values of A for the four experiments were  
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Figure 3. Comparisons of measured and predicted source depletion curves 

using Model 1; Experiment 1, CS0 = 9 g/l, source height h0 = 4.5 cm 

Figure 4. Comparisons of measured and predicted source depletion curves 

using Model 1; Experiment 2, CS0 = 18 g/l, source height h0 = 4.5 cm. 
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Figure 5. Comparisons of measured and predicted source depletion curves 

using Model 1; Experiment 3, CS0 = 36 g/l, source height h0 = 4.5 cm. 

Figure 6. Comparisons of measured and predicted source depletion curves 

using Model 1; Experiment 4, CS0 = 72 g/l, source height h0 = 4.5 cm. 
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Figure 7. Graph of [(CS0/Ct) -1] versus t for Experiments 1 to 4, (R2 = 0.999)  

                 for four graphs. 

almost identical ranging from 0.172 to 0.174 with an average value of 0.173 and a 

standard deviation of 0.001 Table (4). The comparisons of the graphs in Figures (3 

to 6) indicates that the Bachmat and Elrick (1970) methodology accurately predicts 

the measured curves for a much longer period if CS0 is small. 

The duration up to which the theoretical methodology accurately predicted the 

measured curves is defined as ta, and the values of ta for the four experiments are also 

shown in Table (4). As shown subsequently, the reason why the Bachmat and Elrick 

(1970) methodology is unable to predict the measured curves for durations longer 

than ta is due to the depth of the sand column not acting as an infinite column after 

this time, i.e., the bottom of the sand column begins to affect the source depletion 

curves. So, the duration time should be longer as the sand column was deeper. The 
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source volume (Vs) of the saltwater source solution, the initial salt mass (Mi) in the 

source solution, the initial salt mass per unit area (Ma), and the mass of salt lost 

during the experiment (ML), both in grams and as a percentage, are also shown in 

Table (4). The data show that the percentage of mass lost during the experiments was 

approximately 69 to 77 percent. 

2.3.2: Effect of Column Size on Shape Factor and Salt Transport 

Experiments 1 to 4 were repeated in Model 2 which has the exact same shape and 

depth as Model 1 but has a cross-sectional area which is one-fourth of Model 1. These 

four experiments, numbered 5 to 8 Table (5), are respectively identical to 

Experiments 1 to 4 in terms of the initial height, h0, the initial concentration, CS0, and 

mass per unit area (Ma) as shown in Table (5).  

Table 5. Description of Experimental Results and Shape Factor in Model 2 

Exp. td ta ho CS0 CSf VS Mi Ma Ml  (F)  (AM) 

# day day cm g/l g/l l g g/m2 g % d-1 - 

5 13 12 4.5 9.0 2.8 0.45 4.05 405 1.3 69 0.186 0.171 

6 11 9.0 4.5 18 4.1 0.45 8.1 810 2.8 77 0.377 0.174 

7 5.0 3.0 4.5 36 11.1 0.45 16.2 1620 11.3 69 0.750 0.173 

8 5.0 1.5 4.5 72 22.1 0.45 32.4 3240 22.4 69 1.503 0.173 

          Average 0.173 

           S.D 0.001 

td = duration of experiment; ta = duration of experiment to steady state; ho = source depth; CS0 = initial source concentration; 
CSf = final source concentration; Vi = initial source volume; Mi = initial source mass; Ma = Mass per area; ML = Mass lost from 

source after ta; F = Measured slope line of Bachmat Eq; AM = Measured shape factor; S.D = standard deviation; Model size = 

10 cm * 10 cm; Sand column depth = 54.4 cm. 
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However, the initial source volume and mass of salt within the source volume are 

respectively four times higher in Experiments 1 to 4 compared to Experiments 5 to 

8.  A comparison of the respective source depletion curves for Experiments 1 and 5, 

Experiments 2 and 6, Experiments 3 and 7, and Experiments 4 and 8 are shown in 

Figures (8 to 11), respectively. Experiments 5 to 8 were also conducted until the 

system reached a quasi-steady state, i.e., the source concentration changed by less 

than 0.1 g/l over a period of 24 hours. The duration of Experiments 5 to 8 was 

respectively identical to those of Experiments 1 to 4 and ranged from 5 to 13 days. 

Similar to Experiments 1 to 4, measurements taken during Experiments 5 to 8 also 

showed that the quasi-steady state condition took much longer to reach when initial 

concentrations were relatively small. The durations (ta) up to which the theoretical 

methodology accurately predicted the measured curves in Experiments 5 to 8 were 

also identical to those found in Experiments 1 to 4. The measured final salt 

concentrations (CSf) at the end of Experiments 5 to 8 were also respectively identical 

to those in Experiments 1 to 4. The process described for Experiments 1 to 4 was 

repeated to determine the values of (F) and (A) and these values are shown in Table 

(5).  The values of A ranged from 0.171 to 0.174 with an average value of 0.173 and 

a standard deviation of 0.001. These results show that experiments conducted in 

Models 1 and 2 yielded nearly identical values of the shape factor 0.173 with almost 

negligible standard deviations. The results of Experiments 5 to 8, when compared to 

the results of Experiments 1 to 4, clearly show that the size of the column does not 
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Figure 8. Comparisons of measured source depletion curves using Models 1 

and 2 for Experiments 1 and 5, CS0= 9.0 g/l, source height h0 = 4.5 cm. 

Figure 9. Comparisons of measured source depletion curves using Models 1 

and 2 for Experiments 2 and 6, CS0= 18 g/l, source height h0 = 4.5 cm. 
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Figure 10. Comparisons of measured source depletion curves using Models 1 

and 2 for Experiments 3 and 7, CS0= 36 g/l, source height h0 = 4.5 cm. 

Figure 11. Comparisons of measured source depletion curves using Models 1 

and 2 for Experiments 4 and 8, CS0= 72 g/l, source height h0 = 4.5 cm. 
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affect the shape factor and a shape factor of 0.173 could be used for obtaining the 

source depletion curves for both rectangular sand columns with a source area of the 

same dimensions up to a certain duration ta which depends on the combination of the 

initial concentration, source height, and the hydraulic conductivity and depth of the 

porous media in the sand column.   

2.3.3: Effect of Column Depth on the Salt Transport 

Experiments 9 to 12 and 13 to 16 were conducted on Models 3 and 4 respectively to 

determine the effect of the sand column depth on the source depletion curves. As 

described earlier, Models 3 and 4 have the exact same size (10 cm by 10 cm) as 

Model 2 but have shorter sand columns with Model 3 having a sand column depth of 

27. 2 cm and Model 4 having a sand column depth of 13.6 cm as opposed to a depth 

of 54.4 cm for Model 2. Experiments 9 to 12 and 13 to16, conducted on Models 3 

and 4 respectively, and described in Tables (6 and 7) were exactly identical to 

Experiments 5 to 8 conducted in Model 2 in terms of the initial source height, the 

initial concentration, the source volume, the initial mass and the mass per unit area.  

Experiments 9 to 16 were also conducted until the system reached a quasi-steady 

state, i.e., the source concentration changed by less than 0.1 g/l over a period of 24 

hours, and the duration of the experiments are shown in Tables (6 and 7). The 

measured source depletion curves for initial concentrations of 9, 18, 36 and 72 g/l, 

obtained from Models 3 and 4, are compared with those obtained from Model 2 and 

also with the theoretical break through curves in Figures (12 to 15), respectively. 
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Table 6. Description of Experimental Results and Shape Factor in Model 3 

Exp. td ta ho CS0 CSf VS Mi Ma Ml  (F)  (AM) 

# day day cm g/l g/l l g g/m2 g % d-1 - 

9 13 8 4.5 9.0 3.6 0.45 4.05 405 1.1 60 0.185 0.170 

10 9.0 5 4.5 18 6.3 0.45 8.1 810 2.4 65 0.373 0.172 

11 4.0 2 4.5 36 14.4 0.45 16.2 1620 4.4 60 0.752 0.173 

12 4.0 1 4.5 72 28.8 0.45 32.4 3240 8.7 60 1.505 0.173 

          Average 0.173 

           S.D 0.0014 

td = duration of experiment; ta = duration of experiment to steady state; ho = source depth; CS0 = initial source concentration; 

CSf = final source concentration; Vi = initial source volume; Mi = initial source mass; Ma = Mass per area; ML = Mass lost from 

source after ta; F = Measured slope line of Bachmat Eq; AM = Measured shape factor; S.D = standard deviation; Model size = 

10 cm * 10 cm; Sand column depth = 27.2 cm. 

Table 7. Description of Experimental Results and Shape Factor in Model 4 

Exp. td ta ho CS0 CSf VS Mi Ma Ml  (F)  (AM) 

# day day cm g/l g/l l g g/m2 g % d-1 - 

13 13 5 4.5 9.0 4.63 0.45 4.05 405 0.8 44 0.187 0.172 

14 9.0 2.29 4.5 18 9.7 0.45 8.1 810 1.7 46 0.377 0.174 

15 2.25 1 4.5 36 20.6 0.45 16.2 1620 3.1 43 0.754 0.174 

16 2.25 0.50 4.5 72 41.0 0.45 32.4 3240 6.3 43 1.505 0.173 

          Average 0.173 

           S.D 0.0007 

td = duration of experiment; ta = duration of experiment to steady state; ho = source depth; CS0 = initial source concentration; 

CSf = final source concentration; Vi = initial source volume; Mi = initial source mass; Ma = Mass per area; ML = Mass lost from 

source after ta; F = Measured slope line of Bachmat Eq; AM = Measured shape factor; S.D = standard deviation; Model size = 

10 cm * 10 cm; Sand column depth = 13.6 cm. 

These comparisons clearly indicate that while all measured source depletion curves 

are initially nearly identical with the theoretically predicted curves, they begin to 

deviate from the theoretical solutions after some elapsed time ta, which are shown in 

Tables (5 to 7). For any initial concentrations, the measured source depletion curves  



 

45 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

1

2

3

4

5

6

7

8

9

10

0 2 4 6 8 10 12 14

C
o
n

ce
n

tr
a
ti

o
n

 (
g
/l

)

Time (day)

Measured SDC for Exp 13, Cso= 9.0 g/l

Measured SDC for Exp 9, Cso= 9.0 g/l

Measured SDC for Exp 5, Cso= 9.0 g/l

Predicted using Bachmat Eq, F= 0.1875 d-1

Figure 12. Comparisons of measured source depletion curves using Models 2, 

3, and 4 with predicted curve; Experiments 5, 9, and 13, CS0= 9.0 g/l. 

Figure 13. Comparisons of measured source depletion curves using Models 2, 

3, and 4 with predicted curve; Experiments 6, 10, and 14, CS0= 18 g/l. 
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Figure 14. Comparisons of measured source depletion curves using Models 2, 

3, and 4 with predicted curve; Experiments 7, 11, and 15, CS0= 36 g/l. 

Figure 15. Comparisons of measured source depletion curves using Models 2, 

3, and 4 with predicted curve; Experiments 8, 12, and 16, CS0= 72 g/l. 
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remained identical to the theoretically predicted graphs for a longer period, i.e., ta 

was relatively higher, if the sand column depths were longer. For example, the 

respective values of ta for Model 4 (Experiments 13 were 16 days) were lower than 

the values of ta for Model 3 (Experiments 9 were 12 days), which were, in turn, lower 

than the values of ta for Model 2 (Experiments 5 were 8 days). 

Similarly, in all three models, the highest td values occurred for the lowest 

concentrations. For example, the value of ta was 5 days when the initial concentration 

was 9 g/l (Experiment 13) but only 0.5 days if the initial concentration was 72 g/l 

(Experiment 16). Also, a comparison of the percentage mass losses shows that a 

higher percentage of source mass is lost when the column depths are greater with 

approximately 70% of the mass lost in Model 2 to only 43% mass lost in Model 4. 

Thus, a higher percentage of mass is lost at quasi-steady state conditions if the porous 

media depth is greater. Finally, as shown in Tables (6 and 7), if the measured data 

used to compute F is only up to a duration of ta, the value of the shape factor does 

not change and remains close to 0.173 (0.172 for Model 3 experiments and 0.173 for 

Model 4 experiments). Thus, one can conclude that the shape factor A is independent 

of the porous media depth but may not be applicable after a certain ta which depends 

both on the porous media depth as well as the initial concentration. 
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2.3.4: Validation of Shape Factor for Large Rectangular Columns  

Six experiments, Experiments 17 to 22, described in Table (8), were conducted to 

verify if the shape factor computed in the 20 cm by 20 cm model could be used to 

predict the source depletion curves for any column size and depth and initial source 

concentration. These experiments were conducted in Model 5 using the same 

material used in previous experiments while keeping the source height at 4.5 cm. 

Once again, the experiments were conducted until a quasi-steady state condition was 

reached and the duration of the experiments ranged from 12 to 15 days.  

Table 8. Description of Experimental Results Conducted in Model 5 

Exp. td ta ho CS0 CSf VS Mi Ma Ml  (F)  (AM) 

# day day cm g/l g/l l g g/m2 g % d-1 - 

17 15 15 4.5 9.0 2.5 16.7 150.7 405 108 72 0.173 

0.173 

18 12 12 4.5 18 3.3 16.7 301.4 810 246 82 0.376 

19 15 15 4.5 36 3.0 16.7 602.8 1620 553 92 0.751 

20 15 15 4.5 72 3.0 16.7 1205.6 3240 1153 96 1.494 

21 12 12 4.5 4.5 2.3 16.7 75.4 202.5 38 89 0.540 

22 15 15 4.5 27 3.0 16.7 452.1 1215 401 51 0.084 

td = duration of experiment; ta = duration of experiment to steady state; ho = source depth; CS0 = initial source concentration; 

CSf = final source concentration; Vi = initial source volume; Mi = initial source mass; Ma = Mass per area; ML = Mass lost from 

source after ta; F = Measured slope line of Bachmat Eq; AM = Measured shape factor; S.D = standard deviation; Model size = 

61 cm * 61 cm; Sand column depth = 170 cm. 

The respective initial concentrations for these experiments ranged from 4.5 g/l to 72 

g/l as shown in Table (8). The measured source depletion curves for Experiments 17 

to 22 are respectively compared with the theoretical source depletion curves in 

Figures (16 to 21).  
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Figure 16. Comparisons of measured and predicted source depletion curves 

using Model 5; Experiment 17, CS0 = 9 g/l, source height h0 = 4.5 cm. 

Figure 17. Comparisons of measured and predicted source depletion curves 

using Model 5; Experiment 18, CS0 = 18 g/l, source height h0 = 4.5 cm. 
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Figure 18. Comparisons of measured and predicted source depletion curves 

using Model 5; Experiment 19, CS0 = 36 g/l, source height h0 = 4.5 cm. 

Figure 19. Comparisons of measured and predicted source depletion curves 

using Model 5; Experiment 20, CS0 = 72 g/l, source height h0 = 4.5 cm. 
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Figure 20. Comparisons of measured and predicted source depletion curves 

using Model 5; Experiment 21, CS0 = 4.5 g/l, source height h0 = 4.5 cm. 

Figure 21. Comparisons of measured and predicted source depletion curves 

using Model 5; Experiment 22, CS0 = 27 g/l, source height h0 = 4.5 cm. 
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The theoretical source depletion curves were obtained by first calculating F by 

Equation (7), using A = 0.173, and then using Equation (1) to determine the source 

depletion curve. A visual comparison of the measured and predicted source depletion 

curves shows an excellent match between the two sets of curves for the entire 

duration of the experiments indicating that a) a shape factor of 0.173 can be used for 

any rectangular column, and b) the depth of Model 5 (1.7 m) was adequate to be 

considered infinite for the duration of the experiments as there was no deviation 

between the measured and theoretically predicted curves.  

2.3.5: Examination the Effect of Source Height, h0, on Salt   

          Transport 

Source depletion curves can be predicted for any source height, h0, using Equations 

(7) and (1) if the shape factor is known. Experiment 19 (CS0 = 36 g/l, h0 = 4.5 cm) 

was repeated with source heights of 9 cm (Experiment 23) and 11.7 cm (Experiment 

24) to examine if the Bachmat and Elrick (1970) equations would accurately predict 

the source depletion curves for any source height. Experiments 23 and 24 along with 

Experiment 19 are described in Table (9). The source volume (Vs) of the saltwater 

source solution, the initial salt mass (Mi) in the source solution, the initial salt mass 

per unit area (Ma), and the mass of salt lost during the experiment (ML), both in grams 

and as a percentage, are also shown in Table (9). The duration of Experiments 23 and 

24 was 13 days and a comparison of the measured and theoretically predicted source 
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depletion curves, shown in Figure (22), indicate that the theoretical method 

accurately predicted the measured source depletion curves over the entire 13 days.  

Table 9. Description of Experimental Results Conducted in Model 5 using   

               Different Source Height (h0)  

Exp. td ta ho CS0 CSf VS Mi Ma Ml 

# day day cm g/l g/l l g g/m2 g % 

19 13 13 4.5 36 3.4 16.74 602.5 1620 546 91 

23 13 13 9.0 36 6.6 33.5 1205 3238 985 82 

24 13 13 11.7 36 7.5 43.5 1567 4212 1240.8 79 

td = total duration of experiment; ta = duration of experiment to steady state; ho = source depth; CS0 = initial source concentration; 

CSf = final source concentration; VS = source volume; Mi = initial source mass; Ma = Mass per area; ML = Mass lost from 

source after ta; Model size = 61cm*61cm; Sand column depth = 170 cm. 

