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SUMMARY 

A practical review is given of techniques to describe the flow of fresh, brackish 
and salt water near well systems. 

The vortex method is based on analytical expressions for the flow field. The 
method can be used to test other, more complex models. Fast simulations in a 
vertical section can be made, thus enabling a good understanding of the influence of 
different parameters on the flow field. 

A sharp interface approach in combination with a hydrostatic pressure distribution 
makes it possible to get a three-dimensional picture of the position of the interface on 
the basis of a two-dimensional computation. 

Any two-dimensional, uniform density ground water flow program to solve 
ground water heads can be used to compute the flow field in case of variable density 
ground water, if the independent variable and the boundary conditions are interpreted 
in terms of the stream function. · 

Solute transport models consider salt as a solute in ground water. Simulations 
determine the ground water velocity field and the distribution of salt as a function of 
place and time. !so-concentration lines can clearly indicate the position of fresh, 
brackish and salt water. 

With respect to modelling variable density ground water flow it is advised to start 
simulations with relatively simple techniques/programs in order to get a better feeling 
for the importance of the many flow parameters involved. The use of analytical 
solutions and techniques for uniform density ground water flow may be feasible. 
Subsequently more complex, flexible and dedicated methods like solute transport 
models may be applied. 

INTRODUCTION 

In the Netherlands the total abstraction of ground water is restricted. Facing arr 
ever illcreasing demand for drinking water, the water supply companies are forced to 
use more surface water. Because of water quality variations and a regular severe 
pollution of surface waters, the continuous production of drinking water demarrds a 
mixing arrd storage reservoir. Artificial recharge of ground water is regarded as a fme 
method to meet these objectives. 

Instead of using ponds, nowadays the application of infiltration and abstraction 
wells is encouraged, because of its limited environmental impact. Yet, deep ground 
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water in the Netherlands is brackish or salt and thus one has to be very careful in 
designing the deep well infiltration plants: only fresh water should be abstracted. 

In order to simulate the movement of brackish and salt water near the infiltration 
and abstraction wells a variety of simulation techniques are developed, implemented 
and/or tested. A practical review of four different techniques will be given: (1) vortex 
theory, (2) sharp interface approach with a Dupuit assumption, (3) stream function 
theory and (4) solute transport modelling. The basic concept of each technique is 
described first, followed by a short mathematical description and an example of an 
application. Finally the major benefits and drawbacks of the technique are outlined. 

2 VORTICES 

The basic idea behind vortices is that an inclined interface between a lighter and 
a heavier fluid tends to rotate to a horizontal position (figure 1 ). The strength of the 
rotation is proportional to the density difference of the fluids, the inclination of the 
interface and the flow characteristics of the porous medium and the fluids (De 
Josselin de Jong, 1960, 1977, 1979; Haitjema, 1977, 1980; Peters, 1981ab, 1983ab). 

AZ 

Figure 1. The vortex V at an inclined interface between two fluids with different 
densities 

The vortex approach now acts as follows. First the interface between the fluids is 
represented by a series of linear elements. At the locations where such an interface 
element is inclined with respect to a horizontal position a vortex is placed. Next the 
two fluids are replaced by a single fluid of uniform density. Then the velocities due 
to infiltration and abstraction wells are computed, as well as the velocity as a result 
of the. vortices. By combining these velocity components we get the real velocities 
due to pumping and density flow. The velocities at the interface can be used to 
calculate the new position of the interface after a numerical time step, after which the 
calculation scheme repeats itself in order to determine the position of the interface as 
a function of time. 

2.1 Mathematics 

The strength of the rotation V of an inclined interface element with length M.. is 
proportional to the density difference (Ps-Pi of the fluids, the intrinsic permeability K 
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of the porous medium, and the inclination ~ of the interface, and inverse proportional 
to the dynamic viscosity Jl, which is assumed equal for both fluids: 

(1) 

A negative vortex indicates a clockwise rotation. The vortex introduces a flow field 
which, for relatively simple situations, can be computed analytically. 

