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(ABSTRACT)

Prediction of subsurface migration of contaminant through soils involves analyses of unsaturated
and saturated flow of water and advective dispersive transport of contaminant species. A finite ele-
ment model is developed here for such an analysis. It is based on the transient nonlinear Richard’s
equation for the unsaturated flow and the mass transport equation using advective dispersive
transport phenomenon. The model makes it possible to make advance predictions of the spread
of the contaminant with respect to time and space, into the ground water system. The hydraulic
properties of the unsaturated soils and the dispersion characteristics need to be obtained for such
an analysis. The unsaturated flow parameters are obtained from a functional relationship between
capillary pressure head and moisture saturation, and can be determined from laboratory tests on
simple column samples of soils. A general expression is assumed to account for the effect of velocity
dependence of the hydrodynamic dispersion coefficient in the mass transport problem. A computer
program POLUT2D is developed based on the above assumptions. Pre and post processors for
the computer program POLUT2D are also developed for interactive input of data and graphics
displays of results. The computer program is first evaluated by comparing the results of a problem
given in the literature with the results obtained by POLUT2D. The factors affecting the contam-
inant movement and distribution such as dispersivities, hydraulic conductivities and the effect of
cutoff walls in controlling the spread of contaminant plume are studied. Also in this regard, the
movement and spread of a contaminant at a landfill site in New Castle County, Delaware, is studied

by comparing the simulated pattern of plume with the observed pattern.
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CHAPTER 1

Introduction

With the increasing concern for the preservation of natural resources, there has been pronounced
awareness of the potential for groundwater contamination by leachate from dumps and landfills.
Freeze R. and J. Cherry 1979, have defined contaminant as all solutes introduced into the hydrologic
environment as a result of man's activities regardless of whether or not the concentrations reach levels
that cause significant degradation of water quality. Ground water contamination can be linked back
to the following:

(1) Industrial pollution, which is carried to the aquifer by used waters which contain chemical
compounds and trace elements (for example metals) or waters which are at a rather high temper-
ature. (for example radioactive pollution from atomic plants can be brought in this way.). The
major causes are rain infiltrating through waste disposals or by accidents like the breaking of a
pipeline.

(2) Domestic pollution, which is carried to the aquifer by causes such as rain infiltrating through

sanitary landfills or accidents like the breaking of the septic tanks.
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(3) Agricultural pollution, which is mainly due to irrigation water or rain carrying fertilizers,
minerals, salts herbicides and pesticides into the aquifer.

(4) Environmental pollution is mainly due to the seawater intrusion in the coastal aquifers.

Predicting the transport of hazardous wastes in soils is a complex problem that requires an
understanding and quantification of the physical, chemical and biological mechanisms contributing
to the dispersion, retardation and degradation of the wastes. Ground water models have been de-

veloped to simulate one or more of the following phenomenon:

¢  Ground Water Flow
¢  Solute or Pollutant Transport

¢  Phased Transport

Ground water flow addresses the physical processes that govern ground water movement.

Solute or pollutant transport couples the hydraulics of ground water flow with the physical,
chemical and biological processes that control the migration and degradation of chemical constitu-
ent dissolved in ground water. Phased transport includes the physical, chemical and biological
processes that control the migration and disposition of chemical constituents that exist in a separate
phase within the ground water regime. Ground water models that couple two or more of these

models are able to abstract a variety of complex hazardous waste problems.

Pollutant Transport Models

There are three different types of ground water models, as illustrated in figure 1.1, which have been

or are in use:

Physical Models
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Physical models are the reduced scale versions of the real situation. They are often known as sand
boxes and are common in petroleum reservoir engineering (Van Meurs 1957, Muskat 1937). Al-
though physical models can be useful in evaluating certain processes because they duplicate the real
world situations including geometric, kinematic and dynamic similarities (Bear 1972), the amount
of time required to construct such models is a major disadvantage to their use. They have been

largely replaced by other types of models.

Analog Models

Analog models are made of completely different materials from the physical problem. However,
there is a one-to-one correspondence between each dependent variable in the analog and the
physical systems. The analog models basically mimic hydraulic processes with electrical or thermal
systems (Scheidegger 1957). One important advantage of the physical and analog models is that the
solution is continuous in the time domain. But now a days they have been generally replaced by

mathematical models because of the costs and time involved.

Mathematical Models

Mathematical models rely on the solution of an equation or sets of equations to describe the
processes of ground water hydraulics and contaminant migration. Mathematical models have largely
replaced physical and analog models due to the recent availability and advancement in the computer
technology. The majority of ground water and pollutant transport models are mathematical models.

The mathematical models, as shown figure 1.1 can be divided into three categories:
®  Analytical or closed form

e  Statistical Model

¢ Numerical Models

In the analytical or closed form, due to the complexity and nonlinear nature of the governing
equations, the problem is idealized and over simplified and the analytic solution obtained is ex-
pressed in the form of an infinite series or a complex integral. An over simplified problem has less

practical value as it is applicable to a specific and simple case. An analytical solution involving any
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Pollutant Transport Models

|
Physical Models Analog Models Mathematicatl Models

Finite Difference Finite Element Boundary Element Method

Figure 1.1 Overview of Pollutant Transport Models
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form of infinite series or a complex integral may still need a digital computer for evaluation. Bear
1972 and Javendal et al. 1984 have given extensive review of the analytical methods.

because of the limitation of data availability, statistical models rely on probability and statistics to
address the complexity of hydrogeological problems. Statistical models are hybrids, composed of
an analytical or numerical model and statistical framework.

There are basically two procedures for solving governing differential equations numerically, the fi-
nite difference method (Smith 1965, Peaceman 1977), the finite element method (Bathe 1976, Desai
1979, Zienkiewicz 1977) and also there is a relatively new method known as Boundary Element

Method (Brebbia and Walker 1980).

Finite Difference Method

In the finite difference method, spatial derivative terms of the dependent variable are approximated
by the finite differences of the variables and distances between adjacent grid points. Similarly for
a time dependent problem, finite difference approximation is made for time derivative terms. The
solution proceeds for each discrete time step At. The difference equation turns out to be a series
of algebraic equations and can be solved for unknowns by substituting the given boundary condi-
tions. The finite difference method has been widely used in solving the flow problems. Tanji et al.
1967 were among the first who employed finite difference models for the simulation of mass trans-
port in saturated-unsaturated porous media. A relatively recent contribution in the area of mass-

transport problems is by Wierenga (1977).

Finite Element Method

The finite element method discretizes the whole domain by using smaller elements. By the vari-
ational or the residual method, a series of algebraic equations for each finite element is developed.
Then the local element level algebraic equations are assembled into global level algebraic equations
and unknowns are solved by applying the boundary conditions. A number of books on this subject
are available (Zienkiewicz 1977, Bathe 1982, Desai 1979, Reddy 1984). The finite element method

has a greater flexibility and capability for handling complex geometric conditions, than does the fi-
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nite difference method. Thus more and more researchers have applied the finite element method
to flow problems since 1970’s. A one dimensional finite element model for mass transport problems
assuming steady state flow, was developed by Guymon et al. (1970). As an example of two di-
mensional pollutant transport model, van Genuchten (1983) used Hermitian finite element formu-

lation to solve for two-dimensional saturated-unsaturated flow and mass transport equations.

Boundary Element Method

The boundary element method (BEM) is a relatively newcomer in numerical analysis. This method
also creates an integral form of the governing flow or transport equation relying on boundary rather
than areal integrals. This method holds promise for reduction in computational effort through re-
duction in problem dimensionality. The other aspect of the boundary element method is that the
resulting matrix is full, whereas in finite element or finite difference methods matrix is sparse and
banded, which helps in computer storage and speed. The Boundary element technique can be used
to solve the advection dispersion equation (e.g Brebbia and Skerget 1984) but to date, it has not

found significant applications in the solution of contaminant transport problems.

Scope of Study

In this thesis, the aim is to study a finite element procedure based on the two dimensional
unsaturated-saturated flow and advective dispersive transport of a contaminant. The computer
program POLUT2D along with the pre and post processors, which have been developed to allow
interactive input of data and graphics displays of results, are used in this study. In order to evaluate
the computer program, the solutions of a problem given in the literature are compared to the results
obtained using POLUT2D. The effect of various parameters such as dispersivities, hydraulic
conductivities are studied including the effect of cutoff walls in controlling the spread of contam-
inant plume. The program is then used to model spread and movement of contaminant at a landfill

site located in Delaware, by comparing simulated values with the limited observed data.
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Summaries of Various Chapters

Chapter 2 of this thesis describes the model used for unsaturated flow. It includes a discussion on
the unsaturated hydraulic conductivity. Chapter 3 describes the transport phenomenon in a porous
medium, and the derivation of the mass transport equation with advection and dispersion with a
general discussion of dispersion coefficient. Chapter 4 describes the finite element formulation. The
formulation is based on the Galerkin’s method for mass transport equation and uses iterative
technique for non-linearity and a general time integration scheme. In Chapter 5, an example
problem given in the literature is solved and compared with the known solution. In Chapter 6, an
attempt is made to model the spread of contaminant at a landfill site in New Castle County,
Delaware based, on the observed values of contaminant at well points. Conclusions derived from
this study are presented in Chapter 7. A user’s guide for the computer program POLUT2D is given

in the appendix.
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CHAPTER 2

Unsaturated Flow Through Porous Medium

General

The unsaturated subsurface flow is subjected to two conditions: (1) flow through unsaturated
medium above the water table and (2) flow through fractured zones or conduits of solid rocks above
the water table.