 

Figure 22. Comparisons of measured and predicted source depletion curves    

                   using Model 5; a) Experiment 19, h0= 4.5 cm, b) Experiment 23,  

                   h0= 9.0 cm, c) Experiment 24, h0= 11.7 cm; initial source   

                   concentration = 36 g/l for all experiments. 
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2.4: Examination the Effect of Hydraulic Conductivity on Salt  

       Transport 

Four experiments, Experiments 3, 25, 26, 27, described in Table (10), were 

conducted on Model 1, using an initial source concentration of 36 g/l and source 

depth, h0, of 4.5 cm. These experiments were managed to determine SDCs as using 

different sand properties, i.e. different hydraulic conductivity which is ranged from 

7.6 m/d to 53.6 m/d. The hydraulic conductivity of the sand was determined by 

conducting constant head tests. All measured data are listed in Appendix (B) 

Table 10. Description of Experimental Results Conducted in Model 1 using     

                 Different Hydraulic Conductivity 

Exp. K td ta ho CS0 VS Mi Ma F (AM) 

# m/d day day cm g/l l g g/m2 d-1 - 

3 7.6 5.0 3.0 4.5 36 1.8 64.8 1620 0.752 0.173 

25 12.1 2.30 2.30 4.5 36 1.8 64.8 1620 1.20 0.173 

26 41.2 1.25 1.25 4.5 36 1.8 64.8 1620 4.10 0.173 

27 52.3 1.0 1.0 4.5 36 1.8 64.8 1620 5.20 0.173 

K = hydraulic conductivity; td = total duration of experiment; ta = duration of experiment to steady state; ho = source depth; CS0 

= initial source concentration; VS = source volume; Mi = initial source mass; Ma = Mass per area; F = Measured slope line of 

Bachmat Eq; AM = Measured shape factor; Model 1 size = 20 cm*20 cm; sand column depth = 54.4 cm. 

Once again, the experiments were conducted until a quasi-steady state condition was 

reached and the duration of the experiments ranged from 1.0 to 5.0 days. The 

measured source depletion curves for Experiments (3, 25, 26, and 27) are 

respectively compared with the theoretical source depletion curves in Figure (23). 
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The theoretical source depletion curves were obtained by first calculating F by 

Equation (7), using A = 0.173, and then using Equation (1) to determine the source 

depletion curve. A visual comparison of the measured and predicted source depletion 

curves shows an excellent match between the two sets of curves for the entire 

duration of the experiments indicating that the shape factor of 0.173 can be used for 

any rectangular column, and this shape factor is independent of hydraulic 

conductivity as there was no deviation between the measured and theoretically 

predicted curves for a certain time of ta.  

 

Figure 23. Comparisons of measured and predicted source depletion curves  

                   for different hydraulic conductivity (7.6 m/d to 52.3 m/d) using   

                   Model 1; CS0 = 36 g/l, and h0 = 4.5 cm. 
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2.5: Conclusion and Discussions 

The analysis presented in this chapter shows that a) the methodology presented by 

Bachmat and Elrick (1970) is applicable to a rectangular column, b) the shape 

factor, A, for a rectangular column is 0.173, and this shape factor is independent of 

the column dimensions and hydraulic conductivity, c) the value of the shape factor 

A is independent of soil depth up to a certain duration, ta, after which the bottom of 

the sand column begins to affect the source depletion curve, and the column can no 

longer be considered to have “infinite” depth, d) the duration ta is a function of the 

initial source concentration, source height h0, and the hydraulic conductivity of the 

soil, e) the Bachmat and Elrick (1970) equations are applicable to any source 

height, h0, and f) Once Bachmat and Elrick (1970) predicted mass transport using 

CaCl as saline water on top of soil (source layer) and this study use salt water as a 

saline water to predict mass transport from source to porous media, So Bachmat and 

Elrick (1970) equation could be useful equation to predict mass transport (form 

source to porous media under unstable condition) of different type of saline water, 

or contaminant.  

As a result of introducing the concept of source height into the Bachmat and Elrick 

(1970) equations, and also as a result of determining the same shape factor, A for a 

rectangular boxes ranged between 10 cm by 10 cm to 61 cm by 61 cm, one can now 

use the Bachmat and Elrick (1970) equations to predict the mass transport of salt 

from overlying sources due to unstable conditions using larger scale models. 
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Chapter 3  
 

Salt Transport from Unstable Finite Mass Source to 

Underlying Porous Media Contained            

Brackish Water 

3.1: Introduction 

In the previous experiments described in chapter 2, Bachmat and Elrick (1970), 

porous media initially filled with freshwater prior to putting the source solution on 

the top. Thus, they were able to verify that the equations presented by Bachmat and 

Elrick (1970), with the stated assumption that the heavier source solution overlaid a 

porous media containing freshwater, provided accurate results. While the scenario of 

a heavier source solution overlying a porous media containing freshwater is possible 

in larger system conditions, it is much more likely that the heavier saline water 

overlies lighter saline water as in the case of estuaries. Having saline water in the 

porous media, instead of freshwater, can significantly affect the rate of salt transport 

from the source solution to the porous media. This chapter extends the work of 

Bachmat and Elrick (1970) that was presented in previous chapters and provides a 

methodology to predict the rate of salt transport from an unstable salt source into the 

underlying porous media that initially contains brackish water instead of freshwater. 

As noted in chapter 2 the shape factor, A, for a rectangular column was 0.173. By 

comparing the measured source depletion curve (graph of CS0 versus t) with the one 
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that was predicted by equation 1, using A = 0.173, their results further validated the 

theory presented by (Bachmat and Elrick 1970). In addition, from previous chapter 

results found that: a) the shape factor is independent of the column dimensions; i.e. 

all models had the same shape factor value of 0.173, and b) the value of the shape 

factor A is independent of soil depth up to a certain duration, ta, after which the 

bottom of the sand column begins to affect the source depletion curve, and the 

column can no longer be considered to have “infinite” depth. 

The main objectives of this chapter were to: 1) modify the Bachmat and Elrick 

(1970) equations to enable prediction of the rate of salt transport from the unstable 

source to the underlying porous media initially containing saline water, and 2) 

conduct experiments to validate the modified equations.  

Theory: Review Equations of Bachmat and Elrick, 1970 and Modified 

Equations 

Bachmat (1969) stated that whenever an aqueous solution of a given salt 

concentration is placed on top of a porous material saturated with pure (fresh) water 

or solution of lower salt concentration at rest, a vertical influx of salt downward from 

the solution into the porous material is induced. This flux is caused by the onset of 

density variations in the fluid within the horizontal top surface of the porous material. 

The density variations are mainly due to the differences in salt concentrations in the 

water located in the horizontal planes in the top surface of the porous material as 
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shown in Figure (24). Making the following assumptions: a) the source solution is 

aqueous, b) the water in the porous medium is freshwater, c) the column containing 

porous medium below the source is semi-infinite, i.e., the source water does not reach 

the bottom of the porous media layer, d) the net transfer of salt from the source  

 

 

 

 

 

 

 

 

 

 

Figure 24. Bachmat and Elrick (1970) theoretical model for salt transport from an    

                    unstable source to underline porous media. Assumption; a) negligible  

                    transport due to molecular diffusion and mechanical dispersion, b)  

                    advective flux due to concentration / density gradient horizontal plane in  

                    the upper layer of porous media, c) porous media contain pure/fresh 

                    water (CPM = 0), d) saturated porous media. 
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through a horizontal surface of the porous media is mainly due to convective or free 

dispersion and not due to molecular or mechanical dispersion, i.e., molecular and 

mechanical dispersion were considered to be negligible, and e) the effects of density 

variations on the vertical pressure gradient are negligible compared to the effects due 

to the net force of gravity which in this context is the net downward force (weight of 

the source solution minus the buoyant force acting on the source solution) that acts 

on the source solution. Bachmat and Elrick (1970) presented equations (1 to 6) to 

predict the rate at which the concentration of an unstable source, with a finite mass, 

overlying a porous media fully saturated by freshwater decreases with time: 

As stated earlier, a vertical influx of salt downward from the heavier source solution 

into the porous material is induced because of density variations in the fluid within 

the source and that within the porous material. Therefore, Bachmat and Elrick 

(1970) transformed equation 4 to: 

F  =   
 A K g

μ0 
 
𝜌𝑈− 𝜌𝐿

𝐿
                                                                            (18) 

where ρU and ρL are respectively the initial uniform densities of the liquid in the 

source solution and that in the porous material. 

Bachmat and Elrick (1970) used a spherical container for the source solution and 

defined L to be equal to VS/AS where VS is the volume of the solution in the source 

and AS is the horizontal surface area at the top of the porous material. Realizing that 
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the characteristic length, L, would be equal to the source height, h0, for square 

containers as pointed out in chapter 2, so equation 18 will be modified to: 

F  =   
 A K g

μ0 
 
𝜌𝑈− 𝜌𝐿

ℎ0
                                                                            (19) 

Since, the density (ρ) of a fluid can be determined from equation (3) 

where C is the salt concentration within the fluid, ρU and ρL can respectively be 

determined from the following equations: 

ρ𝑈 =  𝜌0 +  𝛼 𝐶𝑈                                                           (20) 

ρ𝐿 =  𝜌0 +  𝛼 𝐶𝐿                                                           (21) 

Subtracting Eq 21 from Eq 20 and substituting the result in Eq 19 yields, 

       F = A  
 α K g(C𝑈−C𝐿)

μ0  h0
                                                                                                              (22)  

Defining CU as the initial salt concentration in the uber layer i.e. source solution, CS0, 

and CL as the initial salt concentration in the lower layer i.e. porous media, CPM, Eq 

22 will transform to: 

       F = A  
 α K g(CS0−C𝑃𝑀)

μ0  h0
                                                                                                          (23) 

Equation 23 can also be written as:   

  F =  A 
α K (CS0− CPM) 

 ρ0 h0 
                                                                                                         (24) 
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The value of F calculated by Equation 24, with the initial concentration being CS0 

and the porous media concentration being CPM, will be identical to that calculated by 

Equation 4 when the initial concentration equal to C`S0 (where C`S0 = CS0 – CPM) and 

the porous media concentration being zero, i.e. the porous media containing 

freshwater. As an example, the value of F calculated for CS0 = 36 g/l and CPM = 27 

g/l, will be equal (equivalent) to the F calculated for C’S0 = 9 g/l and CPM = 0 as 

illustrated in Figure (25).  

 

Figure 25. Graph of [((CS0 - CPM) / Ct)) – 1] versus t for Experiment 1, (R2= 0.999). 
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Ct =  
CS0−CPM

1+Ft
+ CPM                                                    (25) 

Since equation 25 can be rearranged to: 

𝐶𝑆0− 𝐶𝑃𝑀

𝐶𝑡− 𝐶𝑃𝑀
− 1 =  𝐹𝑡                                                                      (26) 

The value of F can be obtained by conducting an experiment and plotting a graph of 

[[(CS0 - CPM) / (Ct - CPM)] – 1] versus t, and then calculating the slope of the graph. 

Once F is determined, the value of A can be determined by rearranging equation 24 

to: 

   𝐴 =  
𝐹  𝜌0  ℎ0  

𝛼𝐾(𝐶𝑆0− 𝐶𝑃𝑀) 
                                                                                              (27) 

3.2: Methods  

    3.2.1: Description of Physical Models 

The two physical models were used in this study, Model 1 and Model 5. These 

models were constructed with 1-cm thick plexiglass with different dimensions as 

shown in Figure (2) chapter 2. Model 1, had a cross-section area of 20 cm by 20 cm, 

and a sand column depth of 54.4 cm. Model 5 had a cross-section area of 61 cm by 

61 cm and a sand column depth of 170 cm and. Both models had a 1.27 cm diameter 

drainpipe that was connected to a valve at the bottom of the sand column as shown 

in Figure (2) chapter 2. The valve remained closed during the experiments and was 

simply used for flushing the salt out of the water in the porous media after the 
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completion of an experiment and prior to starting a new experiment. Therefore, there 

was no flow through the porous media due to an artificially imposed hydraulic head 

or forced convection, and the salt transport was strictly due to free convection. The 

sand used in this study was the same sand that was used in previous experiments.  

3.2.2: Experimental Procedure  

The experimental procedure used for this study for saturating the porous media with 

freshwater was identical to the one described in chapter 2. In both models, sand was 

placed inside the sand column as explained in (section 2.2.3). After saturating the 

porous media with freshwater, the porous media was saturated with the desired 

concentration of saline water (sodium chloride) by adding the desired solution from 

the source area and allowing the water to drain out by keeping the flushing valve 

open. Periodic samples were taken from the effluent through the bottom valve until 

the concentration of the effluent was the equal to that of the source solution at which 

point the bottom valve was closed. The procedure to saturate the porous media with 

desired saline water took approximately four hours. The experiment was started 

approximately 24 hours after saturating the porous media with the desired saline 

solution. Prior to starting the experiment, a small sample from the bottom valve was 

taken to ensure that the effluent concentration had not changed over the one-day 

period. This procedure assured that the porous media was saturated with the desired 

saline solution. The experiment was started by adding the desired source solution to 

the source area to the desired depth h0; this process took less than one minute. Source 
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salinity measurements were taken by inserting the salinity meter into the source; no 

samples had to be extracted. Salinity measurements were taken after 1, 10, 30, 60, 

180 and 360 minutes in the first six hours, then after every six hours until the end of 

day 1 (24 hours), then every 12 hours till the end of day five days (120 hours), and 

then every 24 hours until the end of the experiment. When conducting the 

experiments, the source area was covered by a thin plastic sheet to minimize 

evaporation losses. No evaporation losses were observed in any of the experiments.  

3.3: Analyses and Results 

    3.3.1: Validation of Modified Bachmat and Elrick, 1970 Equations 

Six experiments, Experiments 28 to 33 which are described in Table 11, were 

conducted to verify the modified Bachmat and Elrick, 1970 equations 24 to 27.  

Table 11. Description of Experimental Conducted in Models 1 and 5, with 

                 Porous Media Containing Brackish Water 

Experiment. Model  h0 CS0 CPM td ta (F) A 

# # cm g/l g/l day day d-1 - 

28 1 4.5 72 36 6 1.5 0.745 0.172 

29 1 4.5 36 18 16 10 0.362 0.166 

30 1 4.5 18 9 20 12 0.180 0.166 

31 5 4.5 36 27 16 13 0.185 0.170 

32 5 4.5 36 18 8 8 0.362 0.167 

33 5 4.5 36 9 12 12 0.554 0.170 
ho = source depth; CS0 = initial source concentration; CPM = initial porous media concentration; td = duration of experiment;  

F = Measured slope line of Bachmat Eq; A = Measured shape factor; ta = duration of experiment to steady state; Model 1 size 

= 20 cm * 20 cm; Sand column depth = 54.4 cm; Model 5 size = 61 cm * 61 cm; Sand column depth = 170 cm. 

Experiments 28 to 30 were conducted on Model 1, while experiments 31 to 33 

conducted on Model 5. The initial source height, h0, was 4.5 cm for all experiments. 
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The initial source concentration, CS0, in Experiments 28 to 30 ranged from 72 g/l to 

18 g/l, while in Experiments 31 to 33 was 36 g/l. The initial saline concentration in 

the porous medium ranged from 9 g/l to 36 g/l as shown in Table 11. The duration 

of the experiments (td) ranged from 6 to 20 days. The experiments were terminated 

if there was no significant change (less than 0.1 g/l) in the source concentration after 

a period of one day, or in other words when the system had reached a quasi-steady 

state. All measured physical model data are listed in Appendix (C) 

The value of F was obtained by plotting graphs of [(CS0 - CPM) / (Ct - CPM)] - 1 for all 

six experiments as shown in Figures (26 and 27) and measuring the slopes of the 

straight-line portion of the graph as stated by (Bachmat and Elrick 1970). It can be 

observed that whereas the data plots as a straight line for Experiments 32 and 33 for 

the entire duration of the experiment, it becomes non-linear for the other four 

experiments after a certain duration which we term ta. The reason for this is that the 

rate of transport of the salt from the source to the porous media is affected by the 

finite depth of the model. In other words, the model depth cannot be considered to 

be semi-finite after ta. As pointed in chapter 2, the duration of ta depends on the initial 

source concentration and the porous media depth. In addition, the value of ta should 

also be dependent on the initial salt concentration in the porous media although it is 

not evident from Figure (27) since Experiments 32 and 33 were carried out for a long 

duration. The resulting values of F, and the corresponding values of the shape factor 

(A), obtained from equation 27, are shown in Table 11. The values of shape factor A  
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Figure 26. Graph of [(CS0 - CPM) / (Ct - CPM) – 1] versus t for Experiments 28   

                   to 30, (R2 = 0.999) 

 
Figure 27. Graph of [(CS0 - CPM) / (Ct - CPM) – 1] versus t for Experiments 31   

                   to 33, (R2 = 0.999). 
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for these experiments using equation 27 ranged from 0.166 to 0.172 and are very 

close to the range of values of 0.171 to 0.174 found in (chapter 2), indicating that the 

presence of saline water in the porous media did not affect the value of shape factor 

A. For each experiment, a value of F was determined from equation 24, using a shape 

factor A = 0.173, the average value of A determined in (chapter 2), instead of the 

values of A shown in Table 14.  

The values of F were used to predict the corresponding source depletion curve using 

Modified Bachmat and Elrick, 1970 Equation (equation 27). The comparison of 

measured and predicted source depletion curve graphs of all six experiments are 

shown in Figures (28 to 33).  