2.2 Example of an application 

The vortex method is demonstrated on an example of a deep well infiltration and 
abstraction system. The question is whether one should put the abstraction wells in 
between infiltration wells, or one should adopt a distribution where the infiltration 
wells are sided by abstraction means. With respect to upconing one might think that 
the first alternative is best because in that situation the abstraction wells are 
'protected' by infiltration wells at both sides. Two simple two-dimensional 
computations with the MICA program (Peters, 1983b) will show the opposite (figures 
2 and 3). In the first picture we see a rapid upconing below the centred abstraction 
well. After a period of pumping of 30 days the interface reaches the abstraction well, 
even though the infiltration rate exceeds the abstraction rate with 10%. In the second 
case even after a period of 50 days there is no serious upconing below the 
abstraction means. 

t 
0 • 0 

10 days 

Figure 2. Movement of the interface below a deep well infiltration system with 
central abstraction. After 30 days the interface reaches the abstraction 
means. 

2.3 Pros and cons 

(+)The vortex method uses analytical expressions for the computation of flow by 
wells and vortices. De computed velocity field is therefore exact. By using small 
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Figure 3. Movement of the inteiface below a deep well infiltration system with 
central infiltration. After 50 days the itltelface has not reached near the 
abstraction means. 

interface elements and small numerical time steps the solution of a certain theoretical 
problem can be obtained as accurately as necessary. As such the vortex method can 
be used to test and validate more complex numerical models. 

( +) With a vortex program like MICA one can easily make many computations in a 
short period. Furthermore it is easy to compare the results of two computations in 
which one flow-parameter is changed. Hence, the vortex approach is very well suited 
to 'get a feeling' for the influence of flow parameters on the behaviour of the 
interface between the two fluids. Making simulations with a vortex code is very 
instructive. 

(-) The analytical approach introduces a major drawback: a simple geohydrological 
schematization must be applied in order to describe the analytical flow field. Real 
case problems must therefore be simplified strongly, loosing some of the information 
needed to predict the response of a system accurately. 

(-) It is difficult to extend the vortex technique to three dimensional situations. 

3 SHARP INTERFACE AND A HYDROSTATIC PRESSURE 
DISTRIBUTION 

If one assumes a sharp interface between fresh and salt water in combination with 
a hydrostatic pressure distribution along a vertical (Dupuit assumption), it is possible 
to write flow equations for both zones in terms of fresh- and salt water heads (figure 
4). Additionally, continuity of pressure at the interface provides a direct relation 
between the values of the fresh- and salt water heads and the position of the interface 

· between fresh and salt water. Thus, if two of the three parameters are known (fresh 
water head, salt water head, position of the interface), the third parameter can be 
deduced. By writing continuity equations for the fresh- and salt water zone ln two 
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independent variables (e.g. fresh water head in fresh water zone and position of the 
interface) we get a set of equations that can be solved with numerical techniques like 
the finite element and finite difference method. 

Figure 4. Schematization for the sharp interface approach in combination with the 
Dupuit assumption 

3.1 Mathematics 

If the fresh water head in the fresh water zone and the position of the interface 
are taken as independent variables, the flow equations in the fresh and salt water 
layer write (Verruijt 1981, 1987, 1990; B.ear & Verruijt, 1987; van der Eem, 1984, 
1988): 

d<jlf dh 
Staf -S11Tt d 1+Vik(D-h)V$) 

(2) 
dh 

S11Tt =ls+V·(khV$1)+\I·(akh\lh) 

while the third (dependent) variable <lls follows from: 

"' = Ps-Pth Ps,~, 
'Ys -- +_'Yf 

Ps Pt 
(3) 

where <Itt is the fresh water head in the fresh water zone, <lls is the salt water head in 
the salt water zone, h is the thickness of the salt water zone, D the thickness of the 
aquifer (assumed constant here), k the hydraulic conductivity for fresh water and If 
and Is are distributed sources of fresh and salt water; the coefficient s1 denotes the 
phreatic storativity (zero for confmed flow) and Sh represents the storage of water 
due to a displacement of the interface; a represents the relative density difference 
between fresh and salt water (ps-Pt)/Pt 
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3.2 Example of an application 

A line of infiltration wells is flanked on each side by lines of abstraction wells 
(figure 5). The lines of wells are assumed 'infmitely' long. Because of symmetry 
only a small part of the system needs to be modelled to find the displacement of the 
interface (van der Bern, 1988). 