In the case of unsaturated flow through porous medium above the water table, where the surface
of solid grains is relatively large as compared to the volume of moving water, the air within the
media is in direct contact with the atmosphere, which determines its pressure. Under the second
condition, i.e. unsaturated flow through fractured zones or conduits of solid rocks above water ta-

ble, contact is made to the atmosphere but it is less affected by intermolecular forces.
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Darcy’s Law

The constitutive law for the flow problem in porous medium is Darcy’s Law and it is extended to

unsaturated flow in z-direction in an isotropic soil as;
= k(-2

Where :
V, = specific discharge in z-direction
K(h) = Unsaturated Hydraulic Conductivity
h = Hydraulic Head
Z = Depth

Darcy’s Law as expressed in equation [2.1] is an experimental conclusion as conctuded by Henry
Darcy in 1856. It is generally agreed that Darcy’s Law holds for saturated and unsaturated flow with
transient and steady state conditions (Freeze R. and J. Cherry 1979). But over the years, many in-
vestigators (e.g Rose, H. 1945) have found that Darcy’s Law is no longer valid as the specific dis-
charge crosses certain limits. The dimensionless number, Reynold’s Number R, is used as criterion
to indicate the flow pattern, i.e laminar or turbulent. For flow through porous medium, R, is de-
fined as R,= ¢ % where q is the discharge, v is the kinematic viscosity of the fluid and d is the some
length dimension of porous medium grain.

It is accepted at low Reynold’s numbers, flow in a porous material is laminar, viscous forces are
predominant and therefore Darcy’s Law is valid. As the Reynold’s number increases, inertial forces
govern the flow and experimental results deviate from Darcy’s Law. This is the upper limit for the
validity of Darcy’s Law (Bear 1979).

Many investigators (Kutilek 1969, Bolt and Groenevelt 1969, Low 1961) found that if the hydraulic
gradient of a fluid in a porous material is lower than a critical value, then there is a very little flow

and Darcy’s law does not hold true. This is the lower limit for the validity of Darcy’s law.
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Bear (1979) suggests that for practical purposes, Darcy’s Law is valid as long as the maximum value

of R, based on average grain diameter does not exceed some value between 1 and 10.

Unsaturated Flow Equation

Consider a unit volume of porous medium such as that shown in figure 2.1. The control volume
considered in figure 2.1 is assumed as partially saturated and by applying the equation of continuity,
equation [2.2] is obtained. It reveals the time rate change of storage due to water expansion and

aquifer compaction (Freeze, R. and J. Cherry 1979).

7] [7} 5}
PVi=a5 eV = pVit pVe =5 (oV)) —p Vo =7 (pnS) [2.2]
Where:
p = Density of Fluid
S = Degree of Saturation

n = Porosity

V.,V> = Specific Discharges in X and Z directions

The above equation can be simplified as:

9 0 _,sle oom 23S

The above equation can be further simplified by ignoring the first two terms on the right hand side

of equation [2.3], because first two terms are much smaller compared to the third term

: o . 85
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Figure 2.1 (Elemental Control Volume For Flow Through Porous Medium)
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The degree of saturation S, is related to the volumetric water content 6 by the following relation;

0
5= [2.5]

The equation [2.4] can be written by using n8S = 86 and by using Darcy’s Law;

0 oh
2 k2o + 2 kT = L [26]
28 oh . . . .
The right hand side of equation [2.6] is —- o ot and a coefficient of moisture capacity C, is defined
as %i— and hence the following equation is obtained;

oh
aX (K3 oX %)+ az K3 oz =G ot

[2.7]

In the above equation [2.7], K(h) and C, are functions of the type of soil and each is a non linear
function of the pressure head. In unsteady or transient flow, the pressure head is varying with time,
whereas in the case of a steady state it is no longer time dependent and the right side of the equation
[2.7] is equal to zero.

In order to evaluate the parameters, unsaturated hydraulic conductivity K(h) and coefficient of

moisture capacity C;, one has to obtain soil water retention curve for that particular soil.
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Water Content Vs Pressure Head Relationship

A typical soil water retention curve ( 8 - h) or water Content vs. Pressure head relationship s il-
lustrated in figure 2.3. It is obtained by conducting laboratory tests on simple column samples of
soils using Tempe Cell.

In the Tempe Cell (figure 2.3), first of all the sample is made saturated. It can be accomplished by
exerting a positive head on the sample by filling up the burrett with water. The process of making
a sample saturated is a very slow, usually taking about twenty-four hours and also there is a porous
stone (with permeability = 1 x 10® cm/sec ) between the sample and the supply of water. This
process time can be reduced by pumping air into the burett and thus pushing the water at a much
faster rate into the sample.

After the soil sample is made saturated, soil water retention curve is obtained by draining the water
from the sample into the burett. It is necessary to determine the time at which soil sample has
reached equilibrium, under the pressure of given suction head. This is achieved by taking readings
on the burrett every few minutes. After the soil reaches equilibrium, the suction head is increased
and the whole process is repeated until no more water can be drained out of the sample. The
volumetric water content 8 can be obtained for a given suction head by measuring water displaced
and a plot similar to figure 2.2 is obtained.

As shown in figure 2.2, soil-water retention curve has hysteresis. If wetting (saturation) and drying
(drainage) experiments are conducted on a soil, there will be two different curves showing hysteresis
and hence different parameters may be required to define both the curves. For simplicity purposes,

it has been decided that drying curve represents in an acceptable way the overall behavior of 8 — A

relationship.
In figure 2.2, residual water content 8, is defined as the water content at which the gradient % in

8 — A curve becomes near zero at very large suction head. The saturated water content 8, is the
point where 45 becomes zero near the saturation point. The coefficient of moisture capacity C; is

dh

the slope of the soil water retention curve.
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Figure 2.2 (Typlcal Soil Water Retention Curve Showing Hysteresis)
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Unsaturated Hydraulic Conductivity

The unsaturated hydraulic conductivity is related to the saturated hydraulic conductivity by;

K,=KK, [2.8]

Where:
K, = Unsaturated hydraulic conductivity
K. = Relative hydraulic conductivity ratio

K, = Saturated hydraulic conductivity

According to Mualem, Y. (1976), the methods for obtaining relative hydraulic conductivity in un-

saturated soils, can be divided into two categories:
e Relating X, to Effective Saturation ( S,)

¢ Relating K, to Pressure Head and Water Content Relationships

In the first category, expression for relative hydraulic conductivity is based on a generalization of
Kozney’s approach for saturated and unsaturated porous medium. In this approach, relative hy-

draulic conductivity is a power function of the effective saturation. (Mualem, Y. 1976)

K, = Se“ [2.9]
and
5=2=0 2.10
e es — er [ . J

Where:

S, = Effective Saturation
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Residual Water Content

S

Saturated Water Content

> o
]

= Volumetric Water Content

0.0 for S,=0.0

1.0for S,=1.0

For this method, Averjanov [1950], suggested that « = 3.5, whereas Irmay (1954) proposed &« =
3.0. According to Brooks and Corey [1964] for many types of soils, « = 3.5 leads better agreement
with observed values than with « = 3.0.

In the second category, K, is obtained from & — 4 relationships. The Burdine (1953) equation as

used in petroleum engineering, relative hydraulic conductivity to water content vs pressure head

relationships;

K=52—"2=0__ [2.11]

[2.12]

CHAPTER 2 17



There are other models in this category, i.e Farrel and Larson (1972), Wyllie and Gardner (1958).
Mualem (1976) tested his model against those of Wyllie and Gardner, and Averjanov and showed
that his model minimized the difference between predicted and measured values.

The Burdine’s and Mualem’s equations are related to each other by the means of a general

equation. (Osmun, D. 1988)

K= [2.13]

Burdine’s Equation:n = 2,a = 2,b =

Mualem’s Equation :n = 0.5,a = 1,b = 2

van Genuchten (1980) modelled soil-water retention curve by use of two parameters « and n. He
proposed a continuous emperical function for relating effective saturation to pressure head using n

and a.