 
 

Figure 28. Comparisons of measured and predicted source depletion curves  

                   for Experiment 28 using CS0 = 72 g/l, CPM = 36 g/l, h0 = 4.5 cm 

6

12

18

24

30

36

42

48

54

60

66

72

78

0 1 2 3 4 5 6 7 8

C
o
n

ce
n

tr
a
ti

o
n

 (
g
/l

)

Time ( day) 

Measured SDC for Exp 28; CS0= 72 g/l, CPM = 36 g/l

Predicted SDC for Exp 28; CS0= 72 g/l, CPM = 36 g/l. BE

Predicted SDC for Exp 28; CS0= 72 g/l, CPM = 36 g/l, MBE

ta = 1.5 day 



 

69 
 
 

Figure 29. Comparisons of measured and predicted source depletion curves  

                   for Experiment 29 using CS0 = 36 g/l, CPM = 18 g/l, h0 = 4.5 cm 
 

  

 
Figure 30. Comparisons of measured and predicted source depletion curves   

                   for Experiment 30 using CS0 = 18 g/l, CPM = 9.0 g/l, h0 = 4.5 cm 
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Figure 31. Comparisons of measured and predicted source depletion curves    

                   for Experiment 31 using CS0 = 36 g/l, CPM = 27 g/l, h0 = 4.5 cm 

Figure 32. Comparisons of measured and predicted source depletion curve  

                   for Experiment 32 using CS0 = 36 g/l, CPM = 18 g/l, h0 = 4.5 cm 

0

6

12

18

24

30

36

42

0 2 4 6 8 10 12 14 16

C
o
n

ce
n

tr
a
ti

o
n

  
(g

/l
)

Time (day)

Measured SDC for Exp 31; CS0= 36 g/l, CPM= 27 g/l

Predicted SDC for Exp 31; CS0= 36 g/l, CPM= 27 g/l. BE

Predicted SDC for Exp 31; CS0= 36 g/l, CPM= 27 g/l. MBE

0

6

12

18

24

30

36

42

0 1 2 3 4 5 6 7 8 9 10

C
o
n

ce
n

tr
a
ti

o
n

 (
g
/l

)

Time ( day) 

Measured SDC for Exp 32; CS0= 36 g/l, CPM= 18g/l

Predicted SDC for Exp 32; CS0= 36 g/l, CPM= 18g/l. BE

Predicted SDC for Exp 32; CS0= 36 g/l, CPM= 18g/l. MBE

ta = 8.0 days

ta = 16 days 



 

71 
 
 

Figure 33. Comparisons of measured and predicted source depletion curve   

                   for Experiment 33 using CS0 = 36 g/l, CPM = 9.0 g/l, h0 = 4.5 cm 
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contains saline water. The source depletion curves using the original Bachmat and 

Elrick (1970) Equations (equations 1 and 3), are also shown in Figures (28 to 33) 
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Figure (34) shows how the rate of salt transport from the source to porous media 

slowed down as a result of increasing initial saline concentration in the porous media. 

The measured source depletion curves for Experiments 29 and 32 which were 

conducted with an initial source concentration of 36 g/l and an initial porous media 

concentration of 18 g/l on Models 1 and 5 respectively are compared in Figure (35). 

Figure 34. Comparisons of measured SDCs for experiments of Model 5, using   

                   CS0 = 36 g/l and CPM = (9.0 to 27) g/l, h0 = 4.5 cm 

Both source depletion curves are nearly identical which confirms the finding in 

(chapter 2) that the size of the model does not affect the rate of salt transport from 

the source to the porous media even though the porous medium initially fully 

saturated by brackish water if all other conditions are identical.  
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Figure 35. Comparisons of measured SDCs for Experiments 29 and 32 using   

                   Modes 1 and 5; both experiments; CS0 = 36 g/l, CPM = 18 g/l, and      

                   source height h0= 4.5 cm. 
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duration ta is a function of the initial source concentration, and initial porous media 

concentration. As a result of introducing the concept of the modified Bachmat and 

Elrick (1970) equations and as a result of determining the shape factor, A for a 

rectangular box, one can now use the Modified Bachmat and Elrick (1970) 

equations to predict the rate of mass transport from overlying sources due to unstable 

conditions using larger scale models. 
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Chapter 4 

Salt Transport Under Unstable Conditions through 

Saturated Porous Media using Finite Mass Source 

and Constant Mass Source  

4.1: Introduction  

The two main transport mechanisms that occur simultaneously under unstable flow 

conditions are transport of saltwater from an overlying salt source to the porous 

media, and transport of salt through the porous media, this mechanism was 

simultaneously studied through two finite source mass experiments conducted over 

15 days. The transport through the porous media was also studied via three constant 

source mass experiments lasting between 5 to 29 days. There was no hydraulic 

gradient across the porous media in any of the experiments. Experiments were 

conducted in a rectangular column 183 cm high with a cross-section of 61 cm by 61 

cm. The column was filled with sand up to 170 cm. There was a saline water layer 

on top of the sand. The saline water concentration was 36 g/l, and the saline water 

depth was 4.5 cm. The sand porosity and hydraulic conductivity were 32% and 7.6 

m/d, respectively. The rate of mass transport from the source to the porous media 

was observed by measuring the salt concentration within the source, while the salt 

transport through the porous media was documented by measuring breakthrough 

curves at five locations within the sand column. Finite source mass experiment 
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results, using mass analysis, showed that the salt transport from the source to the 

porous media was deterministic since both experiments produced identical rates of 

mass transport from the source to the porous media, the salt transport through the 

porous media was stochastic since the observed breakthrough curves at the five 

locations were considerably different. The breakthrough curves measured in three 

identical constant source mass experiments were also very different supporting the 

results of the finite source mass experiments. The implications of these findings are 

that, under unstable conditions, one can predict the salt mass that would enter from 

a salt source into the underlying porous media, one cannot predict the rate or pattern 

of salt transport through the porous media itself. 

4.2: Methods  

    4.2.1: Description of the Physical Model  

Experiments were conducted in a 1-cm thick plexiglass column which has a sand 

column height of 170 cm and a base of 61 cm by 61 cm as shown in Figure (36). The 

column is supported by a metal stand and consists of a source area at the top where 

the saline solutions were placed, and a drain valve at the bottom. The column has 

five sampling ports, P1 to P5, located at fairly uniform distances below the source as 

shown in Figure (36). All ports are connected to a sampling probe that extends a 

distance of 30 cm to the center of the column. 
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Figure 36. A schematic diagram and photograph of the physical Model 5. 

4.2.2: Experimental Procedure and Description of Experiments 

Sand was placed inside the sand column in three steps. First, sand was filled up to a 

depth of 170 cm in increments of 25 cm. Each increment was fully saturated with 

water before adding the next increment of sand. Saturation was assured by 

maintaining a water layer above the sand as the sand was added. This procedure was 

repeated for each 25 cm of sand increment (for more details see section 2.2.3). The 

source area was covered by a thin plastic sheet to minimize evaporation losses and 

no evaporation losses were observed over the entire duration of the experiments. 
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Salinity and temperature measurements were taken using a YSI 85 salinity meter, 

which measured conductivity and converted it into salinity. The finite source mass 

experiments were started by adding the saline water solution (sodium chloride) to the 

source area to the desired depth. This procedure took less than one minute. The 

constant source mass experiments were started by adding saline water at a 

concentration of 36 g/l into the source area from a storage tank to a depth of 4.5 cm; 

this procedure took less than one minute. The salinity concentration in the source 

area was maintained by continuously adding saline water to the source area by a 

variable-speed Peristatic Mini-pump. It should be noted that the freshwater salinity 

in the porous media was 0.3 g/l. Salinity and temperature measurements at each port 

were taken by extracting samples from the port locations using the sampling probe 

attached to each port. Sample sizes were 35 ml. Extracted samples were injected back 

using the same port after taking salinity and temperature measurements which took 

less than a minute. Source salinity measurements were taken by inserting the salinity 

meter probe into the source and no samples had to be extracted. The sampling 

schedule for both the finite source mass and constant source mass experiments is 

shown in Table (12). Salinity measurements at the ports for both Experiments 19 and 

34 were taken every six hours for the first two days, every 12 hours from the 2nd day 

to the 10th day, and every 24 hours after that. Salinity samples at the source were 

taken after 1, 5, 15, 20, 30, 45, 60 minutes, and then at 2, 4, 6, 12, 18, 24 hours. After 

24 hours, salinity was measured at intervals of 6 hours on the second day, and at 
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intervals of 12 hours from the 2nd day to the 10th day, and every 24 hours for the rest 

as shown in the Table (12). All measured physical model data are listed in 

Appendices A-(2.3 and 2.4), and D 

Table 12. Sampling Schedule at Source and Ports for Experiments 19 and 34 

Duration 

(day) 
At Ports At Source 

0 – 0.25 every 6 hr 1,5,15,30,60,120, 240, and 360  

0.25 – 2 every 6 hr   every 6.0 hr 

2 – 10 every 12 hr   every 12 hr 

10 – End every 24 hr   every 24 hr 

          

Two finite source mass and three constant source mass experiments, having durations 

(td) between 15 to 29 days, were conducted with the source height, h0, of 4.5 cm, an 

initial source concentration, CS0, of 36 g/l, as shown in Table (13. The finite source 

mass experiments are termed Experiments 19 and 34 in Table (13). 

Table 13. Physical Lab Experiment Descriptions 

Experiment h0 CS0 td Source condition 

No cm g/l day - 

19 4.5 36 15 Finite source mass 

34 4.5 36 15 Finite source mass 

35 4.5 36 29 Constant source mass 

36 4.5 36 28 Constant source mass 

37 4.5 36 5 Constant source mass 

h0 = source depth; CS0 = initial source concentration; td = duration of experiment. 
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The experiments that have a constant source mass were repeated three times, and the 

three experiments were termed as Experiments 35, 36 and 37 in Table (13). 

Experiments 19 and 34 were stopped after 15 days when it was observed that the 

daily concentration exiting from the source into the porous media was less than 0.3%. 

Experiments 35 and 36 were terminated after 29 and 28 days respectively because 

there was negligible change in the salinity at each of the five ports and a quasi-steady 

state had been reached. Experiment 37 was conducted to confirm that the 

breakthrough curves decreasing in Experiments 35 and 36 were oscillating and 

unpredictable in the beginning; therefore, it was stopped after five days.  

4.3: Analyses and Results 

    4.3.1: Comparison of Breakthrough Curves and Mass Analyses    

               for Experiments 19 and 34  

The five breakthrough curves measured at each port for Experiments 19 and 34 are 

shown in Figures (37 and 38), respectively. The breakthrough curves measured at 

Ports 1 through 5 during Experiments 19 and 34 are individually compared in Figures 

(39 to 43), respectively. It should be noted that since the ports are located at the center 

of the column, these breakthrough curves reflect the salt concentration only at that 

point. The breakthrough curve comparisons indicate that: 

• The breakthrough curves for the two experiments are vastly different at Ports 1 

to 4 Figures (39 to 42) but become fairly similar at Port 5 Figure (43).          
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Figure 37. Measured breakthrough curves at five ports for Experiment 19. 
 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 38. Measured breakthrough curves at five ports for Experiment 34. 
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Figure 39. Comparison of breakthrough curves at Port 1 for Experiments 19 and 34 

 

 

Figure 40. Comparison of breakthrough curves at Port 2 for Experiments 19 and 34 
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Figure 41. Comparison of breakthrough curves at Port 3 for Experiments 19 and 34 

 

 

Figure 42. Comparison of breakthrough curves at Port 4 for Experiments 19 and 34 
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Figure 43. Comparison of breakthrough curves at Port 5 for Experiments 19 and 34 

The similarity of the two breakthrough curves at Port 5 is comparable to the   

similarities that were also observed by Wood et al. (2004) at their column outlet, 
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comparisons indicate that the salt distribution in the porous media can be vastly 

different both temporarily and spatially if the experiments are repeated but may 

show similarities near the bottom of the column. The similarity in the 

breakthrough curves of Experiments 19 and 34, at Port 5, could be due to the 

coalescing of the fingers that occurs as the salt moves downward in the column, 

resulting in the salt moving more as a “front,” as in stable systems, instead of via 

fingers as observed in unstable systems as well as the porous media depth was 

not infinite and accumulated at the bottom. 
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• A comparison of the breakthrough curves for Ports 1 and 5 in both Experiment 

19 Figure (37) and Experiment 34 Figure (38) indicates that the concentration at 

the lower port (Port 5) became higher than that of an upper port (Port 1) towards 

the end of the experiment. This phenomenon indicates that the saline water in the 

source was “sinking” and collecting at the bottom of the column, which is very 

similar to the characteristics exhibited by a DNAPL as it moves down (Bedient 

et al. 1999) in the porous media.  

• The higher concentrations in the lower ports is indicates that the main salt 

transport mechanism was not molecular diffusion, because in that case the salt 

concentration at the lower ports would always be less than or equal to those in 

the upper ports.  

• Another key difference in the salt transport between Experiments 19 and 34 can 

be demonstrated by the “arrival times” noted at each port as shown in Table (14).  

Table 14. Arrival Time at Each Port for Experiments 19 and 34 

Experiment Port 1 Port 2 Port 3 Port 4 Port 5 

No. day (hr) day (hr) day (hr) day (hr) day (hr) 

19 0.25 (6) 1.375 (33) 3.5 (84) 9 (216) 6 (144) 

34 0.25 (6) 1.0 (24) 2 (48) 4 (96) 5 (120) 

 

Arrival time at a port is defined as the time when the salt concentration at the port 

was first noticed to be greater than the salt concentration in the freshwater which 

was 0.3 g/l.  
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• A comparison of the arrival times for the Experiments 19 and 34 indicates that 

they are vastly different; for example, the salt reached Port 4 after nine days and 

four days, respectively. Furthermore, the salt arrived at Port 5 earlier than Port 4 

in Experiment 19 whereas that was not the case in Experiment 34. 

A mass analysis was performed to examine the salt distribution within the porous 

media in Experiments 19 and 34, and the results of the mass analysis are shown in 

(Figure 44).  

Time (day)      0                      1                       5                       10                   15 

Exp. No     1         2            1         2           1         2             1         2            1         2 

 

  

 

 

 

 

 

 

 

Total (g)  665     665        402     409        271     286        478     233        492     458 

Figure 44. Mass distribution in the middle sand column for Experiments 19   

                   and 34 in different days; the mass at the top cell represents the   

                   salt mass within the source area. 

Figure (44) shows the initial (t = 0 days) mass distribution within the column and the 

source, and the gradual changes in the mass distribution after 1, 5, 10 and 15 days. 

The mass values shown in these tables were determined by assigning a volume to 
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each port. For example, the volume assigned to Port 1 extended from the source to 

halfway between Port 1 and 2. Similarly, the volume assigned to Port 2 extended 

from the halfway point of Ports 1 and 2 to the halfway points of Ports 2 and 3. The 

volume assigned to Port 5 extended from the halfway point of Ports 4 and 5 to the 

bottom of the column. The mass attributed to each port was determined by 

multiplying the volume of water associated with each port by the salinity 

concentration measured at the port at the end of the day. The total salt mass for each 

experiment is the sum of the mass of salt added to the source (602 g) and the initial 

salt amount in the sand column (63 g) due to the fact that the freshwater salt 

concentration was 0.3 g/l. The following observations can be made from Figure (44): 

a) the total initial mass in both columns was 665 g with 602 g residing in the source 

area; b) the mass of salt recorded within the source in the two experiments was nearly 

identical at all times; c) the mass distribution within the porous media, after one day, 

was quite similar for Experiments 19 and 34 (402 g and 409 g); d) the salt mass 

accounted by the center of the column in Experiments 19 and 34 after one day (402 

g and 409 g) were much less than the total salt mass of the system (665 g), and this 

showed that approximately one third of the salt was moving through other parts of 

the column and not through the center; e) the salt mass travelling through the center 

of the column in Experiments 19 and 34 (270 g and 286 g) was much less after five 

days, compared to what was travelling through the center after one day, and this 

indicated that the salt was also moving laterally or radially in the porous media which 
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is unlikely to occur if the main transport mechanism was molecular diffusion; f) the 

total mass recorded in the source and the center of the column in Experiments 1 and 

2 after 10 days were 478 g and 233 g, respectively, which shows a remarkable 

difference in the salt distribution patterns within the porous media during the two 

experiments, also, a lot more salt mass (197 g) had traveled to Port 5 in Experiment 

19 as compared to Experiment 34 (39 g); and g) the salt mass distribution in the two 

experiments was again fairly similar after 15 days. These observations leads to three 

important conclusions: 1) Under unstable conditions with free convection, the rate 

of transport of salt from the source to the porous media is deterministic or predictable 

as it was nearly equal in the two experiments at all times, 2) the mass transport 

through the porous media is stochastic or unpredictable, as the salt may follow very 

different patterns through the porous media even under two identical scenarios, and 

3) the stochastic transport can be attributed to the fact that the main transport 

mechanism of the salt through porous media, under unstable conditions, is fingering 

and not molecular diffusion, and because the distribution and size of the fingers that 

may develop in the porous media, could be quite different even under identical 

hydrologic conditions.  

4.3.2 Comparison of Breakthrough Curves for Experiments 35 to37 

The breakthrough curves measured at different ports for Experiments 35, 36, and 37 

are shown in Figures (45 to 47), respectively, and compared for each port in Figures 

(48 to 52). These comparisons indicate that: 
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Figure 45. Measured breakthrough curves at five ports for Experiment 35 

 

Figure 46. Measured breakthrough curves at five ports for Experiment 36 
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Figure 47. Measured breakthrough curves at five ports for Experiment 37 

 

Figure 48. Comparisons of measured breakthrough curves at Port 1 for    

                   Experiments 35, 36, and 37 
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Figure 49. Comparisons of measured breakthrough curves at Port 2 for   

                   Experiments 35, 36, and 37 

 

Figure 50. Comparisons of measured breakthrough curves at Port 3 for   

                   Experiments 35, 36, and 37 
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Figure 51. Comparisons of measured breakthrough curves at Port 4 for   

                   Experiments 35, 36, and 37 

 

Figure 52. Comparisons of measured breakthrough curves at Port 5 for   

                   Experiments 35, 36, and 37 
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• The breakthrough curves of Experiments 35, 36 and 37 are quite different from 

each other for Ports 1 through 4; only the breakthrough curves at Port 5 are 

somewhat similar. This phenomenon is similar to what was observed in the finite 

mass of source experiments in that the breakthrough curves at the lowest port, 

Port 5, were similar while they were different at the other four ports. 

 

• The breakthrough curves at all ports were not smooth and exhibited that the salt 

concentration was randomly fluctuating during the first five to ten days at Ports 

1 through 4. These fluctuations were not quite as prominent at Port 5.  

 

• All breakthrough curves became relatively smooth after a period of 

approximately 12 days. This could be because with time the fingers coalesce, and 

the solution moves down more in the form of a traditional plume. In other words, 

the plume begins to “stabilize” after a certain time, or the salt concentration is 

approaching equilibrium and change become less. 

 

• As in Experiments 35 and 36, the salinity at the two lower ports (Ports 4 and 5) 

became higher than the salinity at the upper ports (Ports 1 and 2) after a period 

of 5 days Figures (45 and 46) and stayed higher till the end of the experiment. 