Ill 

som som 

Ill 

1111 

Ill Ill 

60m 
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20m 
salt . . I 

Figure 5. Plan (top) and cross-section (bottom) for the example of the sharp 
interface approach. In the plan the modelled area is indicated with a 
dotted shading. 

The results of the simulations are shown in figure 6. Below the infiltration well a 
strong depression of the interface is found, whereas below the abstraction well the 
interface has upconed for about 2.5 meters. 

3.3 Pros and cons 

( +) The major advantage of the method is that a three-dimensional image of the 
interface is obtained as a result of a two-dimensional simulation. 
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Figure 6. Computed position of the interface below infiltration and abstraction 
wells. The finite elements are indicated in the interface. The dashed 
contours are drawn at intervals of 0.5 meter. 

(-) Because of the Dupuit assumption any well introduced into a simulation will be 
acting over the entire thickness of the fresh or salt water zone; the wells are always 
fully penetrating. This implicates that the upconing below partially penetrating 
abstraction wells will usually be less than computed, which might be seen as a safe 
approximation (see e.g. Vander Eem, 1988). 

4 STREAM FUNCTION 

Between two streamlines in a two-dimensional plane a certain amount of ground 
water flows. The stream function attributes a value to each streamline, with the 
special condition that the flow between two streamlines equals the difference in 
stream function values of both streamlines (figure 7). 

It is possible to write the flow equation of variable density ground water in terms 
of the stream function. A' very special feature of this equation is that it is analogous 
to the flow equation of single density flow in terms of the ground water head. Hence, 
any program for two-dimensional uniform density ground water flow can be used to 
determine the flow field in density flow systems, simply by another interpretation of 
flow parameters and boundary conditions. There is only one restriction: there should 
be no sources or sinks within the flow domain (they can be located on the boundary 
of the flow field). In case there are sources and sinks within the flow domain, the 
stream function can still be applied, yet dedicated software is necessary to deal with 
these sources/sinks appropriately. 

The movement of brackish and salt water can be determined in two ways .. The 
first one assumes sharp interfaces between fluids with different density. The velocity 

443 



444 NUMERICAL MODELLING 

~---'r2 

Figure 7. Flow between two streamlines with different stream function values. The 
flow Q equals the difference in stream function values ('l'r'1'1). 

field is computed using the differences in density in a horizontal plane, and from the 
velocities the position of the interface is computed after a certain numerical time step 
(compare the vortex approach). 

An alternative scheme is to set up a salt balance for the elements in a numerical 
grid, using the computed velocities. The salt balance for each element results in a salt 
concentration change in each element during a numerical time step. 

4.1 Mathematics 

The two-dimensional flow equation for variable density ground water in an 
anisotropic medium in terms of the stream function 'I' reads (van den Akk:er, 1982; 
Olsthoom, 1990a, 1990b): 

(4) 

which is analogous to 

a ( acp ) a ( acp ) _ -k~ +-kz- +N- 0 ax ax az az 
(5) 

the flow equation of uniform density flow in terms of the ground water head cp. N in 
the last equation is a source term; kx and kz indicate hydraulic conductivities in 
horizontal and vertical direction and p is the local ground water density. 

To make computations for variable density ground water flow with a single 
density model one has to substitute 1/kx for kz and 1/kz for kx. As a source-term the 
density gradient in a horizontal direction over the fresh water density is substituted. 
Finally boundary conditions are given in terms of the stream function: a boundary 
with a fixed stream function value implies an impervious boundary, whereas a 
boundary on which the gradient of the stream function equals zero indicates flow 
perpendicular to that boundary. 
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4.2 Example of an application 

The example of the application of the stream function is taken from Olsthoom 
(1990b). He used a regular spreadsheet to compute variable density flow for a radial
symmetric situation: the flow caused by infiltration of fresh water in a salt aquifer. 
The computed values for the stream function are contoured; they represent 
streamlines (figure 8). The influence of differences in density can clearly be seen. 
The fresh water is pushed to the top of the aquifer. At greater distance of the well 
there's only salt water present. The streamlines tend to distribute over the entire 
thickness of the aquifer. Because of the strong anisotropy, however, this will take 
place only at a distance well over 100 meter away from the well. 
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Figure 8. Infiltration of fresh water in salt water. The contour lines of the stream 
function represent flow lines. 