S, = [1+|ah"T™ forh <0 [2.14]

= 1.0 forh > 0
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van Genuchten further concluded that the Burdine based equations are less accurate than the
Mualem based equations. This is also consistent with the Mualem’s comparisons with the Burdine
equation.

By substituting equation [2.14] into equation [2.10], the following equation for soil-water retention

curve is obtained;

Bs"gr

_— forh <0 2.15
Otk " [2.1°]

6 = 0,+

= 0 forh > 0

Where:

m = 1--}7

The coefficient of moisture capacity, C; as it is used in the unsaturated flow equation is;

1 1
Ci=—r= =—oam@,—0)S,m (1-85,m)" forh <0 [2.16]

0 forh>0

]

Similarly Van-Genuchten derived expression for relative hydraulic conductivity as follows;

2
K(S) =8 [1- (1= 5,7)"] [2.17)

The above equation can be written by substituting the expression for effective saturation.
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[1= k" {1+ ek T

K (h) = - [2.18]
[1+]ak]"]2
The expression for unsaturated hydraulic conductivity can be written as;
[1—(eh|" "1+ ak |"}"”]2
KM= K, [2.19]

m
[1+]|ak]"]2

The equation relating pressure head to relative hydraulic conductivity is displayed as in figure 2.4

for typical values of n and «.

Back Pressure

A typical effective saturation - pressure head relationship for a wetting curve is shown as figure 2.5.
However for a wetting curve , the saturation may be less than 1, when the pressure head is positive.
The positive value of pressure head, where saturation is reached, is termed as back pressure. 1In
order to allow for back pressure in the van Genuchten theory, the following modification is

adopted. (Osmun, D. 1988)

let h = hy, —hg,
Where;
h = Pressure value to be used in Van Genuchten’ equation
hyn = Pressure head

hp, = Back pressure for that particular type of soil
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The Van Genuchten’s equations can be rewritten as;

Se = [1 + [a [Ap—hg, | TT" forh < g, [2.144]

= 1.0 forh > hg,

and Volumetric Water Content relationship is written as;

6.—6
0 = 0,+ 7 forh < A 2.15
’ [1+ [a|hy,—hg)1" 1" Br (2134

s forh > hg,

Where:

m = 1-%

These modifications are implemented in the computer program POLUT2D.

Van Genuchten’s Parameters

There are five different parameters K, (Saturated hydraulic conductivity); 8, (Saturated water con-
tent at h = A, ); 8, (Residual water content); « and n, used in the van Genuchten’s equations
{2.15] through [2.19]. The first two parameters have clear physical significance. The residual water
content is strictly a emperical coefficient which yields the best fit to the data over a desired range

of 6. Similarly n and « are also curve fitting parameters. The effects of « and n are shown in figure
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2.6 . In the first part, the value of n is kept constant and « is varied from 1 to 5, the curve shifts
towards the vertical axis. In the second part, the value of « is kept constant and n is varied from 2
to 6, here the slope of the curve becomes shallower.

The parameters « and n are inversely related to the air-entry tension and the width of pore size
distribution, respectively (van Genuchten 1978a). According to a study by Kool et al. (1985), the
value of « generally ranges from 1.6 to 16.0 ft!, while n ranges from 1.1 to 3.5. The lowest value
reported for « is 0.5 ft! for a heavy clayey soil. The upper value for n is about 10 for materials with
extremely narrow pore size distribution. The high values for n and « generally correspond to sandy
soils while fine textured soils such as clays have lower values.

Kool, Parker and van Genuchten (1985) performed numerical studies on hypothetical soils to
evaluate factors which effect the determination of soil parameters. They investigated solution
uniqueness and sensitivity to error in laboratory experiments. They recommended that initial trial
parameters should be reasonably close to their actual values in order to reduce chances of finding
an erroneous solution and to enhance the speed of convergence. The “average” initial values, for
instance n = 1.75,8, = 0.150,and « = 0.762 ft-! for most medium textured soils should give
good results. The initial values can be adjusted for soils with different particle size distribution.
Parker, Kool and van Genuchten (1985) then performed One - Step Outflow Experiments on four
soils. They determined the parameters « and 8, and n using three different methods of fitting curves
to experimental data points. Typical values of these three parameters are given in Table 2.1.
Estimating parameters from any data to some degree of accuracy involves tedious mathematical and
statistical procedures. General trends can be interpreted from the existing results until a larger data

base is established for soils.
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Table 2.1. Parameter Values for van Genucten model (Kool et. al 1985)

CHAPTER 2

So Particle size distribution (%) | Bulk Density o K
i Sand | Sit Clay om’ s e
Sandy Loam -
- Granular Structure | 51 24 25 97 0358 20x10
Silty Loam
- Granular Structure | 28 56 15 98 0.388 s0x10"
Sandy Clay Loam
- Granular Structure 58 18 26 26 0.402 -
33x10
Clay
- Massive Weathered | 21 31 48 89 0.589 -
Shale T.0x10
(a) Measured Soll Properties
VYan Genuchten Parameters
Solt °
n a ff g
Sandy Loam
- Granular Structure 1.301 0.375 0.110
Sitty Loam 1.44 0.173
- Granular Structure 1.461
Sandy Clay Loam
. Granular Structure 1.228 0.713 0.199
Clay
- Massive Weathered 1.319 0.0244 0.127
Shale
(b) Van Genuchten Parameters
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CHAPTER 3

Transport Phenomenon In Porous Media

General

There are two main approaches that are commonly used for the prediction of the behavior of most
chemically reactive inorganic contaminants in the groundwater (Cherry et al. 1984). The first ap-
proach has the objective of predicting the advance rate of the front of contaminant zone emanating
from a continuous or a temporary source by incorporating simple chemical mass-tranfer term re-
presenting adsorption in the advection-dispersion equation. The second approach has the objective
of predicting the contaminant concentrations that will occur in the zone of contamination after
chemical mass transport has caused equilibrium concentrations to be achieved by precipitation,
dissolution, oxidation or reduction. The first approach has its origins in applied chemical
chromatography and the second approach is adapted from the chemistry of electrolyte solutions

by geochemists interested primarily in seawater and surface continental waters.
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The movement of contaminants in ground water is governed by a complex interaction of four

processes;
¢ Mechanical Dispersion

] Molecular Diffusion

e  Hydrochemical Interaction

e  Biological Action

Mechanical dispersion is the phenomenon of scattering and is due to the velocity fluctuations re-
sulting from the varability in flow paths of the porous medium. Uniform Sandy soils may yield
one particular type of flow velocity as opposed to a fractured rock geological formation.

Molecular diffusion is the phenomenon related to the thermal kinetic energy contained within spe-
cific particles. This phenomenon is significant in fine grained soils such as clays, because ground
water velocities are normally very small and molecular diffusion can play significant role in the
movement of contaminant.

Hydrochemical interaction is the process that occurs between porous medium and fluid and its
significance varies to a great extent, based on the type of medium and other natural conditions. For
example in clayey soils, the predominant reactions would occur in the form of ion exchange and
therefore cation exchange capacity is a major factor. Lime stones tend to dissolve in water
producing high hardness of water. These reactions would continue until an equilibrium is achieved.
The hydrochemical interaction in contaminant transport models has not been used widely
(Cheremisinoff et. al. 1984).

Biological activity in ground water is the most difficult process to quantify. Biological actions are
less complex in the saturated zone than in the unsaturated zone because of the filteration of
organisms and organic matter by the soil, sometimes in the top few feet of the soil. Data on the
biological activity is scarce and it is not normally incorporated into transport models.

The above mentioned four processes usually occur simultaneously in zones of contaminated
groundwater; therefore the use of predictive methods that represent certain processes with the ex-
clusion of the effects of processes is usually based on convenience conceptualization rather than a

quest for realism.
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The movement of contaminants in ground water is an inherently a three dimensional process. Ac-
cording to Domenico and Robbins (1984), that even a low-order transverse dispersion, acting over
a long distance, can substantially affect the configuration of contaminant plume. The three dimen-
sional modeling of transport of contaminants can be very expensive, both in terms of human and
machine computations, therefore at present time, most of the contaminant modeling is done in two
dimensions. Burnett D. and Frind E. (1987a, 1987b) studied the dimensionality effects on the
movement of contaminants. They concluded that in a vertical two dimensional plane model, the
horizontal transverse mass loss is neglected, and hence the simulated plume advances farther than
the real plume. This effect becomes noticeable at a horizontal dispersivity as low as 1 cm. In the
case of horizontal two-dimensional plane model, it under estimates the actual concentrations in the
aquifer by substantial amount and hence it provides no margin of safety. The vertical two dimen-
sional plane simulation on the other hand can be regarded as conservative in the sense that it pre-

dicts concentrations higher than the actually would be expected.