Schincariol and Schwartz (1990) also observed that the lower part of the 

column led higher concentration in their plume experiments.  
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4.4: Conclusion and Discussions 

Two identical finite source mass experiments, with a salt source on top of a column 

of porous media, were conducted under unstable conditions to simultaneously study, 

a) the salt transport that occurs from a salt source to the porous media, and b) the 

vertical salt transport within the porous media itself. The rate of mass transport from 

the source to the porous media was observed by measuring the salt concentration 

within the source at various times, while the salt transport through the porous media 

was documented measuring breakthrough curves at five locations. Results, using 

mass analysis, showed that while the salt transport from the source to the porous 

media was deterministic in the sense that both experiments produced identical rates 

of mass transport from the source to the porous media, the salt transport through the 

porous media was stochastic since the observed breakthrough curves at the five 

locations were considerably different. The salt transport through the porous media 

was also observed by measuring breakthrough curves at five locations in three 

identical constant source mass experiments. The measured breakthrough curves in 

the constant source mass experiments were also very different, supporting the results 

of the declining source concentration experiments that the mass transport through the 

porous media, under unstable conditions, is stochastic. The implications of these 

findings are that while one can predict the amount of salt that would enter from a salt 

source into the underlying porous media under unstable conditions, one cannot 
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predict the rate or pattern of salt transport through the porous media itself. Other key 

findings were:  

a) The differences in the breakthrough curves were highest in the upper 

regions of the porous media and decreased in the lower regions. This 

phenomenon can be attributed to the fact that fingers tend to coalesce as they 

move downwards resulting in the movement of the salt mass not being as 

random at the bottom as at the top, or the salt accumulates backs up. The 

coalescing of fingers, under unstable transport conditions, has also been 

observed by several other researchers including Bachmat and Elrick (1970) 

who saw finger coalescing in their dye experiments, and (Simmons et al. 

1999; Kneafsey and Pruess 2010) who observed the coalescence of fingers 

in their Hele-Shaw cell experiments. 

b) The salt was not just moving vertically but also laterally. This was evident 

from mass analyses conducted in the declining source concentration 

experiments which showed that the total mass in the center of the column 

decreased by more than 100 g. This reduction of mass in the center of the 

column could only occur because of lateral transport. The lateral transport of 

the salt can again be attributed to the random nature of finger coalescing that 

goes on as the salt travels through the porous media. 

c) The breakthrough curves in the constant source mass experiments were 

oscillating in the first five to ten days and smoothened as the experiment 
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continued. The oscillation in the breakthrough curves could also be attributed 

to the random nature of finger forming and coalescing that occurs as the salt 

travels through the porous media.  

d) The decreasing mass of salt at source area may be possible due to the salt 

goes down in the fingering shape, but at the same time some of freshwater 

rise up to replace these amounts of salt mass, so more investigation is needed. 
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Chapter 5  

Numerical Modeling of Unstable Flow Due to 

Heavier Fluid (Saltwater) Overlying Relatively 

Lighter Fluid 

 

5.1: Introduction 

It is well-known that unstable flows occur when denser saltwater overlies lighter 

freshwater. One such situation occurs in the Indian River Lagoon (IRL), a coastal 

estuary located on the east coast of Florida. The IRL water is brackish; a mixture of 

the saltwater from the Atlantic Ocean flowing through inlets and the freshwater 

flowing from canals, rivers and groundwater. This brackish water overlies the 

freshwater that flows in the unconfined aquifer below the IRL. All cases of unstable 

density stratification result in a rapid and erratic redistribution of the salt. The rate of 

salt movement is much different than predicted by ordinary molecular diffusion 

alone. The dynamics of this unstable flow was investigated using two physical 

models made of plexiglas. Model 1 has 54.5 cm of sand depth with the base of 20 

cm by 20 cm, and Model 5 has 170 cm of sand depth and has a base of 61 cm by 61 

cm. Both models were filled with the same F40 sand and the part above the sand, the 

source area, was used to add seawater or brackish water. The numerical study will 

also investigate the breakthrough curves through the porous media at the ports of 

model 5 as using constant source mass.  
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This chapter shows: (a) Numerical simulation of measured source depletion curve of 

finite source mass using an appropriate apparent diffusion coefficient for both 

models 1 and 5. Fifteen experiments that have initial source concentration ranged 

between 4.5 g/l and 36 g/l and source height ranged from 4.5 cm to 11.7 cm with (i) 

porous media initially fully saturating with freshwater, which was identical to the 

experiments that described in Chapter 2, and (ii) porous media saturating with 

brackish water that was identical to the one described in Chapter 3, and (b) a 

numerical simulation of measured breakthrough curves of ports from two 

experiments that were conducted on Model 5 over 5 days and 28 days in which the 

constant source of 36 g/l at a depth of 4.5 cm, which were identical to the experiments 

described in chapter 4. 

5.2: Numerical Modeling  

The three-dimensional, coupled finite-difference numerical model SEAWAT Guo 

and Langevin (2002) was used to determine if it is possible to model the unstable 

nature of salt transport using a conventional convective-dispersive model. 

Additionally, it can be used to estimate the rate of salt transport from the source to 

the porous media column. The details regarding the SEAWAT numerical modeling 

include model domain and discretization, initial and boundary conditions, and other 

parameters are presented subsequently. 
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5.2.1: Numerical Predicting SDCs using Finite Mass Source with a   

          Porous Media Initially Contained Freshwater 

     5.2.1.1: Model Domain and Discretizations 

Ten experiments were run on two different models (Model 1, and Model 5). Three 

experiments were conducted on Model 1, Experiments 1 to 3 are described in Table 

4 chapter 2, and seven experiments were conducted on Model 5, Experiments 17, 18, 

19, 21, 22, 23 and 24 are described in Tables 8, and 9 chapter 2. The initial source 

concentration ranged from 4.5 g/l to 36 g/l and the source height was kept at 4.5 cm, 

except Experiments 23 and 24 that had a source height 9.0 cm and 11.70 cm 

respectively. All experiments have a porous media that initially contained freshwater. 

The measured source depletion curve will be compared to the numerical model 

results. The model domain for Model 1 is a three-dimensional vertical cross-section 

extending horizontally over a distance of 20 cm and vertically 54.5 cm. The model 

domain for Model 5 extended horizontally over a distance of 61 cm and vertically 

170 cm.  

The mesh used in the Model 1 consisted of 20 columns, column widths = 0.01m, and 

37 layers with layer widths ranging from 0.015 m to 0.045 m. The mesh was created 

in such a way that the top layer was equal to the source height (0.045 m). However, 

the mesh used in Model 5 consisted of 31 columns, column widths = 0.0197 m, and 

113 layers with layer widths ranging from 0.015 m to 0.045 m. The mesh was created 

in such a way that the top layer was equal to the source height (0.045 m – 0.117 m). 
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Both models have the same numerical parameters described in Table 15. Since 

SEAWAT does not allow for the transport of the unstable source into the porous 

media due to gravitational effects, the numerical modeling required the input of an 

apparent diffusion coefficient (Dapp) to accommodate both gravitational and diffusive 

transport as shown in Table 15.  

Table 15. Summary of Numerical Parameters Used to Predict SDCs of Models (1  

                   and 5), Porous Media contained Freshwater 

Parameter Value 

Columns       (Model 1) 20 columns @ 0.010 m 

Rows            (Model 1) 20 rows @ 0.010 m 

Layers           (Model 1) 

source layer height (m) 

37 

L1 = 0.045 

                     other layers height (m) L2 = 0.03; L3 to L37 = 0.015 

Columns       (Model 5) 31 columns @ 0.0197 m 

Rows            (Model 5) 31 rows @ 0.0197 m 

Layers          (Model 5) 

                     source layer height (m) 

113 

0.045 to 0.117 

                     other layers height (m) L2 = 0.03; L3 to L113 = 0.015 

Hydraulic conductivity of source (m/d) 1000000 

Hydraulic conductivity of porous media (m/d) 7.6 

Porosity (%) 32 

Initial source salinity CS0 (g/l) 4.5 to 36 

Initial porous media salinity CPM (g/l) 0 

Density of seawater ρs (kg/m3) 1025 

Density of freshwater ρf (kg/m3) 1000 

Dispersity coefficients αL, αT, αV (m) 0 

 0.000175 m2/d; CS0 = 4.5 g/l, h0= 4.5 cm 

 

 

Apparent diffusion coefficient, Dapp, 

0.00035 m2/d; CS0 = 9.0 g/l, h0= 4.5 cm 

0.0007   m2/d; CS0 = 18 g/l, h0= 4.5 cm 

0.00105 m2/d; CS0 = 27 g/l, h0= 4.5 cm 

0.0014   m2/d; CS0 = 36 g/l, h0= 4.5 cm 

0.0028   m2/d; CS0 = 36 g/l, h0= 9.0 cm 

0.00365 m2/d; CS0 = 36 g/l, h0= 11.7 cm 

Initial head (m) 1.74 

Transport time step size (day) 0.00001 

Time step multiplier 1.001 ~ 1.005 

Maximum time step size (day) 0.1 
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5.2.1.2: Initial and Boundary Conditions 

For both model simulations, the initial salt concentration consisted of freshwater 

everywhere in the domain except at the source. The side and bottom boundaries were 

modeled as impermeable boundaries Figure (53). The values of the apparent diffusion 

coefficient and time steps used for experiment simulations are shown in Table 15. 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                   (b) 
 

Figure 53. Model domain and finite difference mesh 
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The following hydraulic head boundary conditions were used: 

Boundary ABCD: Fixed source height h = (1.695+h0),       

Boundaries ABEF and CDGH: ∂h/∂x = 0; ∂h/∂z = 0,             

Boundaries ACEG and BDFH: ∂h/∂y = 0; ∂h/∂z = 0, 

Boundary EFGH: ∂h/∂x = 0; ∂h/∂x =0; ∂h/∂z = 0 

Boundary Conditions for Concentrations: The boundary conditions for salt 

concentration (C): 

Boundary ABCD: Fixed source solution C = Ct,         

Boundary ABEF and CDGH: ∂C/∂x = CPM; ∂C/∂z = CPM,                      

Boundary ACEG and BDFH: ∂C/∂y = CPM; ∂C/∂z = CPM,                    

Boundary EFGH: ∂C/∂x = CPM; ∂C/∂x = CPM; ∂C/∂z = CPM. 

5.2.1.3: Analyses and Results 

The numerically obtained source depletion curves are respectively compared with 

the measured source depletion curves as shown in Figures (54 to 60). As seen in these 

figures, the numerically simulated SDCs are very close to the measured SDCs 

indicating that a numerical model can be used to predict the SDC. The SDCs are 

predicted numerically (Figures 54 to 56) for both models that have the same initial 

and boundary conditions and show a good match with measured source depletion 

curves for the entire duration of experiments. Both have the same apparent diffusion 

coefficient, indicating that the SDC is independent of the model size. 
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Figure 54. Comparisons of measured and numerically predicted source depletion  

                   curves for Experiments 1, and 17 using Models (1, and 5); both  

                   Experiments CS0 = 9.0 g/l, h0 = 4.5 cm. 

 

 
Figure 55. Comparisons of measured and numerically predicted source depletion  

                   curves for Experiments 2, and 18 of Models (1, and 5); both  

                   Experiments CS0 = 18 g/l, h0 = 4.5 cm. 
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Figure 56. Comparisons of measured and numerically predicted source depletion  

                   curves for Experiments 3, and 19 of Models (1, and 5); both 

                   Experiments CS0 = 36 g/l, h0 = 4.5 cm. 

 

 

Figure 57. Comparisons of measured and numerically predicted source  

                   depletion curves for Experiment 21 of Model 5; Experiment 21,  

                             CS0 = 4.5 g/l, source height h0 = 4.5 cm. 
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Figure 58. Comparisons of measured and numerically predicted source  

                   depletion curve for Experiment 22 of Model 5; Experiment 22,  

                   CS0 = 27 g/l, source height h0 = 4.5 cm. 
 

 
Figure 59. Comparisons of measured and numerically predicted SDC for 

                   Experiment 23 of Model 5; Experiment 23, CS0 = 36 g/l, 

                   source height h0 = 9.0 cm. 
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Figure 60. Comparisons of measured and numerically predicted SDC for  

                   Experiment 24 using Model 5; Experiment 24, CS0 =36 g/l, 

                   source height h0 = 11.7cm. 

The values of the apparent diffusion coefficient used for each simulation ranged 

between 0.000175 m2/d to 0.0014 m2/d depends on initial source concentration and 

source height as presented in Table 15. Figures (59 and 60) show a good match 

between SDC predicted numerically with measured SDC for experiments using 

source height, 9.0 cm and 11.7 cm respectively. These results indicate that the 

numerical modeling can predict the rate of mass transport for any source height. As 

a result of all these figures that show a good match between the measured SDC and 

the numerically predicted SDC indicating that the numerical model can be used for 

any initial source concentration and source height if using an appropriate apparent 

diffusion coefficient.  
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5.2.1.4: Numerical Apparent Diffusion Coefficients  

The diffusion coefficient (apparent diffusion coefficient) for salt transport from finite 

mass source into porous media under unstable conditions is much different than the 

typical coefficient of hydrodynamic dispersion since unstable flow also includes the 

effect of gravity and fingering. The appropriate diffusion coefficient of salt transport 

under unstable conditions using finite source mass transport into a semi-infinite 

porous media was obtained numerically by comparing measured SDC with 

numerical model results. The estimated apparent diffusion coefficients numerically 

for different initial salt concentration and source height Figures (61 and 62), were 

found the values ranging from 0.000175 m2/d to 0.0037 m2/d (2.03*10-09 to  

Figure 61. Apparent diffusion coefficient used in numerical models for initial  

                   source concentration ranged from 4.5 g/l to 36 g/l, all models have  

                   the same source height of 0.045 m. 
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Figure 62. Apparent diffusion coefficient used in numerical models for initial  

                   source height ranged from 4.5 cm to 11.7 cm, all models have the 

                   same initial source concentration of 36 g/l. 

4.28*10-08 m2/s), which it is constant of the entire duration of experiments. Also, it 

was a direct linear correlation between the initial salt concentration, and initial source 

height. 
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respectively and porous media have initial concentration of 9 g/l and 18 g/l 

respectively, which described in Table 14 (chapter 3), and three experiments were 

conducted on Model 5, Experiments 31 to 33, which have initial source concentration 

of 36 g/l and porous media has initial concentration ranged from 9 g/l to 27 g/l that 

described in Table 14 (chapter 3). All experiments run with the source height of 4.5 

cm. The mesh size was created as described in previous sections such that the top 

layer was equal to the source height (0.045 m). Both model parameters used for the 

numerical experiments are described in Table 16.  

Since SEAWAT does not allow salt transport from source to porous media under 

unstable conditions due to gravitational effects, the numerical modeling required to 

input of apparent diffusion coefficient (Dapp) to accommodate both gravitational and 

diffusive transport. Since experiments were conducted with porous media initially 

saturated with brackish water instead off freshwater, then values of the apparent 

diffusion coefficient should be different than expected when the porous media 

contained freshwater. The apparent diffusion coefficient used for numerical 

simulations are shown in Table 16.  
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Table 16. Summary of Numerical Parameters Used to Predict SDCs of Models (1   

                  and 5), Porous Media contained Brackish water 

Parameter Value 

Columns of Model 1 20 columns @ 0.010 m 

Rows of Model 1 20 crows @ 0.010 m 

Layers of Model 1 

Source layer height (m) 

37 

L1 = 0.045 

Other layers height (m) L2= 0.03; L3 to L37 = 0.015 

Columns of Model 5 31 columns @ 0.0197 m 

Rows of Model 5 31 rows @ 0.0197 m 

Layers of Model 5 

                     source layer height (m) 

113 

L1= 0.045 

                     other layers height (m) L2= 0.03; L3 to L113 = 0.015 

Hydraulic conductivity of source (m/d) 1000000 

Hydraulic conductivity of porous media (m/d) 7.6 

Porosity (%) 32 

Initial source salinity CS0 (g/l) 18 and 36 

Initial porous media salinity CPM (g/l) 9, 18, and 27 

Density of seawater ρs (kg/m3) 1025 

Density of freshwater ρf (kg/m3) 1000 

Dispersity coefficients αL, αT, αV (m) 0 

 

Apparent diffusion coefficient (Dapp) 

0.00035 m2/d    for CS0 = 36 g/l, CPM = 27 g/l 

0.0007   m2/d    for CS0 = 36 g/l, CPM = 18 g/l 

0.00105 m2/d    for CS0 = 36 g/l, CPM = 9.0 g/l 

0.00035 m2/d    for CS0 = 18 g/l, CPM = 9.0 g/l 

Initial head (m) 1.74 

Transport time step size (day) 0.00001 

Time step multiplier 1.001 

Maximum time step size (day) 0.1 
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5.2.2.2: Initial and Boundary Conditions 

For both model’s model 1 and 5, the initial salt concentration of source area and 

porous media are described in Table 16. The sides and bottom boundaries were 

modeled as impermeable boundaries, as pointed out in Figure (53). 

5.2.2.3: Analyses and Results 

The results of measured and predicted numerically of the SDCs are respectively 

compared in Figures (63 and 64). The numerically predicted SDCs are very close to 

the measured SDCs indicating that a numerical model can be successfully used to 

predict the SDC even when the porous media initially contains brackish water. The 

numerical experiments conducted results showed that (Dapp) is directly proportional 

to the differences between the initial source concentration (CS0), and initial porous 

media concentration (CPM) Figure (65).  

Figure (66) showed the SDC predicted numerically was identical to measured SDCs 

for both models, Model 1 and Model 5, which have the same initial conditions, 

boundary conditions, apparent diffusion coefficient, but different only in model size 

(20 cm by 20 cm by 54.5cm and 61 cm by 61 cm by 170 cm), Therefor the SDC is 

independent of the model size.  