4.3 Pros and cons 

(+)Using the stream function one directly computes the flow field. An accurate 
calculation of the flow field is possible. 

( +) Density differences of ground water can ve1y easily be· taken into account. 

(-) A problem is formed by the fact that boundary conditions have to be formulated 
in terms of the stream function, which is not always easy to do. 

(-) If a source or sink is present within the flow field (so-called internal sources and 
sinks) the problem of many-valuedness of the stream function occurs. This is a 
serious problem. Yet solutions are available as shown by e.g. Van den Akker 1982). 

(-) The application of the stream function can be extended from two- to three
dimensional ground water flow, yet it will become very difficult, thus loosing its 
charm. 

445 
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5 SOLUTE TRANSPORT MODELS 

Solute transport models consider salt as a solute in ground water. The salt 
concentration influences density and thus also the flow field. 

A combination of two simultaneous equations is solved: one to describe the flow 
of ground water plus dissolved salts and one to describe the transport of salts by 
ground water flow and diffusion. Usually also mechanisms like adsorption, decay and 
(bio )chemical reactions are implemented in solute transport models, yet they are of 
less importance in the analysis of fresh and salt water flow. 

The description of solute transport by ground water flow entails a problem. For 
flow problems we are used to represent the porous medium by a continuous one. 
Think for instance of the Darcy equation for the specific yield. However, because the 
water plus salts have to move through the interstices of the porous medium, local 
variations of the actual ground water velocity will occur. These variations in velocity 
will tend to level out high gradients in concentration. As we are not capable of 
including all local variations of ground water velocity in our model, we describe the 
transport of salt by ground water flow as a combination of two processes: transport 
by average ground water flow, which is referred to as convection or advection, and 
transport by variations in ground water velocity, so-called dispersion. Because 
dispersion, like diffusion, tends to level gradients in concentration, dispersion is 
treated analogous to diffusion, with one important modification: instead of a constant 
diffusion coefficient, dispersion coefficients are introduced that depend on the 
direction and magnitude of ground water flow. 

Solving the transport equation with standard finite element or .finite difference 
techniques poses serious problems (Bear & Verruijt, 1987; Kinzelbach, 1986; van der 
Eem, 1992a). Sharp fronts between high and low solute concentrations will disperse, 
even if the dispersion coefficients are set to zero ('numerical dispersion'). Also some 
numerical instabilities like 'overshoot' can occur. To suppress these problems very 
fine grids and small numerical time steps should be employed (Voss, 1984). Other 
ways to solve these numerical problems are the application of the random walk 
method (Uffink, 1987, 1990) or the use of the method of characteristics (Konikow & 
Bredehoeft, 1978; Kinzelbach, 1986; van der Eem, 1992a) 

5.1 Mathematics 

In addition to the flow equation for variable density ground water flow the 
transport equation is formulated to describe the solute concentration c as a function 
of time and space. The solute transport equation can be derived by taking the mass 
balance of the solute over an elementary soil volume. If porosity n is constant and 
there is no adsorption or decay we find: 

ac a a[ ac] a[ ac] _ ~ --(v,c)+-D .. _ + -Dm-ot ax; ax; '' axj ax; ax; (6) 
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where Dij are the dispersion coefficients (Bear, 1979), Dm is the coefficient of 
molecular diffusion, qwi an inflltration rate per unit of volume and qwa an abstraction 
rate per unit of volume (both positive for infiltration); c; is the solute concentration in 
the infiltrated water. 

De first term on the right-hand side of equation (6) describes transport by average 
ground water flow. The second and third term describe dispersive and diffusive 
transport, whereas the last two terms represent the effect of sources and sinks. 