Mass Transport Equation With Advection and Dispersion

In the derivation of mass transport equation, two processes are considered, i.e advection and
dispersion. Advection refers to the transport of contaminants at the same speed as the average linear
velocity of groundwater. Dispersion in porous material refers to the spreading of a stream or discrete
volume of contaminants as it flows through the subsurface. For example, if a spot of dye is injected
into porous material through groundwater flowing, the spot will enlarge in size as it moves down-
gradient. Dispersion causes the contaminant to spread over a greater volume of aquifer than would
be predicted solely from an analysis of groundwater velocity vectors. The advection- dispersion
equation is derived by combining a mass balance equation with an expression for the gradient of

mass flux.
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Consider a unit volume of porous medium such as shown in figure 3.1. It is assumed that, porous
medium is homogenous and isotropic, and Darcy’s Law and Law of Conservation of Mass is ap-
plicable. The concentration of the solute, C is defined as the mass of solute per unit volume of
solution. The porosity of unit volume is n and therefore the mass of solute per unit volume of
porous medium is nC. The mass of solute transported in Z-direction can be represented as; (Bear

1979, Freeze and Cherry 1979)

Mass transport by Advection = V,5CdA

Mass transport by Dispersion = nD, —g% dA

where V, is the average linear velocity and is obtained by dividing specific discharge by porosity. i.e

== V, is the specific discharge in Z-direcion, D, is the dispersion coefficient in Z-direction,

dA is the elemental cross-section area. Let F, F, represent the total mass of solute per unit

Vi

cross-sectional area transported in the X and Z direction per unit time, then;

ac

Fy=VaC- nDy = [3.1]
Fy=VnC—nD, 25 [3.2]

Now applying the law of conservation of mass, i.e total amount of solute entering the unit volume
is equal to the amount of solute leaving the unit volume plus the difference in the amount in en-

tering and leaving;

oF, oF, aC
X Tz T " a [33]
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Figure 3.1. Control Volume for Mass Transport Equation
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0 oC 0 oC J =
| 0.2+ Z 0.2~ F 7o+ ZFol-L& [3.4]

It is possible to include the effects of retardation of solute through adsorption, chemical reaction,
or radioactive decay. In this case, source - sink term is also included. The following equation is

obtained; (Huyakormn, P. and G. Pinder 1983)

) aC 3 aC 3 = 3 = =\ = _pdC
[aX(DXaX”az(Dzaz)]_[EY(VXC)J”EUZC)]“LFC’LQ'R o L33]

Where:
R = Retardation Factor
Q = Zero Order source or sink
F = First Order decay coefficient

The retardation factor, R is defined as the measure of the ratio of the velocity of water flow to the
velocity of the contaminant in the aquifer. For example low molecular weight compounds or vol-
atile organics may travel quite readily through the saturated zone. Freon is one compound which
is not readily adsorbed and is thus able to enter the groundwater and be transported to considerable
distances. Some common compounds with their respective retardation factors are: Cholorform 3;
1,1,1- trichloroethane 6; chlorobenzene 35 to 40 (Cheremisinoff et. al 1984).

The coefficient F is a first order radioactive decay coefficient and it is used in situations where the
material undergoes first order decay. It is defined in terms of the half life of the species. For sub-

stances, which are not radioactive in nature, F is zero.
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Dispersion Coefficient

In order to evaluate dispersion coefficient, there are two approaches which are commonly em-
ployed. (Bear 1979). In the first approach, the porous medium is replaced by a fictitious, greatly
simplified model, in which the spreading of solute that occurs can be analyzed by exact math-
ematical models. Examples of this approach are a single capillary tube, a bundle of capillaries, an
array of mixing cells. The second approach is to assemble a statistical model of the microscopic
motion of solute particles and to average these motions in order to obtain a macroscopic evaluation
of them. (Saffman 1959, 1960; Wilson and Gelhar 1974).

In the first approach the coefficient of hydrodynamic dispersion D, is defined as the sum of the
coefficients of mechanical dispersion D and of molecular diffusion in a porous medium D, (Bear

1979).

Dy=D + Dy [3.6]

The works of Saffman (1960) and Bear and Bachmat (1967) are the examples of investigations to
obtain the expressions for Dy,

In Saffman’s model (1960), he obtained two components of hydrodynamic dispersion coefficients,
i.e coefficient of longitudinal dispersion Dy, and coefficient of transverse dispersion D,r by intro-

ducing the effect of molecular diffusion through Peclet number, P,. The model is expressed as;

2
Dy = Dyim+ 1"5 ) for P, < < 1
p2
Dyr Dd(m'*'j‘:)—)
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and

2
P, 17P, 2 Pe 4 2
Dy =~ |( 3 ) In(1.5P,) — ( 7 )= (R) ag tmtyg D, for 1<P,<8(R/)

2
Dy =~ 3P"+(R/l)2 Pe m-L|D
hT 10 40 3 d

Where:
VL
Dy

L being some characteristic length of the pores, V is average velocity.

P. = Peclet Number =

R = (24K/|n)*s
K and n are the mediums permeability and porosity respectively.
! = Pore length

m = Emperical coefficient = (1/3 < m < 2/3)

Bear (1979), for an isotropic medium, obtained the following relationship for coefficient of

dispersion;
Dy = arVéy; + (ap, —ap)ViV)/V + Dy [3.7]
Where:
ap = Longitudinal dispersivity
ar = Transverse dispersivity
d; = Kronecker’s delta
V = Magnitude of velocity vector

For cartesian co-ordinates and velocity vV (Components V,, V;), the equation [3.7] can be written

as;
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v 7

Dy = aL= +oar= + Dy
D V§+ f/—J%%-D
= o] — o ——=

z LV TV d
V =V + V2

= Vi

Vi=

n = Porosity

In contaminant movement in aquifers the contribution of molecular diffusion to the hydrodynamic
dispersion equation [3.6] is usually negligible in comparison to mechanical dispersion term. In finer
grained soils sﬁch as unfractured clays, clayey silts, and shales the groundwater velocities are
normally low, and molecular diffusion is significant. Diffusion coefficients for various solutes have
been given by Rose 1977, and they are given in table 3.1.

The validity of equation [3.7] is a controversial matter. It is generally accepted that equation [3.7)
is useful as a emperical relation for laboratory studies of solute transfer through saturated soil col-
umns. The values of dispersivities are in the range of 0.01-1.0 cm. For field applications, many in-
vestigators (e.g Fried 1975; Biggar and Nielson 1976; Gelhar and Axness 1983) have shown that
equation [3.7] can be used but with the values of dispersivity many times greater than the observed
values in laboratory experiments, values of upto 650 ft have been reported. (Freeze et al. 1979).
Reddell and Sunada (1970) suggest that this wide difference in the field and laboratory dispersivity
estimates is because of the non-homogenous and anisotropic nature of real ground water flow sys-
tems in contrast to laboratory studies, which are usually performed on homogenous materials.
Values for field dispersivities are normally obtained by trial and error adjustment of the values of
apand ar in a mass transport model of a field situation wuntil the simulated migration pattern

closely resembles the pattern observed in the field.
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For unsaturated porous media, the validity of equation [3.7] is also under discussion. Kirda et al.
(1973), Hildebrand and Himmelbau (1977), and Yule and Gardner (1978) report measurements of
dispersion coefficients in unsaturated media, which seem to indicate a relationship of equation [3.7]
but with a much higher values of dispersivity than for saturated laboratory experiments. De smedt
and Wierenga (1984) report for a porous medium of glass beads with a diameter of 0.01 cm, a
dispersivity value equal to 0.021 cm under saturated conditions, increasing by a factor of 20 in the
case of unsaturated flow. Also for sands of different grain sizes, Klotz (1980) found a significant
increase in the dispersivity values under unsaturated conditions as compared to saturated flow.

In the computer program POLUT2D, equation [3.7] is used and the values of the dispersivity can

be used in accordance with the conditions.
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Table 3.1, Dittusion Coefficlents of some solutes (Rose 1977)

Coefficlent of Molecular Diffuslon
Solute 2
ft/day
Gases 10
3
Inorganic solute lons 10
3
Organic Molecules 10
CHAPTER 3
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CHAPTER 4

Finite Element Formulation

General

The governing equations for saturated-unsaturated flow using van-Genuchten model and mass
transport phenomenon are described in chapters 2 and 3 respectively. Since the equations are non-
linear, numerical analysis becomes the only practical way to solve them. The finite element tech-
nique is one of the versatile and favored simulation methods available for the pollutant transport
in a porous medium because it involves solving for arbitrary domains and heterogeneous and non
linear materials.