 

112 
 
 

 
Figure 63. Comparisons of measured and predicted numerically SDCs for Model 1 

                   using a) CS0= 18 g/l, CPM= 9.0 g/l, h0= 4.5 cm, and Dapp = 0.00035 m2/d; 

                   b) CS0= 36 g/l, CPM=18 g/l, h0= 4.5 cm, and Dapp= 0.0007 m2/d. 
 

 
Figure 64. Comparisons of measured and predicted numerically SDCs for Model 5 

                   using a) CS0= 36 g/l, CPM= 27 g/l, h0= 4.5cm, and Dapp = 0.00035 m2/d; 

                   b) CS0= 36 g/l CPM= 18 g/l, h0= 4.5cm, and Dapp = 0.0007 m2/d; c)  

                   CS0= 36 g/l, CPM= 9.0 g/l, h0= 4.5cm, and Dapp = 0.00105 m2/d. 
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Figure 65. Apparent diffusion coefficient used in numerical models for initial  

                   concentration (difference between source and porous media  

                   concentrations) ranged from 9.0 g/l to 27 g/l, all models have the   

                   same source height of 0.045 m. 

 
Figure 66. Comparisons of measured and predicted numerically SDCs for both  

                   Models 1 and 5 using CS0= 36 g/l, CPM= 18g/l, h0= 4.5 cm, and  

                   Dapp = 0.0007 m2/d 
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5.2.3: Numerical Port Results Using a Constant Mass Source with a   

           Porous Medium Initially Containing Freshwater 

Using the software SEAWAT, the model domain of physical model 5, Experiment 

36, is a two-dimensional, vertical cross-section extending horizontally over a 

distance of 61 cm and vertically 170 cm. The following boundary conditions were 

used: 

h(1.695, t) = ps/γf + z,    h(0,t) = ps/γf + z,   ∂h/∂z(z,t) = 0 

C(0, t) = C0 = 1,           ∂C/∂z (L,t) = 0,   ∂C/∂z(z,t) = 0.025. 

where h = freshwater hydraulic head, C = normalized concentration, CS0 = 

normalized initial concentration at source, ps = pressure at top of column, γf = unit 

weight of freshwater, z = the elevation from the bottom of the column, and t = time. 

The freshwater hydra9ulic head and normalized concentrations were respectively set 

to 1.695 m and zero at all internal nodes at time t = 0. The mesh used in the model 

consisted of 40 columns (width = 0.015 m) and 113 layers (width ranging from 0.045 

to 0.015 m). Model parameters used for the modeling are shown in Table 17.  

Breakthrough curves at Port 1, obtained by using constant apparent diffusion 

coefficients, are compared with measured breakthrough curves in Figure (67). 

Predicting breakthrough curves using constant apparent diffusion coefficients is not 

possible. Since the rate and extent of groundwater convection is inherently linked to 

the descent speeds of the solute fingers associated with the free convection process 

and since it is possible that fingers move at higher speeds as they move down 
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Table 17. Summary of Numerical Parameters Used to Predict Concentration    

                 at Different Port Locations for Model 5   

Parameter Value 

Columns 40 columns @ 0.015 m 

Rows 1 row @ 0.015 m 

Layers 

                     source layer height (m) 

113 

L1= 0.045 

                     other layers height (m) L2= 0.03; L3 to L113 = 0.015 

Hydraulic conductivity of source (m/d) 1000000 

Hydraulic conductivity of porous media (m/d) 7.6 

Porosity (%) 32 

Initial source concentration and constant 

during the entire experiment CS0 (N) 
1.0 

Initial porous media salinity CPM (N) 0 

Density of seawater ρs (kg/m3) 1025 

Density of freshwater ρf (kg/m3) 1000 

Dispersity coefficients αL, αT, αV (m) 0 

Time dependent diffusion coefficient See figure (69) 

Initial head (m) 1.74 

Transport time step size (day) 0.00001 

Time step multiplier 1.001 

Maximum time step size (day) 0.1 
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Figure 67. Comparison of measured and model simulated salinity level at Port  

                   1, using constant apparent diffusion coefficients with a constant  

                   source of 36 g/l, and h0 = 4.5 cm for Experiment 36 
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06 m2/s when t = 28 days. A plot of the selected coefficients at various times, shown 

in Figure (69), revealed that the coefficients varied linearly with time. The selected 

range of coefficients are within the range of values obtained through experiments or 

used in density dependent numerical models. For example, the literature cited that 
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Figure 68. Comparison of measured and model simulated salinity levels at Ports 

                    1, and 3, using time dependent apparent diffusion coefficient with a 

                    constant source of 36 g/l, and h0 = 4.5 cm for Experiment 36 
 

Figure 69. Apparent diffusion coefficient values vs time with a constant Source  

                   of 36 g/l (CS0=1) and h0 = 4.5 cm at port 1 for Experiment 36 
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1.0*10-09 to 2.0*10-11 m2/s (Fetter 1999), to the values used in numerical models 

range from 6.6*10-06 m2/s (Henry 1964) to 1.88*10-05 m2/s (Voss and Souza 1987). 

Modeling the breakthrough curve at Port 1 using the apparent diffusion coefficients 

of Figure (69) While was possible. The breakthrough curve predicted by the model 

was much different than the measured curve at Port 3.  The breakthrough curves, 

which can be predicted numerically at all ports, are good matches with the measured 

curves if both time and space dependent diffusion coefficients are used.   

5.3: Rayleigh Number and Modified Rayleigh Number 

The Rayleigh number is defined as the ratio of buoyancy or gravitational forces and 

diffusion or dispersive forces (Simmons et al. 2001). A dimensionless number, 

known as the Rayleigh Number (Ra), must exceed a certain critical value for free 

convection to occur. In most general terms, (Ra) was defined by equation 16.  

Ten experiment results were conducted using Model 1 and Model 5 to accommodate 

Rayleigh Number Table 18. Experiments 1 to 3 were conducted using Model 1 (20 

cm by 20 cm), that have a soil depth of 54 cm, the source height (h0) was 4.5 cm, 

while the initial source solution concentrations (CS0) ranged from 9 g/l to 36 g/l. 

Experiments 17 to 24 were conducted on Model 5 (61 cm by 61 cm) that have CS0 

ranged from 4.5 g/l to 72 g/l, and the source height (h0) ranged from 4.5 cm to 11.7 

cm, while the soil depth was 1.70 m Table 18. 
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Table 18. Rayleigh Number and Modified Rayleigh Number from Numerical  

                 Simulations Results for both Models 1 and 5  

Model Exp. CS0 H h0 K Dapp (Ra) (Ram) 

# # g/l m m m/d m2/d - - 

1 1 9.0 0.54 0.045 7.6 0.00035 229 19.1 

1 2 18 0.54 0.045 7.6 0.0007 229 19.1 

1 3 36 0.54 0.045 7.6 0.0014 229 19.1 

5 17 9.0 1.70 0.045 7.6 0.00035 721 19.1 

5 18 18 1.70 0.045 7.6 0.0007 721 19.1 

5 19 36 1.70 0.045 7.6 0.0014 721 19.1 

5 21 4.5 1.70 0.045 7.6 0.000175 721 19.1 

5 22 27 1.70 0.045 7.6 0.00105 721 19.1 

5 23 36 1.70 0.09 7.6 0.0028 360 19.1 

5 24 36 1.70 0.117 7.6 0.00365 273 19.1 

θ = porosity = (32%); β = ρ-1 (∂ρ/∂C) is linear expansion of fluid density with changing fluid concentration = (6.944*10-4) 

The results showed that the (Ra) is 229 Table 18, for Experiments 1 to 3 (Model 1), 

even using different initial source concentrations, while it was 721 for Experiments 

17 to 22 as using Model 5. Since all these experiments have the same properties, as 

well as the source height of 4.5 cm, the main difference between the two models is 

the soil depth; which in Model 5 is 3.15 times the depth in Model 1, and this ratio is 

the same as of Rayleigh number ratio of two models 3.15. While the (Ra) is 360 and 

273 for Experiments 23 and 24, which have source height 9.0 cm and 11.7 cm, 

respectively, this difference because the (Dapp) is a function of soil depth and source 

height. Since (Ra) of Model 1 and Model 5 are 229 and 721, respectively, which is 

greater than the critical (Ra) found by Post and Simmons (2010) equal 4π2 (39.5) so, 
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there is convection, i.e., the buoyancy or gravitational forces is greater than diffusion 

or dispersive forces and the system is unstable. 

As pointed by (Simmons et al. 2001; Nakanishi et al. 2016) the definition of 

characteristic length scale (H) porous media depth in Equation (16) are difficult and 

ambiguous. Additionally, as a result of this study, the salt transport from the source 

area to underlying porous medium under unstable conditions depended on the height 

of the salt solution or salt source overlying the porous medium, h0, as long as the 

depth of the soil could be considered infinite. In real-world situations, where the 

underlying porous media is deep enough to be considered "infinite," it may be 

rearranging the definition of Rayleigh Number to a Modified Rayleigh Number (Ram) 

such that; 

                𝑅𝑎𝑚 =     
𝐾  𝛽 (𝐶𝑚𝑎𝑥−𝐶𝑚𝑖𝑛) ℎ𝑜

𝜃 𝐷𝑎𝑝𝑝
                     (28) 

The Modified Rayleigh Number (Ram) uses the source height instead of the soil depth 

to become a useful reference number of instabilities for finite source mass 

experiments, since initial source concentration and source height affect the salt mass 

transport from source to porous media if porous media depth is infinite. The results 

in Table 18 showed the same (Ram), which equals 19.1 for all experiments in both 

Models 1 and 5, since they have different geometry, initial source concentration, 

source height, and porous media depth. Also, the (Ram) is a linear function of CS0, h0, 

and K (equation 28). Since (Ram) constant and equal, then 19.1 can determine the 
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apparent diffusion coefficient for different experimental conditions and numerical 

simulations. 

5.4: Fingering 

As the heavier saltwater moves downward in the form of "fingers," buoyant plumes 

of less dense groundwater must rise to replace the liquid in these dense fingers 

(Simmons and Narayan 1997). Under unstable conditions, when the overlying fluid 

is heavier, the heavier fluid displaces the lighter fluid and the whole system tends to 

overturn (Musuuza et al. 2011); for example, the heavier saltwater moves downward 

while the lighter underlying lighter water moves upward. Since the lighter fluid 

moves upward, due to buoyancy forces, then the heavier fluid moves downward, due 

to gravitational forces, water or salt movement, due to free convection, is termed 

buoyancy or gravity-driven transport. As a result of salt transport through fingers, 

groundwater systems with free convection have contaminant transport over larger 

distances and over shorter time scales than is possible by diffusion alone (Prasad 

and Simmons 2003).  

Two Experiments (17 and 19) of model 5 run numerically (3-d model) to address the 

salt pattern from source to porous media with time, which they have initial source 

concentration 9.0 g/l and 36 g/l, while porous media initially saturated by freshwater. 

Figures (70 and 71) showed the pattern predicted of salt transport with time, which 

is transported from the top layer (source layer) to the porous media in the form of  
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      Front            Middle          End                    Front           Middle          End 

                                                      

                              (1 day)                                                      (3 days)                       

     Front            Middle            End                  Front            Middle         End 

                           

             

                             (7 days)                                                    (14 days)                             

Figure 70. Predicted pattern of salt transport from source to porous medium using    

                    3-d numerical model; Model 5 Exp. 17 using CS0= 9.0 g/l, h0= 4.5 cm 
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    Front             Middle          End                     Front          Middle            End 

 

                             (1 day)                                                                (3 days) 

 

                                                                                                      

    Front            Middle             End                   Front           Middle            End 

          

                        (7 days)                                                         (14 days)                                  

Figure 71. Predicted pattern of salt transport from source to porous medium using   

                    3-d Numerical model; Model 5 Exp. 19 using CS0= 36 g/l, h0= 4.5 cm. 
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fingering. As seen in these figures, the salt goes faster and further down as the initial 

source concentration increased. Also, they show arrows directed downward of saline 

water moved down in some columns of (front – middle – end). At the same time, 

some arrows directed upward from porous media to source layer, which could be 

freshwater or water with less dense of saline water. 

5.5: Predicted Numerically SDCs for Big Scale Models  

Previous chapters that showed a good match of SDCs between measured, predicted 

theoretically, and predicted numerically. The SDC is independent of model size, 

indicating that the numerical model can be used for larger systems on behalf of 

different initial concentration conditions and source height using an appropriate 

apparent diffusion coefficient.  

To examine the SDC that is predicted numerically for a larger system under unstable 

conditions four numerical models were used that have the same parameters, such as 

initial source concentration, hydraulic conductivity, porous media depth, and source 

height. However, the length was ranging from 0.61 m to 600 m, and they will be 

compared with theoretical SDC. 2-d numerical models were run for different model 

lengths that ranged from 0.61 m to 600 m that had the same type of porous media 

with a depth of 1.70 m and source height of 0.045 m, but two different initial source 

concentrations of 9.0 g/l and 36 g/l while porous media initially saturated by 

freshwater up to 12 days. The mesh size was kept equal to 0.05 m for models (0.61 
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m, 6.0 m, and 60 m) and 0.1 m for a model of 600 m, while the depth represents 113 

layers, as described in Table 19. All other model parameters, such as hydraulic 

conductivity, porosity, soil depth, and initial depth, as well as an apparent diffusion 

coefficient used for numerical simulations, are shown in Table 19.   

Table 19. Summary of Numerical Parameters Used to Predict SDCs of Big   

                  Scale Models Ranged from 0.61 m to 600 m 

Parameter Value 

Columns          Model of 0.61 m  12 columns @ 0.05 m 

                         Model of 6.0 m 120 columns @ 0.05 m 

                         Model of 60 m 1200 columns @ 0.05 m 

                        Model of 600 m 6000 columns @ 0.10 m 

Rows         1 row @ 0.010 m 

Layers       

                    source layer height (m) 

113 

0.045 

                    other layers height (m) L2= 0.03; L3 to L113 = 0.015 

Porosity (%) 32 

Hydraulic conductivity of source (m/d) 1000000 

Hydraulic conductivity of porous media (m/d) 7.6 

Initial source salinity CS0 (g/l) 9.0 and 36 

Initial porous media salinity, CPM (g/l) 0 

Density of seawater ρs (kg/m3) 1025 

Density of freshwater ρf (kg/m3) 1000 

Dispersity coefficients αL, αT, αV (m) 0 

Apparent diffusion coefficient (m2/d) 0.00035 and 0.0014 

Porous media depth (m) 1.695 

Initial head (m) 1.74 

Transport time step size (day) 0.00001 

Time step multiplier 1.001 

Maximum time step size (day) 0.1 
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5.5.1: Initial and Boundary Conditions 

The initial salt concentration of the source area and porous media are described in 

Table 19. The sides and bottom boundaries are modeled as impermeable boundaries, 

as pointed out in Figure (53). 

5.5.2: Analyses and Results 

The source depletion curves, obtained numerically for models 0.61 m, 6.0 m, 60 m, 

and 600 m, are respectively compared with the SDCs theoretically predicted, as 

shown in Figures (72 and 73). As seen in these figures, the numerically predicted 

SDCs are a very good match and compared with theoretical SDCs for both initial 

source concentrations, 9.0 g/l and 36 g/l validate that the numerical model can be 

used to predict the SDC of larger models. As pointed out in section 5.2.1.4, the 

apparent diffusion coefficient is a function of initial source height and initial source 

concentration and is used to estimate the apparent diffusion coefficient. 

The SDCs numerically predicted of initial source concentration of 9.0 g/l for 

different model size (0.61 m to 600 m) Figure (72). Figure (72) showed exact result 

and were a good match with theoretical source depletion curve for the entire 12 days, 

since all models have the same apparent diffusion coefficient of 0.00035 m2/d. Figure 

(73) showed a good match of SDCs predicted numerically with the theoretical SDC 

up to 1.5 days and very close for the rest of the time for different model size (0.61 m 

to 600 m). The models had the same parameters, which include an initial source  
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Figure 72. Comparisons of predicted 2-d numerical models of SDCs using  

                   different model size (0.61 m to 600 m), CS0 = 9.0 g/l, source height  

                   of 4.5 cm, K= 7.6 m/d, and Dapp = 0.00035 m2/d 

 
Figure 73. Comparisons of predicted 2-d numerical models of SDCs using  

                   different model size (0.61 m to 600 m), CS0 = 36 g/l, source height 

of 4.5 cm, K= 7.6 m/d, and Dapp = 0.0014 m2/d 
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Predicted SDC for (600m,1.74m), CS0= 9.0 g/l, h0= 4.5 cm-Numerically
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concentration of 36 g/l and same apparent diffusion coefficient of 0.0014 m2/d; this 

indicates that the numerical method accurately predicted the source depletion curves 

over the entire 12 days for big model size. The SDC is independent of the model size. 

5.5.3: Predictions the SDCs Theoretically and Numerically for the   

           Real-World (Estuary Example) 

A 1.5 km long reach of estuary has an average depth of 0.8 m and an average width 

of 300 m. The estuary overlies a 40 m deep unconfined aquifer consisting of sandy 

soil with a hydraulic conductivity of 30 m/day. The salinity of the estuarine water is 

36 g/l. The salt mass transport from the estuary into the aquifer is determined over 

six-days if the salinity of porous media is a) 20%, b) 40%, c) 60%, and d) 80% of 

estuary salinity. Assuming that the aquifer is deep enough so that the shape factor of 

0.173 can be applied that period.  

The area of cross-section of the reach is 4.5*1005 m2, so it can be idealized as 4.5*1005 

rectangular columns with a lagoon depth of 0.8 m. To predict SDCs theoretically 

using modified Bachmat and Elrick (1970) equations. First, the shape factor for a 

rectangular column of 0.173 used with the Equation (24) to calculate the factor F; 

using α = 0.7143, K = 30 m/d, CS0 = 36 g/l, h0 = 0.8 m and ρ0 = 1000 g/l, and porous 

media concentrations (CPM), then the SDCs can be predicted using Equation (25). 