The flow equation, from which the velocity v is determined, together with the 
transport equation describe the behaviour of a conservative solute in ground water. 
Because the velocity field determines solute transport and on its tum the solute 
concentration influences the velocity field we speak of coupled equations. 

5.2 Example of an application 

As an example the work of Van der Eem, Mulder and Verdouw is used (1989). 
They studied the possibilities of infiltration and abstraction in an aquifer, in the lower 
part of which brackish and salt water is present (figure 9). 

40 

±150m 

Mm [CI1 17000 

Figure 9. Geohydrological schematization en chloride distribution at the potential 
infiltration site (infiltration and abstraction in the middle aquifer). 

One of the results of their two-dimensional computations is shown in figure 10. They 
found that a large amount of overinfiltration was needed to prevent the abstraction 
wells from salinization. In the example they assumed infiltration for two years with 
115% of the design capacity of the system, whereas they only abstracted with half of 
its design capacity. An over-infiltration of 130%. Yet, if after two years the 
abstraction rate is increased to design capacity, they still find that the brackish and 
salt water might be attracted by the eastern line of abstraction wells (at the right hand 
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side of figure 1 0). 
After many simulations they finally concluded that deep well inftltration and 

abstraction is not feasible in an aquifer in which locally brackish and salt water is 
present. One has to bear in mind that if the abstracted water contains 1% of salt 
water, it is no longer suited for the production of drinking water without advanced 
treatment facilities. 

9 infiltration 

1!!1 abstraction 

" 
" 
" 

" 
" 

50m 
~ 

Figure 10. Chloride concentration after two years of infiltration at 115% and 
abstraction at 50% of the design capacity. 

5.3 Pros and cons 

( +) Solute transport models enable the simulation of the movement of brackish water. 

( +) The results of solute transport simulations can be clc;arly presented. !so
concentration lines indicate the boundaries between fluids with different densities. 
Shading between these boundaries can indicate the position of fresh, brackish and salt 
water bodies within the aquifer. Interpretation of these illustrations is straightforward 
and easy to do. 

(-) Solute transport models are complicated. One has to be aware of problems like 
numerical dispersion and instabilities, and one has to be familiar with the way these 
problems are solved in the selected computer code. 

(-) The models need a lot of input data and generate enormous amounts of output. 
Adequate pre- and postprocessors are needed to present and interpret the results. 

( +/-) Three-dimensional solute transport models are appropriate means to simulate the 
density dependent flow near well systems. However, to describe the flow-field near 
wells accurately, a very fine grid is needed. Yet, A fine three-dimensional grid will 
lead to a high number of numerical nodes, and thus too long computation times, even 
with the fast computers available today. 
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6 CONCLUSIONS 

A wide variety of simulation techniques are available to describe the flow of 
fresh, brackish and salt water. Three-dimensional solute transport models are the 
most sophisticated among them. Large amounts of input and output data and high 
computation times, however, limit their practical use at the moment. Instead, a 
combination of techniques can be applied to get a good understanding of the 
behaviour of fresh, brackish and salt water near well systems. 

It is advised to start with 'simple' techniques, allowing fast simulations. If 
possible, analytical solutions for flow systems should be examined. Variation of 
parameters like hydraulic conductivity and density differences between fresh and salt 
water, and determining their influence on the computational results, makes it possible 
to shift between important (sensitive) and less important parameters. Thus, indicative 
simulations with relatively simple techniques, can largely reduce the number of 
simulations with more complicated models. 

This article is focused on computational techniques for variable density flow. lr1 
examining the flow of fresh, brackish and salt water near deep well infiltratiort 
systems, frequently models for uniform density flow are applied. If the salt 
distribution is steady before abstraction and infiltration begins, the influence of these 
new abstractions and infiltrations on the flow field can be determined by a uniforrrt 
density computation. In such a situation density differences have no effect at all o:rt 
the initial response of the ground water system due to new stresses imposed on it
The distribution of ground water density first has to change before densitY 
differences will have an impact on the response of the system. 
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