Many researchers have modelled the movement of contaminants in the ground water systems.
Freeze, R. (1972), developed a finite difference model for predicting the convective transport of
contaminants in a cross-sectional subsurface flow system, neglecting dispersion and retardation
processes. Pinder (1973), formulated an aerial mass transport model with the Galerkin technique

utilizing isoparametric quadrilateral elements and simulated contaminant movement on Long Is-
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land, New York. Pickens and Lennox (1976) developed a finite element program based on Galerkin
technique to formulate the problem of simulating the cross-sectional subsurface transport of con-
taminants in a steady state two dimensional ground water flow system. Rowe and Booker (1985a,
1985b) used closed form solution for one and two dimensional contaminant transport models with
constant dispersion coefficient. A one dimensional finite element model using unsaturated flow ve-
locities is presented by Senthilkumar (1986).

A one dimensional analysis may be adequate provided the width of landfill is large enough com-
pared with the depth of the layer and transport is predominantly vertical. If however, the plan di-
mensions of the landfill are comparable with the depth of layer, both horizontal and vertical
transport may occur.

In this chapter, finite element formulation of two dimensional mass transport model with advection
and dispersion using velocity fields, is presented. The unsaturated flow equation is used to obtain
velocities using van Genuchten model. The velocities obtained are then coupled with the mass

transport equation to get the concentration spread.

Finite element formulation of flow equation

The flow equation as given as equation [2.7] is;

9 oh .. 0 oh . _ - oh

Consider a four noded quadrilateral, two dimensional element as shown in figure 4.1 and shape
functions are assumed as bilinear. The variable nodal head h within a quadrilateral element is ap-

proximated as;
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h = Nh=[NJ{g) =[N, Ny Ny NJ{h by by h)7 [4.1]

Where N, are the bilinear shape functions and are given as;

Ni= (1 + Wl)(l +VV,) i= 1,2,3,4

N

Where u and v are the local co-ordinates. (figure 4.1).

Differentiating equation [4.1] with respect to spatial co-ordinates as;

Bh
{g}=[MM} [4.2]

oZ

The derivatives of the shape functions with respect to spatial co-ordinates are;

o] 2N oN, 17 -
Differentiating equation [4.2] with respect to time co-ordinates as;
T
Bh _ o oh, oh, Ohy ahy
ar = [N {an} =[N { at at ot at [44]

The element equation in matrix from can be derived by applying variational procedure to equation

[2.7] as;
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CHAPTER 4

P

Local Co-ordinates

4 - Node Isoparametric Element

41



[K1{gn} + [Krl{g} = {2}

Where:

[K]= “[BJ TLCIBYdxdz

2

[Klr= “ Ci[N] [N]dxdz
x F4
The applied nodal seepage vectors are given by;

Q=T & & @'

and

. fom ok o\
{a} = at at at at

Also [C] = constitutive matrix

K. K,
[ =
K K,

CHAPTER 4
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Where K., K., K, and K,, are the unsaturated hydraulic conductivities and for the value of angle
of anisotropy equal to zero, the values for K, K., are zero.

The element equations are assembled to obtain the global equations and are solved for the nodal
values of h (head). After substituting the values of nodal heads into equation [4.2], the fluid veloc-

ities in X and z direction can be obtained for each element.
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Finite element formulation of mass transport equation

The mass transport equation with advection and dispersion is given as equation [3.5];

0 5 0C. . 2 o 3 [0 sl 7olsFess o g2
[aX(DX ox )t oz (Dzaz)] [aX(VxQ+az (VZC)]+FC+Q‘R ot

Where:
R = Retardation Factor = 1
Q = Zero Order source or sink
F = First Order decay coefficient

(3.5

Consider a four noded quadrilateral, two-dimensional element as shown in figure 4.1 and shape

functions are assumed as bilinear. The variable concentration within a quadrilateral element is ap-

proximated as;

C = NG=[N{a3"=[N, Ny N; NJ(C, G G G

[4.6]

The element equation in matrix form, is derived applying Galerkin’s method of weighted residuals

on equation [3.5] and the following is obtained.

[K1{q} + [Kr{q} = {QJ

CHAPTER 4
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Where:

€ G G cy’

{4} = Nodal concentrations

X

[Klr= f _[ RINY [Nldxdz

[K1=ﬂ (DI + [NYTVIEB] + [NYTFINT} dxdz

{Qc}=JI§[MdedZ + DNSE 1L,

and

oC aC
T 1 2
4" = { ot ot

Also [D] = constitutive matrix for mass transport equation
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Where D, and D, are the dispersion coefficients in x and z directions. [K] is a unsymmetric stiffness
matrix and utilizes a matrix solver that uses a full band width and [K7] is called a damping matrix

. Assembly of the element equation leads the following global equation and it is written as;

[K1{n} + [KA{7} = (R [4.8]

Where [K] and [K7] are assembled stiffness matrices, {R} is a assembled force matrix and {r} is the

matrix for nodal concentrations.
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Time Integration Method

The time derivative terms in a transient problem are analyzed by the finite difference techniques.
There are various time integration schemes available to solve the global equation. The selection of
time integrator depends on factors, such as accuracy, stability and ease of computer implementa-
tion. A general @ or 8 (Belytschko and Liu, 1983) is the most common technique psed for this

purpose, at time t, the equation is written as;

(KL {r} + K (r}y = (R} [4.9]

and at time t + At

[K)iar (evar + KidisacBisar = Risar [4.10]
from equation [4.9], {#} is derived as;

K (P = (Ry— [KL{r) [4.11]
B =K Ry — [K1 (1)) [4.12]
Using B method;

(Nisar=1{r} + BAL{} onr + (1 =PB)AL{r}, [4.13]

Where: 0 <f< 1

and {r},+ar can be written as;

. {N4ar— (e — (1= B)AL {7},
{var = B Al

[4.14]

substituting equation [4.14] into [4.10] and multiplying both sides by S.
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At + BLK], +Ar) N+

(K _
_—__Tir[+m Ny + [Krlisar (1= B)F + B{R} yar

( [K7); var
[4.15]

substituting the value of {#},.,, into the above equation and after rearranging terms;

(K7,
(TR KD va0) P

- ( [KT]r+At [4.16]

Al ~ (1 - BK7), +Ar[KT]1—I[K]t) {r}s+ (1 = BK7], +aldK; I—]{R}t + B{R}; 1A

Equation [4.16] is the most general expression for the § method on equation [4.9]. In a transient
flow problem, [K7]; # [Krli+ar and {R}, is not necessarily equal to {R},,a. The value of § ranges
from 0 to 1. The accuracy and stability depends on the eigen values of the matrix [K] and [Kr] and
these matrices are dependent on time step At.

The forward difference method uses, § = 0, it simplifies greatly the explicit numerical procedure.
It yields either divergent or oscillatory solutions depending upon the value of time step.

In Crank-Nicholson and Galerkin’s procedures (i.e f = % and f = —g— ), when the value of time
step becomes large, they yield to oscillatory solutions. But they give more accurate results than any
other method.

The backward method uses § = 1, and the following equation is used,;

[Krdivar . T

t((R}s 4 [4.17]

[K7]
('%ML'*' [K]r+Ar) Nesar = —ar {r}
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It is less accurate for large values of time step. However, this method is unconditionally stable and

the calculated values do not oscillate about the correct values.
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Iteration methods for nonlinearity

In equation |4.16] [K7]; +ar and [K], 4, are functions of {r},.a, . Thus it is non-linear and requires
an iteration technique to handle non-linearity numerically. There are two types of methods which

are commonly used;
. Direct Iteration Method

e  Tangent Method

The direct iteration method is simple in numerical implementation but is not as efficient as com-
pared to the tangent method. (Huyakorn et al. 1983) In direct iteration technique (such as Picard’s
method) non-linear problems are usually solved by taking a series of linear steps. An equilibrium
equation can be written in this form [K] {r} = (R}, it is non-linear when the stiffness matrix [K]
is a function of {r}. In this method, first step is to assume a value for {r} and calculate [K]. The
current value of [K] is used to compute the next value of {r} and the process is repeated until the
convergence to the solution, 7, as shown in figure [4.2]. Usually the criterion for convergence is se-
lected as | ri+) — 7| < eri, where i is the number of iterations and ¢ is the desired accuracy. In the
case of contaminant transport proble;n, the non-linearity involved in the governing equation pre-
sents an S shaped curve as in figure 4.3. A modification to handle this type of non-linearity is
adopted, in which after each iteration, from the new value of », obtained and the previous value
n+n

ri, the average is taken to get the r; (ie, s = > ), which is used to get the updated stiffness

matrix. This process is displayed as in figure 4.3.

In Newton-Raphson method, a series of tangents to the curve are taken to obtain the solution. The
method is shown as in figure 4.4. The equilibrium equation can be written as a function of r as i.e
fr) = [K]{r}-{R} = 0 and it converges at at r = r° . The equation can be expressed in terms of
Taylor Series expansion, ignoring second and higher order order terms, it can be written as;

f(ri‘”) - f(r')+(-g€)6r’=0

i
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R yd
R} [KI{r} = {R} #

KA

Figure 4.3 (Modified Picard’s Method)
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Figure 4.4. Newton - Raphson Method
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where r'*! =i 4 orf

The revised value of ri*! is obtained by using
i i -l
or' = — [K'lrangem] fr')

The rate of convergence in the case of Newton-Raphson Method is faster as compared to the
Picard’s method. Newton’s method requires the computation of tangent, which requires more

computation effort. In POLUT2D, modified Picard’s method is adopted.