The estuary example also, can be predicted numerically using a 2-d numerical model 

with a mesh size of 1.0 m by 1500 columns with one row of 1.0 m, while layers 
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ranged from 0.8 m for first layer (source layer), 0.7 m for the second, and 0.5 m for 

the third to the seventy-ninth. The sides and bottom boundaries were modeled as 

impermeable boundaries, as pointed out in Figure (53). The initial salt concentration 

of the source area was 36 g/l for all cases, and the porous media concentrations were 

7.2 g/l, 14.4 g/l, 21.6 g/l, and 28.8 g/l, which were 20%, 40%, 60%, and 80% of initial 

source concentration, respectively. All the other model parameters listed in Table 20 

were the same, such as hydraulic conductivity, porosity, soil depth, and initial depth, 

but the apparent diffusion coefficients were determined as a result of rearranging 

Equation (28), which used Ram = 19.1 
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Table 20. Summary of Numerical Parameters Used to Predict SDCs of   

                 the Estuary Example 

Parameter Value 

Columns           1500 columns @ 1.0 m 

Rows         1 row @ 1.0 m 

Layers       

                    source layer height (m) 

79 layers 

L1= 0.80 

                    other layers height (m) L2= 0.70; L3 to L79 = 0.5 

Porosity (%) 32 

Hydraulic conductivity of source (m/d) 1000000 

Hydraulic conductivity of porous media 

(m/d) 
30 

Initial source salinity CS0 (g/l) 36 

Initial porous media salinity, CPM (g/l) 7.2 to 28.8 

Density of seawater ρs (kg/m3) 1025 

Density of freshwater ρf (kg/m3) 1000 

Dispersity coefficients αL, αT, αV (m) 0 

Apparent diffusion coefficient (m2/d) 0.08 to 0.02 

Porous media depth (m) 40 

Initial head (m) 40.80 

Transport time step size (day) 0.00001 

Time step multiplier 1.001 

Maximum time step size (day) 0.1 

 

5.5.3.1: Analyses and Results  

The theoretical and numerical predictions of the hypothetical estuary example of salt 

mass transport from a source to an underlying porous medium, which has different 

salt concentrations as shown in Figure (74).  
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Figure 74. Comparisons of predicted theoretically (modified Bachmat Elrick    

                   1970 equations) and predicted numerically SDCs for real-world  

                   Example (1500m *300m*40m, source height 0.8m), CS0= 36 g/l, with  

                   a) CPM= 7.2 g/l, and Dapp= 0.08 m2/d b) CPM= 14.4 g/l, and Dapp= 0.06  

                   m2/d; c) CPM= 21.6 g/l, and Dapp= 0.04 m2/d; and d) CPM= 28.8 g/l,  

                   and Dapp= 0.02 m2/d 

Figure (74) shows a good match between SDCs predicted numerically and 

theoretically for different porous media situations; also, more salt sinks because the 

porous media is less concentrated. For example, the concentration in the source area 

decreased from 36 g/l to 23 g/l and 34.7 g/l when the initial concentrations of porous 

media were 7.2 g/l and 28.8 g/l, respectively, during the six days. The apparent 

diffusion coefficients ranged from 0.08 m2/d to 0.02 m2/d, which was determined 

from Equation 28 and the modified Rayleigh number of 19.1. Finally, as a result of 

the numerical predictions, the mass source transport can now be used to calculate the 
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salt mass that enters the porous media with time, and to add this procedure of 

determining the source salt mass to the mass balance of estuary systems could be 

useful.                 

5.6: Conclusion and Discussions 

The results of all experiments performed in this chapter indicated that the source 

depletion curves can be simulated by a coupled numerical model as long as an 

appropriate apparent diffusion coefficient is used. The results of modifying the 

equations of Bachmat and Elrick (1970), equations developed by the author, 

include the concepts of porous media containing brackish water, source height, and 

shape factor for a rectangular column with numerical modeling, and the modified 

Rayleigh number can be used to predict SDCs for larger scale systems.  

Because fingers are randomly generated and their numbers and locations cannot be 

predicted numerically, to replicate the breakthrough curves in the early part of the 

experiments is not possible, but to replicate the breakthrough after some stability is 

achieved is possible. The breakthrough curves at a single location can be predicted 

numerically with linearly increasing time-dependent diffusion coefficients. 

However, to predict breakthrough curves at all locations may require both time-

dependent and spatially variable diffusion coefficients.  

The salt mass transport from the source to the porous media under unstable 

conditions can be accurately predicted numerically, and the saline water sinks in the 
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pattern of finger shapes while some of the less dense saline water rises to the source 

area. The Rayleigh number was high (more than Rac) for all experiments, indicating 

that the system was unstable; since all parameters used were the same except the 

porous media depth, which varied for each experiment, the Rayleigh number was 

different. However, the modified number of 19.1, which remained constant in all 

experiments, better represented the instability of the experiments of the finite source 

mass under unstable conditions that uses source height instead of porous medium 

depth; also, the number can be used to estimate the apparent diffusion coefficients. 

Accurate predictions of the SDCs of big scale systems can be made independent of 

model sizes since all SDCs were numerically and theoretically predicted under 

different boundary conditions. 

The salt transport from the source to the porous media and the estimate of the mass 

that enters the porous media with time can be utilized in hydrodynamic models used 

to conduct salt balance within estuaries. Furthermore, the results of the study can be 

used for other types of sources than salt.  
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Chapter 6  

Summary with Conclusions and Recommendations 

6.1: Summary 

To accomplish this study, thirty-seven experiments with durations of up to fifteen 

days were conducted on five rectangular-shaped physical models ranging from cross-

sections of 10 cm by 10 cm to 61 cm by 61 cm with different porous media depths. 

The salt transport was tested from the source to the porous media using a range of 

initial source concentration, source height, permeable medium depth, and hydraulic 

conductivity of the soil while the porous media were initially saturated with either 

freshwater or brackish water. The results of using the modified equations by 

Bachmat and Elrick (1970) presented in this study by the author allow accurate 

predictions of the rate of mass salt transfer under different initial and boundary 

conditions. The results were approved using numerical simulation models 

(SEAWAT) and using appropriate apparent diffusion coefficients that give a good 

match with measured source depletion curves (SDCs), which are independent of 

model dimensions. In other words, due to the outcomes of this research, now 

numerical predictions of the mass transport of salt from unstable sources overlying 

porous media in real-world situations are possible. 
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6.2: Conclusion 

The results of the measured, theoretical, and numerical analyses were used to prove 

the objectives presented in this study's introduction. A summary of the results 

follows: 

1. The rate of the mass transport from the source to the porous media was 

determined by measuring the salt concentrations in the source at various 

times to calculate and plot the SDCs. 

2. The vertical salt transport in the porous media was documented by measuring 

breakthrough curves at five locations (ports 1 to 5). 

3. The methodology used to measure salt transport, presented by Bachmat and 

Elrick (1970) applies to different model sizes.  

4. The shape factor (A) for a rectangular column was 0.173, independent of the 

column dimensions. Also, the value of A is independent of soil depth up to a 

specific duration (ta) after which the bottom of the sand column begins to 

affect the SDCs, and the column can no longer be considered to have infinite 

depth. 

5. The duration ta is a function of the initial source concentration, source height 

(h0), the soil's hydraulic conductivity, and porous media depth. 

6. The Bachmat and Elrick (1970) equations apply to any source height.  

7. The rate of salt transport is slower as the source height increases. 
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8. Increased hydraulic conductivity causes faster mass transport 

9. The rate of mass transport from the source to the porous media was 

deterministic, because the experiments, run under the same conditions, 

produced identical rates of mass transport from the source to the porous 

media. 

10. The amount of salt mass that enters from the source to the underlying porous 

media can be predicted with a great deal of certainty under unstable 

conditions, but the salt distribution cannot be predicted in the porous media. 

11. The analysis and methodology presented by (author) of Modified Bachmat 

and Elrick (1970) apply to different model sizes and can be used accurately 

to predict the SDCs under other conditions. Also, Modified Bachmat and 

Elrick (1970) found the same shape factor, A, for all rectangular columns 

equal to 0.173, which is determined to be independent of the model size, 

initial source concentration, and initial porous media concentration, i.e., it is 

applicable for different initial conditions of source and porous media.  

12. Modified Bachmat and Elrick (1970) equations can now predict the mass 

transport of salt from overlying sources, due to unstable conditions, using 

large-scale models, because the experiment results of models 20 cm by 20 

cm and 61 cm by 61 cm showed the same mass transport.  

13. The salt mass transport through the porous media was stochastic, since the 

observed breakthrough curves at five port locations were considerably 
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different from two experiments that run with the same conditions using a 

finite source mass. 

14. The measured breakthrough curves at five ports using a constant source 

concentration were also very different, supporting the results of the finite 

source mass experiments, so the mass transport through the porous media is 

stochastic under unstable conditions. 

15. The breakthrough curves in the constant source concentration experiments 

were oscillating in the first five to ten days and leveled out as the experiment 

continued.  

16. The oscillation in the breakthrough curves could also be attributed to the 

random nature of finger formation and coalescence that occurs as the salt 

travels through the porous media.  

17. Because fingers are randomly generated, and their numbers and locations 

cannot be predicted, to replicate the breakthrough curves in the early part of 

the experiments is impossible. 

18. The breakthrough curves exhibit the characteristics observed during the 

traditional plume movement after 12 days, and to replicate the breakthrough 

curves after some stability is achieved may be possible.  

19.  The results showed that the salinity increases at the bottom of the column 

within a few days and remains high.  
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20. The breakthrough curves at a single location can be predicted with linearly 

increasing time-dependent diffusion coefficients. However, to predict the 

curves at all locations may require both time-dependent and spatially variable 

diffusion coefficients. 

21. The results of the experiments performed in this study showed that the SDCs 

can be simulated numerically by a coupled finite difference model as long as 

an appropriate apparent diffusion coefficient is used.  

22. As proven from the results of the modified Bachmat and Elrick (1970) and 

of the numerical simulation, introducing the concept of source height and 

saturating the porous media initially with brackish water can be implemented 

in larger systems as demonstrated through different model sizes ranged from 

0.60 m to 600 m.  

23. The instability represented by the modified Rayleigh number is more 

accurately determined than using the Rayleigh number for finite mass sources 

models under unstable conditions equal to 19.1 for all model size and can be 

used to determine the apparent diffusion coefficient by a rearranged equation 

(28). 

24.  The analytical results of this research, based on the equations developed by 

the author, implied that a modified Rayleigh number and numerical models 

can be used to predict unstable mass transfers with saturated porous media 
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for real-world conditions provided as an appropriate value of the apparent 

diffusion coefficients used  

6.3: Recommendations  

1. Run experiments to determine how the initial source concentration, the 

source height, the porous medium depth, and the soil's hydraulic conductivity 

affect the duration time (ta) that gives a good prediction of the SDCs using 

modified Bachmat and Elrick (1970).  

2. Run experiments with different layers of soil to examine how the soil layers 

affect the SDCs. 

3. Run experiments of the time-variable mass source by adding additional mass 

to the source area with time to examine how added mass affects the SDCs.  

4. Use multiple ports to measure mass at each level may be possible to run the 

mass budget between the source and porous medium. 

5. Predict a breakthrough curve at a single location using a constant source with 

linearly increasing time-dependent diffusion coefficients, and then run more 

numerical models to predict breakthrough curves at all locations, using both 

time-dependent and spatially variable diffusion coefficients. 

6. Study numerical salt transport through the porous media using dispersive and 

molecular diffusion coefficients instead of the apparent diffusion 

coefficients.  
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7. Study experimentally and numerically the amount of equivalent freshwater 

that enters the source area from the porous media under unstable conditions. 
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Appendix A: Measured Salinity Water of source and Ports (Porous-   

                       Media Fully Saturated with Freshwater) 

A-1: Models # [1 to 4] 

Table A.1.1. Measured Salinity Water at Source of Models 1 to 4; using 

                      CS0 = 9.0 g/l, h0 = 4.5 cm 5 

Time 

Model 1 

[20*20] 

Model 2 

[10*10-D] 

Model 3 

[10*10-M] 

Model 4 

[10*10-S] 

Experiment 1 Experiment 5 Experiment 9 Experiment 13 

day g/l g/l g/l g/l 

0.00 9.00 9.00 9.00 9.0 

0.01 8.93 8.92 8.92 8.93 

0.38 8.44 8.40 8.40 8.35 

0.521 8.22 8.13 8.16 8.18 

2.00 6.59 6.45 6.56 6.55 

4.00 5.11 5.12 5.14 5.10 

5.04 4.58 4.57 4.65 4.65 

5.95 4.23 4.23 4.27 4.67 

6.88 3.95 3.95 3.93 4.65 

8.07 3.57 3.53 3.62 4.62 

9.08 3.36 3.32 3.41 4.61 

10.06 3.10 3.10 3.25 4.59 

11.021 2.90 2.93 3.15 4.59 

12.04 2.82 2.83 3.00 4.59 

13.04 2.8 2.8 3.00 4.59 

Model 2, model size = 20 cm * 20 cm; sand column depth = 54.4 cm; Model 3, model size = 10 cm * 10 cm; 

sand column depth = 54.4 cm; Model 4, model size = 10 cm * 10 cm; sand column depth = 27.2 cm; Model 5, 

model size = 10 cm * 10 cm; sand column depth = 13.6 cm. 
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Table A.1.2. Measured Salinity Water at Source of Models 1 to 4; using 

                      CS0 = 18 g/l, h0 = 4.5 cm 

Time 

Model 1 

[20*20] 

Model 2 

[10*10-D] 

Model 3 

[10*10-M] 

Model 4 

[10*10-S] 

Experiment 2 Experiment 6 Experiment 10 Experiment 14 

day g/l g/l g/l g/l 

0.00 18.0 18.0 18.0 18.0 

0.01 17.9 17.9 17.9 17.9 

0.25 16.5 16.5 16.3 16.4 

0.486 15.2 15.3 15.2 15.1 

1.00 13.0 13.2 13.1 13.0 

1.292 12.2 12.0 12.1 12.0 

2.08 10.1 10.0 10.2 10.0 

2.29 9.60 9.70 9.70 9.70 

2.46 9.30 9.40 9.40 9.70 

3.00 8.4 8.50 8.36 9.60 

4.00 7.12 7.08 7.20 9.60 

5.00 6.32 6.21 6.30 9.50 

9.04 4.07 4.10 5.27 9.20 

9.98 4.0 4.0 - - 

10.94 3.8 3.8 - - 

Model 2, model size = 20 cm * 20 cm; sand column depth = 54.4 cm; Model 3, model size = 10 cm * 10 cm; 

sand column depth = 54.4 cm; Model 4, model size = 10 cm * 10 cm; sand column depth = 27.2 cm; Model 5, 

model size = 10 cm * 10 cm; sand column depth = 13.6 cm. 
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Table A.1.3. Measured Salinity Water at Source of Models 1 to 4; using 

                      CS0 = 36 g/l, h0 = 4.5 cm  

Time 

Model 1 

[20*20] 

Model 2 

[10*10-D] 

Model 3 

[10*10-M] 

Model 4 

[10*10-S] 

Experiment 3 Experiment 7 Experiment 11 Experiment 15 

day g/l g/l g/l g/l 

0.00 36.0 36.0 36.0 36.0 

0.25 30.2 30.1 30.2 30.1 

0.35 28.6 28.5 28.4 28.5 

0.50 26.2 26.1 26.1 26.1 

0.625 24.4 24.5 24.5 24.5 

1.00 20.5 20.6 20.6 20.5 

1.25 18.5 18.5 18.5 20.0 

1.375 17.7 17.8 17.6 19.8 

1.50 16.9 17.0 17.0 19.6 

1.88 14.9 15.0 15.0 19.3 

2.00 14.4 14.5 14.3 19.2 

2.125 13.9 14.0 14.3 19.2 

2.25 13.5 13.5 14.2 19.2 

2.50 12.5 12.4 14.0 - 

2.875 11.4 11.3 13.9 - 

3.00 11.0 11.1 13.9 - 

3.50 10.6 10.7 13.9 - 

4.00 10.4 10.4 13.9 - 

4.50 10.3 10.3 - - 

Model 2, model size = 20 cm * 20 cm; sand column depth = 54.4 cm; Model 3, model size = 10 cm * 10 cm; 

sand column depth = 54.4 cm; Model 4, model size = 10 cm * 10 cm; sand column depth = 27.2 cm; Model 5, 

model size = 10 cm * 10 cm; sand column depth = 13.6 cm. 
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Table A.1.4. Measured Salinity Water at Source of Models 1 to 4; using 

                      CS0 = 72 g/l, h0 = 4.5 cm  

Time 

Model 1 

[20*20] 

Model 2 

[10*10-D] 

Model 3 

[10*10-M] 

Model 4 

[10*10-S] 

Experiment 4 Experiment 8 Experiment 12 Experiment 16 

day 
g/l g/l g/l g/l 

0.00 72.0 72.0 72.0 72.0 

0.02 69.6 69.7 69.6 69.7 

0.04 67.7 67.6 67.5 67.5 

0.125 60.5 60.6 60.5 60.5 

0.50 41.0 41.0 41.1 41.0 

0.611 37.7 37.8 37.5 37.5 

1.00 29.0 29.1 28.7 36.1 

1.25 25.1 25.0 25.7 35.5 

1.392 23.3 23.2 24.8 35.5 

1.50 22.0 22.1 24.4 35.3 

2.00 18.5 18.7 23.5 35.2 

2.125 18.0 18.1 23.2 35.1 

2.50 16.1 16.4 23.1 35.0 

3.00 14.4 14.9 22.9 34.9 

3.50 13.3 13.8 22.8 34.9 

4.00 12.5 13.0 22.7 34.9 

4.50 12.2 12.6 22.7 34.9 

5.00 12.0 12.3 22.7 34.9 

Model 2, model size = 20 cm * 20 cm; sand column depth = 54.4 cm; Model 3, model size = 10 cm * 10 cm; 

sand column depth = 54.4 cm; Model 4, model size = 10 cm * 10 cm; sand column depth = 27.2 cm; Model 5, 

model size = 10 cm * 10 cm; sand column depth = 13.6 cm. 
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A-2: Model # 5; [61*61] 