Computer Program POLUT2D

Computer program POLUT2D has been developed, to perform the finite element modelling as
described in this chapter. The pre processor and post processor for this program have been devel-
oped to input the data on screen graphics and to display the results. The pre processor program is
written in ‘C’ language. The description of the screens and user’s guide are described in Appendix.
The post processor includes plot of mesh, concentration front and concentration contour plots.
The analysis program computes the nodal values of head h, and mean pore velocity using the
techniques mentioned in chapter 2. The values of velocities are then used in the advection-
dispersion mass transport equation and also dispersion coefficient is calculated as suggested by Bear
(1979). The values of nodal concentrations at each time step are then obtained.

The program uses four-noded, two-dimensional quadrilateral element and a general § method for
the time integration scheme. The solution procedure involves iterations by Picard’s method to

handle the non-linearities.
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CHAPTER 5

Evaluation of Finite Element Program and Parametric

Studies

Introduction

The finite element program POLUT2D is a general program, which can be used to solve the
problems of contaminant or solute transport in a vertical two dimensional plane. The formulation
of POLUT2D is given in the Chapter 4 and the user’s guide is described in the appendix, given at
the end of this thesis. A contaminant transport problem as presented by Pickens and Lennox (1976)
is solved here using POLUT2D. The material properties and other boundary conditions were kept
same as used in the above mentioned paper. They studied this problem by using a finite element
procedure based on the Galerkin technique to formulate the problem of simulating the two di-
mensional transient movement of conservative or non conservative contaminants in a steady state

saturated ground water flow system. This chapter describes the comparison of the solutions ob-
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tained by POLUT2D with those obtained by Pickens and Lennox (1976), including the effects of
various parameters involved in the two dimensional pollutant transport problem in a porous me-

dium.

Problem description

The groundwater flow and mass transport model with advection and dispersion is applied to a cross
section of a hypothetical groundwater flow system as shown in figure 5.1. The soil domain con-
sidered is about 1000 m wide, a variable depth of 50.0 to 37.5 m with an impermeable base. The
impervious base is considered as datum for the analysis. The upper boundary of the saturated flow
system is the water table, which receives an aerial recharge flux. The source, which is located at the
upstream side of the aquifer, provides a constant flux of contaminant to the water table. The con-
taminant itself is assumed to be non reactive, conservative species with an input concentration value
of C,. The effects of density, sorption, reactions and decay are not considered.

Pickens and Lennox (1976) studied this problem, which is illustrated as figure 5.1, by discretizing
the cross section into 720 linear triangular elements with 410 nodes. The procedure involved sol-
ution for the steady state head distribution in the cross section, to calculate the average linear
groundwater velocity in each element by using the nodal head values, and then to solve for the
transient concentration distribution at the nodes, subject to the specified input conditions and

porous medium properties.

Assumptions

In order to solve the problem with POLUT2D, the following assumptions are made to simplify

the problem:
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Figure 5.1 Geological Cross-section
(Adapted from Pickens, J. and Lennox, W. (1976))
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¢ The groundwater basin is bounded on the sides and on the bottom by a reflection or impermeable
(no-flow) boundary, by a specified flux boundary, or by a specified head boundary. The upper
boundary of the saturated flow system is the water table. The contaminant modeled is within the
saturated zone of ground water flow system. However the program POLUT2D can also be used in
the unsaturated zone, but in order to compare two solutions, conditions are selected similar to the

one presented by Pickens and Lennox (1976).

® The flow system chosen is assumed to exhibit steady state water flow.

* All contaminant movement is assumed to be in the plane of the section and thus neglecting the
horizontal mass transverse loss. This assumption tends to be satisfied if the lateral extent of the
contaminant source is large. Thus the concentration distributions predicted would be in error in a
conservative sense because of the movement that occurs in the direction normal to the cross section;

the true fronts would be behind the results predicted by the model.

¢ The porous media can be anisotropic and non-homogenous with respect to hydraulic
conductivity (but within each element of this continuum the properties of the medium are con-

stant). The porous medium is assumed isotropic with respect to dispersion.

® The seepage velocities are within the range of validity of Darcy’s Law which is generally the case

for intergranular porous media flow.

¢ The density and viscosity of the groundwater flow is essentially constant, which is true for ranges

of temperature encountered in most groundwater flow systems.

¢ The groundwater flow pattern is not altered by the presence of contaminants in either the solution

or the sorbed phase. This and the preceding assumptions imply that density variations as a result
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of the contaminant concentration are negligible. This leads to the decoupled form of the flow and

mass transport equations.

Solution Procedure

The nodal arrangement for the finite element discretization, using 4-node quadrilateral elements,
of the selected cross section, is illustrated in figure 5.2. In order to keep the mesh generation simple,
cross section was divided into 315 quadrilateral elements with 384 nodes. The element shapes were
kept close to a rectangular shape.

In the paper by Pickens and Lennox (1976), the contaminant distribution is modelled within the
saturated zone of groundwater flow system, using steady state flow equation to get the nodal heads
and seepage velocities. In POLUT2D, unsaturated flow equation or the Richard’s equation is used
1o obtain the nodal head and element velocities. In the case of saturated - steady groundwater flow

system, the right side of the following equation (Eqn. [2.7] ) is zero.

oh

? oh .. 0 oh . _ - oh
Sx KW 75) + 55 K 55 ) = G,

where

1 1
Ch= — am(@;—6)S,m (1—S,m" forh < hg,

This can be accomplished by making C, term equal to zero. i.e setting residual volumetric water
content 8, equal to the saturated volumetric water content 8,. Table 5.1 summarizes the material
properties used for the evaluation of POLUT2D. The saturated hydraulic conductivities used are
isotropic, with a values of 0.5 m/day in both x and z directions. The porosity of the soil is taken

as 0.35. The coefficient of dispersions, which are used in mass transport equation are calculated as;
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Table 5-1. Parameter Values Used in the POLUT2D

Parameter Value
Sat. Hyd. Conductivity (Kx) 0.5 m /day
Sat. Hyd. Conductivity (Kz) 0.5 m /day
Back Pressure 00t
Longltudinal Dispersivity (OL ) 0.5m
Transverse Dispersivity (aT ) 05m
Residual Volumetric Water Content 0.5
Saturated Yolumetric Water Content 0.5
Van Genuchten Parameter a Not Applicable
Van Genuchten Parameter m Not Applicable
Angle of Anisatropy (Degrees) 0.0
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Number of Elements = 315
Number of Nodes = 384

Source Zone of Contamination Water Table

Figure 5.2 Finite Element Discretization for the Figure 5.1
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Where <
a. = Longitudinal Dispersivity ‘ N\\Q
ar = Transverse Dispersivity \
Dy = Coefficient of Molecular Diffusion
D, = Coeficient of Dispersion in x direction
D, = Coefficient of Dispersion in z direction
Ve, V: = Velocities in x and z directions respectively

V = Magnitude of Velocity Vector
The values for dispersivity are taken as 5 m, and the ratio of transverse to longitudinal dispersivity

is kept as 1.0. The coefficient of molecular diffusion term used in the evaluation of dispersion co-

efficient is kept equal to zero, in order to match the term used by Pickens and Lennox (1976).

As a measure of check, a computer program SEEP (Duncan, 1988) which is a finite element pro-
gram for the groundwater flow in saturated zone, was used to compare the nodal head values
computed by POLUT2D. After comparison it was found, the maximum percentage of error was

less than 0.2 %.

et AT ST

In the problem, it is assumed that there is no smk Or source aifectmg the groundwater flow, there-

e 3 e I P 2 s AR

fore Q in the mass transport equatxon 1s zero. Sumla.rly the contaminant is assumed as inorganic

chen‘ncal WhJCh is not blodegradable or radloactlve therefore ﬁrst order decay coefficient is taken

et A3

as zero a.nd retardatlon factor is taken as l The water table boundary condmon is of the prescnbed

s PO

or known head (Dirichlet type). The values of hydraulic head at the 64 different nodes at the water

ot o i A

table boundary are used as input, assuming that the head at these nodes doesn’t change with respect
to time. The contaminant source is located between 150 m and 300 m from the upstream end of

the domain. For the purposes of analysis, it is assumed that concentration input C, remains con-
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Figure 5.3 Comparison of Contours at C/C of 0.9, 0.5, and 0.1 att = 15 years
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stant with respect to time, although which may or may not be the case in a real situation. In many

cases in waste disposal problems, the input concentration starts at a low value, increases to a peak

value and then it stabilizes to a lower value. Since in this case the problem is bemg modelled for

saturated conditions which indicate long term conditions, therefore it might be appropriate to as-
sume a constant value for the input concentration.

Figure 5.3 shows a comparison of values for the concentration spread obtained by Pickens and
Lennox (1976) and the program POLUT2D. In the presentation of results, the concentration C in
the porous domain is given as a ratio C/C, where C, is the concentration introduced at the surface.
The figure shows the computed contour levels for C/C, of 0.9, 0.5, and 0.1 at time level of 15 years.
The saturated hydraulic conductivity in x and z direction is assumed to be 0.5 m/day, where as the
longitudinal and transverse dispersivities are used as 5.0 meters. The dotted line contour plots shows
values obtained in the paper (Pickens and Lennox, 1976) and solid line contour plots shows values
obtained by POLUT2D. The computed contour lines obtained by POLUT2D deviate only slightly
from the paper and difference between the two decreases as the contours of C/C, approach 0.1. The
contours obtained by POLUT2D, exhibit the same shape as obtained in the paper by Pickens, J.
and Lennox, W. but the contour levels obtained by POLUT2D spread out a little more towards
the downstream of the water table. The conditions for the solution of this problem were kept same
as used by Pickens and Lennox (1976)., and this slight deviation could be attributed to the factors
such as the discretization, type of the element used, time step and iteration technique.

Pickens and Lennox (1976) discretized the geological cross section into 720 triangular elements with
410 nodes, whereas for POLUT2D, 315 linear quadrilateral elements with 384 nodes were used to
discretize the cross section. The use of quadrilateral elements yield better solution than that ob-
tained by using triangular elements, on account of the bilinear shape functions of the quadrilateral
element compared to the linear shape functions of the triangular elements and as w@,thigfidiffii

are constant m a tnangular element leading to step change of flow from element to element.

The factors such as time integration technique, time step affect the performance of the numerical
model. The time integration technique used by POLUT2D is backward difference scheme and the

same method is used by Pickens and Lennox (1976) in their numerical model. In backward finite
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difference scheme, the time step At affects only the accuracy but not the stability of the numerical
performance. However, the solution may become less accurate if the time step At is too large, es-
pecially in the early time stages. The number of time steps used by Pickens, J. and Lennox, W.
as indicated in their paper were close to 20 where as the number of time steps used in POLUT2D
were more than 50, which could be one of the reasons for slight deviation obtained as shown in
figure 5.3.

The computer program POLUT2D was run on a 80386 based machine and the program emplbys
double precision for variables used in the program and the average execution time was about 30
minutes. The maximum size of the size of mesh on the PC version of the program was limited to
400 elements with upto 500 nodes. Pickens and Lennox (1976) employed a IBM 360/75 computer

using single precision variables.
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Parametric Study

In this part of the chapter, the effects of some of the parameters involved in two-dimensional
pollutant transport problem in a porous medium are studied. For this purpose the problem as
shown in figure 5.1 with the finite element discretization illustrated as figure 5.2, is chosen. The
solution of the problem for the parametric study involves the same boundary conditions as used

before.

Effect of Dispersivity in the Aquifer

The effects of both horizontal and transverse components of dispersivity are studied here by
changing the values of «; and «r (See Eqn. 3.7)
Figure 5.4 shows the effect associated with change in dispersivity values from 1.0 m to 100.0 m on
the spread of concentration distribution. The values for the parameter dispersivity were varied while

all other parameters were held constant. The concentratlon dlstnbutlon contours displayed in figure

are obta.med at time 15 years with C/C0 values of 0 2 The rano of longltudmal dlspenvxty to

transverse dlspersmty a,_/aT is kept equal to 1 The results illustrated by figure 5 4 show in general
that as the value of dispersivity increases, the contaminants move further in the aquifer and the
plume size is larger and thus indicating the role of the dispersion as a transporting agent, in this
problem. In this problem (figure 5.4), for.a 100 fold increase in the values of dispersivity, the plume
size area grew by 2 1 times and the plume moved further down 200 m towards the river.

2
The results also show that the concentration gradient ( C/C;, ) decreases wnh the increase in

_dispersivi@y value. In figures 5.5 and 5.6 the effects of transverse and longitudinal d13persw1ty are
shown using contours of concentration value of 0.2 at time 15 years. The figure 5.5 was obtained
by keeping the longitudinal dispersivity a constant (10 m) while varying transverse dispersivity from
10.0 to 200 m. The figure 5.6 displays concentration spread values obtained by keeping the trans-

verse dispersivity at 10 m and varying longitudinal dispersivity from 10.0 to 200.0 m. The
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Figure 5.4 Effect of Dispersivity Values on the Spread of Concentration
Distribution at t = 15 years. Contours at o\m Values of 0.2
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Figure 5.5 The Effect of Transverse Dispersivity on Concentration
(a, =10 m, time = 15 years, all contours at C/C = 0.2)
o
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Contour Code

Figure 5.6 The Effect of Longitudinal Dispersivity on Concentration
(a = 10.0 m, Time = 15 years, All Contours C/C = 0.2)
°
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groundwater flow in this problem is horizontal, therefore by increasing the value for the transverse
dispersivity has less effect on the spread of the concentration distribution (figure 5.5) as compared
to the varying the longitudinal dispersivity (figure 5.6). However at early time levels the variation
in transverse dispersivity effects the downward movement of the concentration contour until it re-
aches the bottom boundary at late time levels. In figure 5.5, for a 20 fold increase in the transverse
dispersivity increased the plume area by 5 % whereas in figure 5.6, with 20 fold increase in the

longitudinal dispersivity increased the plume size (area) by 85 %.

Effect of Saturated Hydraulic Conductivity

The groundwater velocity has a significant effect on the dilution of contaminant, since it is used
in the mass transport equation as the convective term. Figure 5.7 demonstrates the effect of hy-
draulic conductivity by keeping the dispersivity constant. In the case(1) of figure 5.7, the value of
conductivity in x - direction is kept at 0.01 m/day, while conductivity value in z - direction is varied
from 0.01 to 1.0 m/day. As the value of conductivity in z - direction increases the movement of
contaminants towards the base increases as expected. flow system. In figure 5.7 ( cases 1 thru 3),
considering the isotropic cases, i.e where ( Ky = K, ), by increasing the values of saturated hydraulic
conductivity by 100 times, the size of plume grew by 15 fold. The values of 0.01 m/day for Kx and
Kz are the representative values for clay, 0.1 m/day for silty clay and 1.0 m/day for loose sand, and
thus the increase in the size of plume (figure 5.7) stresses the need for caution in selecting the values
of hydraulic conductivity for this problem. The cases (1) thru (3) in this figure also indicate that,
since the groundwater flow system is horizontal therefore increasing the saturated hydraulic
conductivity in x direction contributes significantly to the spread out (largely towards right) of

contaminants in the aquifer.
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Case (1) Kx = 0.01 m/day

Figure 5.7 Effect of Saturated Hydraulic Conductivity on the Concentration
Distribution (Time = 15 years). Contours at o\m of 0.4
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Effect of Barriers in the Control of Pollution

According to Rowe (1988), for the control of pollution spread in the groundwater system, the

preventive measures or barriers usually come under one of the following categories:

¢  Compacted and Natural Clay Liners

¢  Synthetic Liners (Including Geomembranes, hydraulic asphalt concrete)

¢ Hydraulic Controls such as Contaminant recovery wells to isolate the flow system

. Cut-off Walls

Compacted clay liners are frequently used in the design and construction of new waste disposal fa-
cilities. The clay layer can be present naturally or can be constructed easily, since clay is one of the
most readily available construction materials. The clay liners have adsorption capacity for many
wastes and their capacity to withstand cracking is the other advantage.

Synthetic liners are usually relatively thin and they have extremely low hydraulic conductivity and
are used in the construction of new waste disposal landfills. However they do not exhibit contam-
inant adsorption characteristics as in clay liners. Factors such as temperature during installation,
bonding and orientation of seams are some of the factors affecting their performance (Mitchell and
Brandon 1984).

Hydraulic controls can be used to isolate groundwater from contaminants in existing and new waste
disposal sites. The hydraulic barriers can also be coupled with cutoff barriers thus reducing the
pumping requirements. The hydraulic controls usually consist of well point systems and deep well
systems. The dewatering of the site causes an inward hydraulic gradient toward the leachate and
controlling the outward spread of contaminant plume, although care must be exercised to use this
method.

Cutoff walls are most commonly (Rowe, 1988) used to control contaminant movement from ex-
isting waste disposal sites. There are various types of cutoff walls; including slurry trench cutoff
walls, grouted cutoff walls, sheet piles and diaphragm walls (Mitchell and Brandon, 1984).