Table A.2.1. Measured Salinity Water at Source and Ports for Model # 5; 

                      using CS0 = 9 g/l, h0= 4.5 cm. Experiment # 17 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.00 9.00 0.3 0.3 0.3 0.3 0.3 

0.0208 9.00 0.3 0.3 0.3 0.3 0.3 

0.0417 8.90 0.3 0.3 0.3 0.3 0.3 

0.25 8.60 0.3 0.3 0.3 0.3 0.3 

0.75 8.10 0.3 0.3 0.3 0.3 0.3 

1.00 7.80 0.3 0.3 0.3 0.3 0.3 

1.50 7.20 0.3 0.3 0.3 0.3 0.3 

2.00 6.70 0.3 0.3 0.3 0.3 0.3 

2.50 6.30 0.3 0.3 0.3 0.3 0.3 

3.00 6.00 0.3 0.3 0.3 0.3 0.3 

4.00 5.40 0.6 0.3 0.3 0.3 0.3 

5.00 4.90 0.7 0.6 0.3 0.3 0.3 

6.00 4.50 0.9 0.8 0.3 0.3 0.3 

7.00 4.10 1.3 1 0.3 0.3 0.3 

9.00 3.60 2 1.8 0.3 0.3 0.3 

11.00 3.10 1.6 2.2 0.3 0.3 0.3 

12.00 3.00 1.5 2.1 0.3 0.3 0.3 

14.00 2.90 1.3 2 0.6 0.3 0.3 

15.00 2.80 1.4 2 0.7 0.3 0.3 
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Table A.2.2. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 = 18 g/l, h0= 4.5 cm.  Experiment # 18 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.0000 18 0.3 0.3 0.3 0.3 0.3 

0.0007 17.9 0.3 0.3 0.3 0.3 0.3 

0.0035 17.9 0.3 0.3 0.3 0.3 0.3 

0.0069 17.9 0.3 0.3 0.3 0.3 0.3 

0.0111 17.8 0.3 0.3 0.3 0.3 0.3 

0.0139 17.8 0.3 0.3 0.3 0.3 0.3 

0.0174 17.8 0.3 0.3 0.3 0.3 0.3 

0.0208 17.8 0.3 0.3 0.3 0.3 0.3 

0.0243 17.7 0.3 0.3 0.3 0.3 0.3 

0.0278 17.6 0.3 0.3 0.3 0.3 0.3 

0.0313 17.6 0.3 0.3 0.3 0.3 0.3 

0.0347 17.6 0.3 0.3 0.3 0.3 0.3 

0.0382 17.6 0.3 0.3 0.3 0.3 0.3 

0.0417 17.6 0.3 0.3 0.3 0.3 0.3 

0.1250 17.4 0.3 0.3 0.3 0.3 0.3 

0.25 16.5 0.3 0.3 0.3 0.3 0.3 

0.38 15.9 0.3 0.3 0.3 0.3 0.3 

0.50 15 0.3 0.3 0.3 0.3 0.3 

0.88 13.3 0.4 0.3 0.3 0.3 0.3 
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Table A.2.2. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 = 18 g/l, h0= 4.5 cm. Experiment # 18 - Continued 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

1.00 12.7 1.1 0.3 0.3 0.3 0.3 

1.25 11.9 2.3 0.3 0.3 0.3 0.3 

1.50 10.8 4.5 0.4 0.3 0.3 0.3 

1.75 10.4 6.2 0.7 0.3 0.3 0.3 

2.00 9.7 4.9 0.7 0.3 0.3 0.3 

2.25 9.3 6.4 1.2 0.4 0.3 0.3 

2.50 8.7 5.4 1.2 1.0 0.3 0.3 

2.75 8.3 5.4 1.2 1.0 0.3 0.3 

3.00 7.8 4.3 2.1 0.7 0.3 0.3 

3.50 7.1 4.9 3.7 0.9 0.5 0.4 

4.00 6.4 3.8 2.8 1.4 0.6 0.6 

5.00 5.7 2.8 2.2 1.7 0.6 0.5 

6.00 5.2 2.4 2.1 1.6 1.5 1.1 

8.00 4.5 1.7 1.7 1.5 0.9 0.8 

10.00 3.9 1.5 1.4 1.5 1.3 0.9 

11.00 3.7 1.2 1.3 1.7 1.5 0.8 

12.25 3.4 1.5 1.4 2.0 1.5 0.8 
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Table A.2.3. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 = 36 g/l, h0= 4.5 cm. Experiment # 19 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.0000 36 0.3 0.3 0.3 0.3 0.3 

0.0007 35.9 0.3 0.3 0.3 0.3 0.3 

0.0035 35.9 0.3 0.3 0.3 0.3 0.3 

0.0069 35.9 0.3 0.3 0.3 0.3 0.3 

0.0104 35.9 0.3 0.3 0.3 0.3 0.3 

0.0139 35.9 0.3 0.3 0.3 0.3 0.3 

0.0174 35.8 0.3 0.3 0.3 0.3 0.3 

0.0208 35.7 0.3 0.3 0.3 0.3 0.3 

0.0243 35.6 0.3 0.3 0.3 0.3 0.3 

0.0278 35.5 0.3 0.3 0.3 0.3 0.3 

0.0313 35.4 0.3 0.3 0.3 0.3 0.3 

0.0347 35.3 0.3 0.3 0.3 0.3 0.3 

0.0382 35.2 0.3 0.3 0.3 0.3 0.3 

0.0417 35.2 0.4 0.3 0.3 0.3 0.3 

0.25 31.1 0.4 0.3 0.3 0.3 0.3 

0.50 26.7 0.4 0.3 0.3 0.3 0.3 
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Table A.2.3. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 = 36 g/l, h0= 4.5 cm. Experiment # 19 – Continued 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.75 22.5 0.4 0.3 0.3 0.3 0.3 

1.00 20 0.4 0.3 0.3 0.3 0.3 

1.375 17.5 1.7 0.4 0.3 0.3 0.3 

1.75 15.5 1.9 1 0.3 0.3 0.3 

2.00 14.3 1.9 1 0.3 0.3 0.3 

2.75 11.4 2.0 0.8 0.3 0.3 0.3 

3.08 10.6 2.0 0.8 0.3 0.3 0.3 

3.50 9.7 2.0 0.8 0.6 0.3 0.3 

4.00 8.8 2.0 0.9 0.6 0.3 0.3 

5.00 7.4 1.2 1.1 0.6 0.3 0.3 

6.00 6.6 0.8 1.2 0.8 0.3 0.8 

7.04 5.7 0.7 1.3 1.2 0.3 2.3 

8.00 5.1 0.7 1.6 1.5 0.3 3.2 

9.00 4.7 0.9 1.7 1.7 0.4 3.7 

9.94 4.3 1.0 1.6 1.7 1.1 4.0 

11.08 3.9 1.1 1.5 1.6 1.8 4.1 

12.02 3.6 1.2 1.4 1.3 2.1 4.2 

13.25 3.3 1.3 1.3 1.1 2.4 4.4 

15.00 2.9 1.3 1.2 1.2 2.5 4.1 
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Table A.2.4. Measured Salinity Water at Source and Ports for Model # 5;  

                   using CS0 = 36 g/l, h0= 4.5 cm. Experiment # 34. Repeated Exp. 19 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.0000 36 0.3 0.3 0.3 0.3 0.3 

0.0007 35.9 0.3 0.3 0.3 0.3 0.3 

0.0035 35.9 0.3 0.3 0.3 0.3 0.3 

0.0069 35.9 0.3 0.3 0.3 0.3 0.3 

0.0104 35.9 0.3 0.3 0.3 0.3 0.3 

0.0139 35.9 0.3 0.3 0.3 0.3 0.3 

0.0174 35.8 0.3 0.3 0.3 0.3 0.3 

0.0208 35.7 0.3 0.3 0.3 0.3 0.3 

0.0243 35.6 0.3 0.3 0.3 0.3 0.3 

0.0278 35.5 0.3 0.3 0.3 0.3 0.3 

0.0313 35.4 0.3 0.3 0.3 0.3 0.3 

0.0347 35.3 0.3 0.3 0.3 0.3 0.3 

0.0382 35.2 0.3 0.3 0.3 0.3 0.3 

0.0417 35.2 0.4 0.3 0.3 0.3 0.3 

0.25 31.1 0.4 0.3 0.3 0.3 0.3 

0.50 26.7 0.4 0.3 0.3 0.3 0.3 

0.75 22.5 0.4 0.3 0.3 0.3 0.3 
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Table A.2.4. Measured Salinity Water at Source and Ports for Model # 5;  

                   using CS0 = 36 g/l, h0= 4.5 cm. Experiment # 34 – Continued 

                   Repeated Exp. 19 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

1.00 20 0.4 0.3 0.3 0.3 0.3 

1.375 17.5 1.7 0.4 0.3 0.3 0.3 

1.75 15.5 1.9 1 0.3 0.3 0.3 

2.00 14.3 1.9 1 0.3 0.3 0.3 

2.38 12.9 1.8 1 0.3 0.3 0.3 

2.75 11.4 2.0 0.8 0.3 0.3 0.3 

3.08 10.6 2.0 0.8 0.3 0.3 0.3 

3.50 9.7 2.0 0.8 0.6 0.3 0.3 

4.00 8.8 2.0 0.9 0.6 0.3 0.3 

5.00 7.4 1.2 1.1 0.6 0.3 0.3 

6.00 6.6 0.8 1.2 0.8 0.3 0.8 

7.04 5.7 0.7 1.3 1.2 0.3 2.3 

8.00 5.1 0.7 1.6 1.5 0.3 3.2 

9.00 4.7 0.9 1.7 1.7 0.4 3.7 

9.94 4.3 1.0 1.6 1.7 1.1 4.0 

11.08 3.9 1.1 1.5 1.6 1.8 4.1 

12.02 3.6 1.2 1.4 1.3 2.1 4.2 

13.25 3.3 1.3 1.3 1.1 2.4 4.4 

15.00 2.9 1.3 1.2 1.2 2.5 4.1 
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Table A.2.5. Measured Salinity Water at Source and Ports for Model # 5;  

                       using CS0 =72 g/l, h0= 4.5 cm. Experiment # 20 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.0000 72 0.3 0.3 0.3 0.3 0.3 

0.0035 71.7 0.3 0.3 0.3 0.3 0.3 

0.0069 71.5 0.3 0.3 0.3 0.3 0.3 

0.0104 71.4 0.3 0.3 0.3 0.3 0.3 

0.0139 70.6 0.3 0.3 0.3 0.3 0.3 

0.0174 70.3 0.3 0.3 0.3 0.3 0.3 

0.0208 70 0.3 0.3 0.3 0.3 0.3 

0.0243 69.5 0.3 0.3 0.3 0.3 0.3 

0.0278 69.2 0.3 0.3 0.3 0.3 0.3 

0.0313 68.8 0.3 0.3 0.3 0.3 0.3 

0.0347 68.5 0.3 0.3 0.3 0.3 0.3 

0.0382 68.2 0.3 0.3 0.3 0.3 0.3 

0.0417 67.9 0.4 0.3 0.3 0.3 0.3 

0.25 52.5 0.4 0.3 0.3 0.3 0.3 

0.50 41.3 0.4 0.3 0.3 0.3 0.3 

0.75 34.1 0.4 0.3 0.3 0.3 0.3 

1.00 28.8 10.6 13.2 1.3 0.3 0.3 

2.00 17.5 3.9 5.3 9.2 3.2 2.6 

 
 



 

161 
 
 

Table A.2.5. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 =72 g/l, h0= 4.5 cm. Experiment # 20 – Continued 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

3.00 12.8 2.6 3.4 6.3 8.8 4.1 

4.00 10.2 2.1 4.5 6.1 7.2 6.5 

5.00 8.4 3 5.4 5.7 6.6 7.1 

6.00 7.1 3.6 4.2 5 6.4 7.5 

7.00 6 4.1 3.3 4.3 6.3 8.2 

8.00 5.3 4 3.3 4.7 6.5 8.3 

9.00 5 3.7 3.4 5.4 7 8.9 

10.00 4.7 3.6 3.5 5.7 7.2 9.1 

11.00 4.2 3.6 3.7 5.7 7.2 9.3 

12.00 3.8 3.6 3.7 5.7 7.2 9.3 

13.00 3.6 3.6 3.7 5.7 7.2 9.3 

14.00 3.3 3.6 3.7 5.7 7.2 9.3 

15.00 3 3.6 3.7 5.7 7.2 9.3 
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Table A.2.6. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0= 4.5 g/l, h0= 4.5 cm. Experiment # 21 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.00 4.50 0.3 0.3 0.3 0.3 0.3 

0.0208 4.50 0.3 0.3 0.3 0.3 0.3 

0.0417 4.50 0.3 0.3 0.3 0.3 0.3 

0.25 4.50 0.3 0.3 0.3 0.3 0.3 

0.50 4.40 0.3 0.3 0.3 0.3 0.3 

0.75 4.30 0.3 0.3 0.3 0.3 0.3 

1.00 4.20 0.3 0.3 0.3 0.3 0.3 

1.50 4.00 0.3 0.3 0.3 0.3 0.3 

2.00 3.90 0.3 0.3 0.3 0.3 0.3 

2.50 3.70 0.3 0.3 0.3 0.3 0.3 

3.00 3.60 0.3 0.3 0.3 0.3 0.3 

4.00 3.40 0.3 0.3 0.3 0.3 0.3 

5.00 3.20 0.3 0.3 0.3 0.3 0.3 

6.00 3.00 0.3 0.3 0.3 0.3 0.3 

7.00 2.90 0.3 0.3 0.3 0.3 0.3 

8.00 2.70 0.3 0.3 0.3 0.3 0.3 

10.00 2.60 0.3 0.3 0.3 0.3 0.3 

11.00 2.60 0.3 0.3 0.3 0.3 0.3 

12.00 2.60 0.3 0.3 0.3 0.3 0.3 
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Table A.2.7. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 = 27 g/l, h0= 4.5 cm. Experiment # 22 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.0000 27 0.3 0.3 0.3 0.3 0.3 

0.0007 26.9 0.3 0.3 0.3 0.3 0.3 

0.0035 26.9 0.3 0.3 0.3 0.3 0.3 

0.0069 26.9 0.3 0.3 0.3 0.3 0.3 

0.0139 26.8 0.3 0.3 0.3 0.3 0.3 

0.0208 26.8 0.3 0.3 0.3 0.3 0.3 

0.0243 26.7 0.3 0.3 0.3 0.3 0.3 

0.0313 26.6 0.3 0.3 0.3 0.3 0.3 

0.0417 26.5 0.3 0.3 0.3 0.3 0.3 

0.25 23.3 0.3 0.3 0.3 0.3 0.3 

0.50 21.2 0.3 0.3 0.3 0.3 0.3 

0.75 18.8 0.3 0.3 0.3 0.3 0.3 

1.00 17.2 0.4 0.3 0.3 0.3 0.3 

1.25 15.8 0.7 0.3 0.3 0.3 0.3 

1.50 14.8 1 0.3 0.3 0.3 0.3 

1.75 13.7 1.6 0.4 0.3 0.3 0.3 

2.00 12.8 1.6 0.5 0.3 0.3 0.3 

2.25 11.8 1.7 0.7 0.3 0.3 0.3 

2.50 11.4 1.7 0.7 0.3 0.3 0.3 
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Table A.2.7. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 = 27 g/l, h0= 4.5 cm. Experiment # 22 - Continued 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

3.00 10.3 1.1 0.5 0.3 0.3 0.3 

3.50 9.5 1.1 0.5 0.3 0.3 0.3 

4.00 8.6 1.4 0.5 0.7 0.4 0.3 

5.00 7.4 1.5 0.4 0.4 0.3 0.3 

6.00 6.6 1.2 0.6 0.3 0.3 0.3 

8.00 5.2 0.7 0.7 0.4 0.5 0.4 

10.00 4.4 0.8 0.8 0.5 0.6 1.4 

12.00 3.9 0.9 0.5 0.6 0.8 2.3 

13.00 3.7 0.9 0.5 0.7 0.9 2.5 

14.00 3.5 0.7 0.5 0.8 1.3 2.6 

15.00 3.2 0.8 0.5 0.8 1.5 2.7 
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Table A.2.8. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 = 36 g/l, h0= 9.0 cm. Experiment # 23 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.00 36.00 0.3 0.3 0.3 0.3 0.3 

0.25 33.70 0.3 0.3 0.3 0.3 0.3 

0.50 30.80 0.3 0.3 0.3 0.3 0.3 

1.00 25.10 0.4 0.3 0.3 0.3 0.3 

1.25 23.20 0.5 0.3 0.3 0.3 0.3 

1.50 21.90 0.6 0.3 0.3 0.3 0.3 

1.75 20.70 0.7 0.3 0.3 0.3 0.3 

2.00 19.60 1.1 0.4 0.3 0.3 0.3 

2.50 18.00 1.5 0.4 0.3 0.3 0.3 

3.00 16.50 2 0.5 0.3 0.3 0.3 

4.00 14.50 3.5 1.9 1.3 1.9 0.4 

6.00 10.70 3.1 3.7 0.9 1.2 3.6 

7.00 9.70 4.3 2.8 0.9 1.5 4.7 

8.00 8.80 3.9 1.6 1 1.9 5.4 

9.00 8.00 3.3 1.1 1.5 2.7 5.8 

10.00 7.30 2.8 1 2.2 3.4 6 

11.00 6.90 1.6 0.9 2.6 3.7 6.1 

12.00 6.60 1.1 1.3 2.9 4.1 6.4 

13.00 6.20 1 1.6 3.3 4.5 6.8 
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Table A.2.9. Measured Salinity Water at Source and Ports for Model # 5;  

                      using CS0 =36 g/l, h0= 11.7 cm. Experiment # 24 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.00 36.00 0.3 0.3 0.3 0.3 0.3 

0.50 31.80 1.1 0.3 0.3 0.3 0.3 

1.00 27.80 10.5 2.7 0.3 0.3 0.3 

2.00 22.60 11.2 8.2 7.2 0.3 0.3 

2.50 20.80 13.2 4.7 7.2 6.2 0.3 

3.00 19.20 13.2 4.1 7.5 7.2 3.4 

4.00 16.20 11.6 4.4 6.2 6.9 6.7 

5.00 14.50 10.2 5.7 6.9 7.9 5.8 

6.00 12.80 6.3 5.7 7.8 8.1 7.3 

7.00 11.70 7.3 7.1 6.2 6.8 8.7 

8.00 10.80 7.7 7.2 3.9 5.4 7.8 

9.00 10.00 7.5 7 6 6.2 7.4 

10.00 9.40 6.8 6.8 5.7 6.5 7.7 

11.00 8.60 5.9 6.8 5.5 6.7 7.7 

12.00 8.00 5.9 6.2 5.7 6.9 8.1 

13.00 7.50 5.7 6.2 6.2 6.9 8.3 

14.00 7.10 5.7 6 6.6 6.8 8.3 
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Appendix B: Measured Salinity Water of Source (Porous Media-   

                       Fully Saturated with Freshwater); using Different-   

                       Hydraulic Conductivity 

B: Model # 2  

Table B.1. Measured Salinity Water at Source of Models 2; using 

                   CS0 = 36 g/l, h0 = 4.5 cm 5, K = 12.1 m2/d. Experiment # 25 

Time Measured source concentration 

day g/l 

0.00 36.0 

0.00 35.8 

0.047 34.0 

0.176 29.5 

0.297 26.4 

0.500 22.3 

0.986 16.3 

1.153 15.0 

1.347 13.7 

1.503 12.8 

2.003 10.6 

2.300 10.3 

Model 2, model size = 10 cm * 10 cm; sand column depth = 54.4 cm 
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Table B.2. Measured Salinity Water at Source of Models 2; using 

                   CS0 = 36 g/l, h0 = 4.5 cm 5, K = 41.2 m2/d. Experiment # 26 

Time Measured source concentration 

Day g/l 

0.00 36.0 

0.00 35.6 

0.00 35.5 

0.007 35.1 

0.014 34.1 

0.021 33.2 

0.031 31.9 

0.04 31.0 

0.063 29.0 

0.13 24.2 

0.17 21.4 

0.19 20.6 

0.21 19.8 

0.30 16.6 

0.49 12.3 

0.50 12.0 

0.52 11.6 

0.54 11.3 

0.56 11.1 

1.00 7.3 

1.03 7.2 

1.25 6.0 

Model 2, model size = 10 cm * 10 cm; sand column depth = 54.4 cm 
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Table B.3. Measured Salinity Water at Source of Models 2; using 

                   CS0 = 36 g/l, h0 = 4.5 cm 5, K = 52.3 m2/d. Experiment # 27 

 

Time Measured source concentration 

day g/l 

0.00 36.0 

0.00 35.7 

0.01 33.7 

0.02 32.4 

0.14 21.3 

0.256 15.3 

0.375 12.1 

0.50 10.0 

0.625 8.6 

0.75 7.5 

1.00 5.7 

1.25 5.5 

Model 2, model size = 10 cm * 10 cm; sand column depth = 54.4 cm 
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Appendix C: Measured Salinity Water of Source (Porous Media- 

                       Fully Saturated with Brackish Water) 

C-1: Model # 1; [20*20] 

Table C.1.1. Measured Salinity Water at source of Model # 1; using 

                      CS0 = 72 g/l, CPM = 36 g/l, h0= 4.5 cm. Experiment # 28 

Time Measured source 

concentration 

Initial porous media 

concentration 

day g/l g/l 

0.000 72 

36 

0.001 71.95 

0.010 71.7 

0.024 71.4 

0.125 68.9 

0.333 64.8 

0.927 57.3 

1.433 53.4 

1.500 53.0 

2.128 50.8 

2.444 49.7 

3.022 48.0 

4.369 45.7 

5.000 45.3 

5.938 44.6 

6.389 44.2 
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Table C.1.2. Measured Salinity Water at Source of Model # 1; using 

                      CS0 = 36 g/l, CPM = 18 g/l, h0= 4.5 cm. Experiment # 29 

Time Measured source 

concentration 

Initial porous media 

concentration 

day g/l g/l 

0.00 36 

18 

0.11 35.3 

0.34 34 

0.56 33 

1.01 31.2 

2 28.5 

3.20 26.3 

4.42 24.9 

5.23 24.2 

8.36 22.5 

9.34 22.1 

10.30 21.8 

12.18 21.7 

14.00 21.7 

16.00 21.6 
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Table C.1.3. Measured Salinity Water at Source of Model # 1; using 

                      CS0 = 18 g/l, CPM = 9.0 g/l, h0= 4.5 cm. Experiment # 30 

Time Measured source 

concentration 

Initial porous media 

concentration 

day g/l g/l 

0 18 

9.0 

0.021 18 

0.146 17.8 

0.264 17.6 

0.375 17.5 

0.500 17.3 

1.042 16.6 

2.042 15.6 

3.042 14.8 

4.000 14.2 

5.042 13.7 

6.042 13.3 

7.000 12.9 

8.306 12.6 

9.042 12.4 

10.000 12.2 

11.021 12 

12.000 11.9 

13.042 11.8 

14.000 11.7 

15.313 11.6 

17.958 11.4 

20.271 11.3 
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C-2: Model # 5; [61*61] 

Table C.2.1. Measured Salinity Water at Source of Model # 5; using 

                      CS0 = 36 g/l, CPM = 27 g/l, h0= 4.5 cm. Experiment # 31 

Time Measured source 

concentration 

Initial porous media 

concentration 

day g/l g/l 

0.00 36.00 

27 

0.25 35.70 

0.50 35.30 

1.00 34.70 

2.00 33.60 

3.00 32.90 

4.00 32.30 

5.00 31.80 

6.00 31.40 

7.00 31.10 

8.00 30.80 

9.00 30.50 

10.00 30.30 

11.00 30.10 

13.00 29.80 

14.00 29.70 

16.00 29.70 
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Table C.2.2. Measured Salinity Water at Source of Model # 5; using 

                      CS0 = 36 g/l, CPM = 18 g/l, h0= 4.5 cm. Experiment # 32 

Time Measured source 

concentration 

Initial porous media 

concentration 

day g/l g/l 

0.00 36 

18 

0.00 36 

0.01 35.9 

0.01 35.8 

0.02 35.8 

0.02 35.7 

0.25 34.5 

0.50 33.4 

1.00 31.3 

2.00 28.6 

3.00 26.7 

4.00 25.5 

5.00 24.7 

6.00 23.9 

7.00 23.3 

8.00 22.8 

 



 

175 
 
 

Table C.2.3. Measured Salinity Water at Source of Model # 5; using 

                      CS0 = 36 g/l, CPM = 9.0 g/l, h0= 4.5 cm. Experiment # 33 

Time Measured source 

concentration 

Initial porous media 

concentration 

day g/l g/l 

0.00 36.00 

9.0 

0.0007 36.00 

0.0104 35.90 

0.0139 35.80 

0.0174 35.70 

0.0208 35.60 

0.25 33.40 

0.50 31.00 

1.00 26.80 

1.50 24.20 

2.00 22.10 

3.00 19.40 

4.00 17.60 

5.00 16.10 

7.00 14.50 

9.00 13.50 

10.00 13.10 

11.00 12.80 

12.00 12.60 
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Appendix D: Measured Salinity Water of Source and Ports using   

                       Constant mass source (Porous Media Fully Saturated    

                        with Freshwater) 

Table D.1. Measured Salinity Water at Ports for Model # 5; using Constant                     

                   Source CS0 = 36 g/l, h0= 4.5 cm. Experiment # 35 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.00 36 0.3 0.3 0.3 0.3 0.3 

0.01 35.8 0.3 0.3 0.3 0.3 0.3 

0.02 35.5 0.3 0.3 0.3 0.3 0.3 

0.03 35.5 0.3 0.3 0.3 0.3 0.3 

0.04 35.9 0.3 0.3 0.3 0.3 0.3 

0.13 36.5 0.3 0.3 0.3 0.3 0.3 

0.13 36.1 0.3 0.3 0.3 0.3 0.3 

0.25 37 0.3 0.3 0.3 0.3 0.3 

0.25 36.2 0.3 0.3 0.3 0.3 0.3 

0.38 36.6 0.3 0.3 0.3 0.3 0.3 

0.38 36 0.3 0.3 0.3 0.3 0.3 

0.38 36 0.4 0.3 0.3 0.3 0.3 

0.50 36.1 4.5 0.3 0.3 0.3 0.3 

0.75 35.8 8.7 3.5 0.3 0.3 0.3 

1.00 36.5 9.9 5.4 0.3 0.3 0.3 

1.25 35.9 14.7 4.3 0.8 0.3 0.3 

1.50 35.6 14.2 6.1 1 0.3 0.3 

1.75 36.1 18.8 7 1.6 0.3 0.3 

2.00 37.1 19.1 7.3 1.3 0.8 0.3 
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Table D.1. Measured Salinity Water at Ports for Model # 5; using Constant 

                   Source CS0 = 36 g/l, h0= 4.5 cm. Experiment # 35– Continued 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

2.25 36.3 24.7 6 1.4 0.6 0.3 

2.50 36 16.4 2.5 11 0.4 0.3 

2.75 35.4 20.1 3.5 7.4 1 0.4 

3.00 36.2 16.7 5.2 10.0 2.9 0.3 

3.25 36.8 18.9 9.7 10.2 6.4 0.7 

3.50 37.5 18.8 11.3 12.9 13.8 2.4 

3.75 35.7 20.9 13.8 15.5 18.6 9.1 

4.00 35.6 22.0 18.9 11.5 17.5 10.5 

4.50 35.4 20.9 19.7 12.2 17.2 13.1 

5.00 35.4 17.6 20.2 15.2 16.1 16.3 

5.50 35.4 17.2 16.6 24.0 13.8 17.3 

6.00 35.7 19.6 18.8 24.8 18.5 19.3 

6.50 36.1 16.8 19.1 20.7 19.9 21.2 

7.00 35.4 14.7 18.0 20.3 22.5 20.9 

7.50 36.0 16.1 19.1 20.8 21.6 22.1 

8.00 36.3 18.6 17.5 21.5 22.3 23.0 

9.00 36.2 17.6 21.8 21.2 23.2 24.5 

10.00 36.3 22.9 22.0 21.4 24.0 26.2 

11.00 35.4 26.0 24.5 22.5 24.3 27.4 

12.00 36.8 29.0 26.0 24.4 25.8 28.0 

13.00 35.5 29.5 26.8 25.3 26.9 29.5 

14.00 35.4 29.9 31.2 29.2 28.7 32.0 
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Table D.1. Measured Salinity Water at Ports for Model # 5; using Constant 

                   Source CS0 = 36 g/l, h0= 4.5 cm. Experiment # 35 – Continued 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

15.00 35.4 28.8 29.6 28.3 29.3 31.7 

16.00 35.6 28.8 30.1 29.6 29.6 32.0 

18.00 36.1 30.7 31.0 32.6 31.7 34.0 

20.00 35.8 29.3 29.6 30.7 31.2 32.8 

22.00 36.0 31.3 31.7 32.3 32.2 34.3 

23.00 35.7 31.0 31.7 32.2 32.3 34.2 

24.00 36.0 31.0 31.7 32.2 32.5 34.1 

26.00 35.7 30.8 31.7 31.5 32.7 33.7 

28.00 36.0 30.7 31.3 30.7 31.3 33.3 

29.00 36.0 31.4 31.3 30.7 31.3 32.5 

30.00 34.3 31.4 31.3 30.7 31.3 32.5 

31.00 33.4 29.3 32.4 30.8 31.2 32.1 

 

 

 

 

 

 

 



 

179 
 
 

Table D.2. Measured Salinity Water at Ports for Model # 5; using Constant 

                   Source CS0 = 36 g/l, h0= 4.5 cm. Experiment # 36 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.00 36 0.3 0.3 0.3 0.3 0.3 

0.01 36.2 0.3 0.3 0.3 0.3 0.3 

0.01 36.3 0.3 0.3 0.3 0.3 0.3 

0.01 36.5 0.3 0.3 0.3 0.3 0.3 

0.02 36.6 0.3 0.3 0.3 0.3 0.3 

0.25 38.5 0.3 0.3 0.3 0.3 0.3 

0.27 36.5 0.3 0.3 0.3 0.3 0.3 

0.41 39 0.3 0.3 0.3 0.3 0.3 

0.41 36.2 0.3 0.3 0.3 0.3 0.3 

0.42 36.1 0.3 0.3 0.3 0.3 0.3 

0.42 36 0.3 0.3 0.3 0.3 0.3 

0.44 35.7 0.3 0.3 0.3 0.3 0.3 

0.50 36.1 1.1 0.3 0.3 0.3 0.3 

0.75 35.9 4.8 0.3 0.3 0.3 0.3 

1.00 36 6 0.4 0.3 0.3 0.3 

1.25 36.1 6.2 0.8 0.3 0.3 0.3 

1.50 35.8 4.7 1.4 1.2 0.3 0.3 

1.75 36.5 5.8 3.6 2.6 0.3 0.3 

2.00 36.3 6.8 6.8 3.5 1.1 0.3 

2.50 36 9.8 10.8 3.4 0.8 0.3 

3.50 36 16.5 17.7 8.8 4.9 6.5 

4.50 35.9 13.0 16.2 15.8 7.6 12.4 

5.50 36.0 11.1 8.6 15.5 15.3 17.0 
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Table D.2. Measured Salinity Water at Ports for Model # 5; using Constant 

                   Source CS0 = 36 g/l, h0= 4.5 cm. Experiment # 36 – Continued 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

7.50 36.1 9.5 11.0 14.0 17.0 22.1 

9.00 36.1 17.3 14.4 20.0 22.5 25.4 

12.50 36.1 18.3 18.1 23.6 27.2 27.5 

13.50 36.1 19.2 19.7 23.9 28.0 28.5 

14.50 36.3 19.5 20.7 24.2 27.6 28.6 

15.50 36.1 21.6 21.8 25.0 27.7 28.9 

16.50 36.2 23.6 23.1 25.8 27.7 29.4 

17.44 36.5 24.9 23.7 26.2 27.9 29.8 

18.88 36.5 25.3 24.3 27.3 28.0 29.8 

19.94 34.4 24.8 24.2 26.7 27.4 29.0 

20.90 37.2 25.1 26.0 27.7 28.7 30.0 

21.90 34.5 26.0 25.2 27.0 28.3 29.5 

22.90 36.2 28.1 26.8 28.3 29.8 30.3 

23.90 36.4 29.8 27.9 29.3 30.0 31.0 

24.90 36.5 29.6 29.0 29.8 30.0 31.4 

25.90 36.3 30.2 29.0 30.0 30.4 31.7 

26.90 36.7 30.4 29.3 30.0 30.7 31.9 

27.90 36.4 30.8 29.5 30.0 30.8 32.0 

28.40 36.1 30.9 30.8 30.3 30.8 32.0 

28.90 35.4 31.2 29.9 30.4 30.8 32.0 

29.4 33.8 31.3 29.6 30.2 30.7 32.0 

30.4 33.0 31.0 29.3 29.7 30.5 31.9 

31.4 32.6 30.5 29.6 30.0 30.8 32.1 
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Table D.3. Measured Salinity Water at Ports for Model # 5; using Constant 

                   Source CS0 = 36 g/l, h0= 4.5 cm. Experiment # 37 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.00 36.3 0.3 0.3 0.3 0.3 0.3 

0.00 35.4 0.3 0.3 0.3 0.3 0.3 

0.01 36.4 0.3 0.3 0.3 0.3 0.3 

0.02 36.5 0.3 0.3 0.3 0.3 0.3 

0.03 36 0.3 0.3 0.3 0.3 0.3 

0.04 36 0.3 0.3 0.3 0.3 0.3 

0.06 35.8 0.3 0.3 0.3 0.3 0.3 

0.07 36.1 0.3 0.3 0.3 0.3 0.3 

0.08 36 0.3 0.3 0.3 0.3 0.3 

0.09 35.9 0.3 0.3 0.3 0.3 0.3 

0.10 36.1 0.3 0.3 0.3 0.3 0.3 

0.12 36.5 0.3 0.3 0.3 0.3 0.3 

0.14 36.1 0.3 0.3 0.3 0.3 0.3 

0.16 35.9 0.3 0.3 0.3 0.3 0.3 

0.18 36.1 0.3 0.3 0.3 0.3 0.3 

0.22 35.2 0.3 0.3 0.3 0.3 0.3 

0.22 36.2 0.3 0.3 0.3 0.3 0.3 

0.32 36.4 0.5 0.3 0.3 0.4 0.3 

0.43 36.7 0.7 0.3 0.3 0.3 0.3 

0.63 36.1 2.7 0.3 0.3 0.3 0.3 

0.89 36.35 8.6 1.8 0.3 0.3 0.3 

1.14 36.3 11.1 6 0.3 0.3 0.3 
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Table D.3. Measured Salinity Water at Ports for Model # 5; using Constant                       

                   Source CS0 = 36 g/l, h0= 4.5 cm. Experiment # 37– Continued 

Time Source Port # 1 Port # 2 Port # 3 Port # 4 Port # 5 

day g/l g/l g/l g/l g/l g/l 

0.00 36.3 13.9 7.3 0.4 0.3 0.3 

1.39 36.8 18 11.5 3.6 0.4 0.3 

1.64 36.4 18.7 16 4.3 0.5 0.3 

1.89 36.5 16 18.2 6 4.6 0.3 

2.14 36.3 17.6 19.33 11.4 5.9 0.4 

2.39 35.7 20.5 19.5 12.2 6.6 4.3 

2.64 35.7 23.3 28.9 12.3 14.3 7.4 

3.42 34.6 20.6 22.3 15.1 17.5 9.4 

3.64 36.1 23.7 27.8 8.2 10.8 8.1 

4.14 36.5 19.6 21.8 11.1 18.1 22 

5.03 35.2 13.9 7.3 0.4 0.3 0.3 

 

 

 

 

 

 