For the problem shown in figure 5.1 with the finite element mesh shown in figure 5.2, the effect

of slurry trench cutoff wall on the movement of contaminant plume is evaluated. The slurry trench
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cutoff wall is selected for this problem because they can be constructed for depths upto 100 ft and
below the water table. (D’Appolonia, 1982). Slurry trench cutoff walls (Figure 5.8) consist of nar-
row, clay-filled or cement-bentonite filled trench  excavated into an aquitard by a backhoe or
clamshell excavator. Hydraulic conductivities as low as 1 x 10® cm/sec can be achieved (Tallard,

1984). .

The slurry trench cutoff wall presented in figure 5.9 is 1.5 m thick. The hydraulic conductivity of
the wall is taken as 1 x 10 -7 cm/sec. The depth of the cutoff is taken as depth from the water table
surface. (figure 5.9). In this figure five different cases are studied, in case (a) there is no cutoff wall
and in case (e), the depth of the cutoff wall is 50 m, equal to the depth bottom impermeable
boundary. The parameter values for the hydraulic conductivity, horizontal and vertical components
of dispersivity and the boundary conditions were kept constant. For comparison, the predicted
concentration plumes at four different time levels of 5, 10, 15 and 50 years are shown in figure 5.9.
It can be seen that, for time level of 5 years, the concentration plume does not go beyond the cutoff
wall for cases (b) thru (e). If the time frame under consideration is greater than 50 years, it is worth
to note that a depth of 50 m is required to prevent the movement of plume beyond the cutoff wall,

however if it is upto 15 years, a depth of 25 to 30 m can be used for the cutoff wall.

Summary

The computer program POLUT?2D is evaluated and the results were compared to the solution
obtained in the literature. The predicted spreading of the plume is presented at different time levels.
The effects of dispersivity, hydraulic conductivities are described and discussed. The effect of depth

of a cutoff wall for the control of spread of contaminants is studied.
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CHAPTER 6

Finite Element Modelling of Army Creek Landfill

In this chapter, computer program POLUT2D is used to model the flow of pollutants at well points
from a landfill known as Army Creek Landfill, located in New Castle County - Delaware. In the
previous chapter of this thesis, the program POLUT2D was evaluated by studying an example
problem given in the literature.

The Army Creek Landfill is presently closed, but in 1960s till 1968 it received solid and liquid in-
dustrial wastes including municipal wastes. After its closure, it was also listed under CERCLA with
the with the Environmental Protection Agency (EPA). According to EPA (1984), the New Castle
County has spent over 4 million dollars to control the flow of pollutants to an aquifer that supplies
water to over 100,000 people, by implementing a program of contaminant recovery wells.

The study of the contaminant plume migration described in this chapter is strictly a modeling ex-
ercise. For purposes of modeling, it is important to be able to specify the time history of conditions
of contamination at the source. It is also useful to have reliable water-quality data for comparison

of the field situation with the numerical prediction. In the present instance these data bases were
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not available. Also there were not any data collected to compensate for inadequacies of the available

data.

Site History

The Army Creek Landfill (previously known as Llangollen Landfill) is located in New Castle
County in Northern Delaware (figure 6.1). It is situated approximately two miles southwest of the

city of New Castle in Northern Delaware.

The landfill is about 4,000 ft long, 200 ft to_‘g(_)_O_ﬁ_wide and covers an area of about 60  acres. The
thickness of refuse varies from 6 to 35 ft with an average depth of 25 ft. the estimated volume of
refuse is about two-million cubic yards (Figure 6.2).

Between 1960 and 1968, New Castle County, Delaware utilized an abandoned sand and gravel pit
as the primary disposal site for the municipal and industrial wastes. From the records and test
borings, it was determined that a modified area fill method was used to emplace the above men-
tioned refuse. The refuse burial started on the eastern end of the site and proceeded towards the pit
entrance on the west. All intermittent refuse cover material was obtained within the excavation from
residual sand, tailing piles and siltation basin deposits. As the time progressed, cover matenials and
landfill space became critically depleted; this situation encouraged deeper excavation, especially on
the western end of the pit. The excavation removed some, and in few places all of the confining
clay on top of the Potomac sands. This situation probably created direct access routes for the
leachate from the landfill to enter the Potomac sands. During placement of refuse, compaction and
covering operations were conducted by the sand and gravel operator and daily covering was not
practiced. This coupled less than adequate compaction within the areas, caused differential settling

and uneven finished surface when the final lift was emplaced in 1968. In 1970 the landfill was cov-
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(Adapted from Baedecker, M. and Apgar, M. 1984)
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ered with about 2 ft of soil - mostly sand. It was then purchased by New Castle County and turned
over to their Department of Parks and Recreation with the intention that it became a county park.
Many types of wastes were buried, including solid and liquid industrial wastes and municipal
wastes. It is estimated that about 30 percent (or 600,000 cubic yards ) of refuse was beneath the
seasonal high water table (Clark, 1979 and Baedecker and Apgar, 1984).

Late in 1971, water in a residential well, located about 900 feet southwest of the landfill, developed
quality problems such as a distinctly disagreeable odor and permanent staining of fixtures. Gradu-
ally, this situation became more pronounced and the water supply well was abandoned. Analyses
conducted by the Delaware Geological Survey and New Castle County Public Works Department
indicated the presence of leachate in the ground water. In early 1972 intensive field study was started
by New Castle County through its consultant, Roy F. Weston, Inc., and the Delaware Geological
Survey to determine the hydrogeologic circumstances responsible for this problem. Later to limit
the spread of contaminants, a co-ordinated effort was undertaken to reduce pumping from supply
wells and to initiate a program of recovery-well pumping between the landfill and the supply wells.
Pumping of the contaminant recovery wells caused a local cone of depression, which reduced con-
taminant movement towards the supply wells. The recovery well program was started in 1973 and
expanded in 1974 to the 10 wells and some of them still operate today. The recovery wells discharge

into Army Creek, which flows into Delaware River (Niessen, 1974).

Geological Setting of the landfill

The vicinity of Army Creek Landfill lies in the Atlantic Coastal physiographic province Plain and
includes both the saturated and unsaturated zones. The sand excavated from the present landfill site
was a part of the Columbia Group, a Pleistocene stream deposit which consists of medium to
coarse sand with interbedded gravel. (Jordan, 1976) The Columbia Group forms continuous
surficial cover ranging from 10 to 60 feet in thickness. The base of Columbia Group ranges from

10 to 20 feet below mean sea level in the vicinity of the landfill (Clark, 1979).
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A geological section A-A obtained from Figure 6.2, is described in the figure 6.3. The layer | and
layer 2 in figure 6.3, belong to the Columbia Group and underlying the Columbia Group sand is
the Cretacious Potomac Formation. The layer underlying Potomac Formation (below layer 5 in
figure 6.3) is Precambrian rocks and is assumed as “impermeable” for the purpose of pollutant
transport modelling.

The Potomac Formation consists of silt and clay interbedded quartz sand and some gravel (Pickett,
1970). The Potomac Formation sand units are generally channel shaped, though often laterally
extensive lenticular clay and silt deposits are interbedded with thin lenses and thick blankets of clay
and silt which accumulated on ancient flood plains with estuaries. A fairly consistent Potomac layer
also consist of a clay layer of variable thickness. Due to the lensatic depositional nature of the
Potomac Formation, this clay layer varies in thickness and textural character throughout a cross
section of the landfill in north-south direction. This is also shown in Figure 6.3, which is also a
north-south section (Baedecker, and Apgar, 1984).

The layer underlying Potomac Sand is a layer consisting of Precambrian rocks and stream deposited
unconsolidated sands, silts, and clays of Early Cretacious Age. The formation is approximately 600
feet thick in the vicinity of landfill and rests on a seaward-dipping bed rock surface (Clark, 1979).
Hydrologically the generally coarse Columbia Group deposits serve as an infiltration and recharge
gallery for Potomac sands. Ground water in the Potomac sands becomes confined (artesian) be-
neath the relatively impermeable beds of clay and silts as it travels seaward down dip in the for-
mation. Immediately beneath the landfill these clay and silt deposits appear shallow or thin. In the
area off the southeast corner of the landfill they are absent (Niessen, W. 1974).

The relatively thin clay layer in the area of landfill probably created direct connections between the

base of the refuse and the Potomac Sand aquifer (Apgar, M. 1975).
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Previous Studies

In late 1971, water in a residential well, located about 900 feet southwest of the landfill, developed
water quality problems such as a distinctly disagreeable odor and permanent staining of the fixtures.
Gradually this situation became more pronounced and that water supply well was abandoned. The
New Castle County Public Works Department and Delaware Geological Survey conducted analyses
and came to the conclusion of presence of leachate in the groundwater.

In early 1972, intensive field study was launched to investigate the magnitude and extent of this
problem by New Castle County through its consultant Roy F. Weston. Hydrogeologic analysis
revealed a large plume of leachate migrating towards the well field of a major water supply com-
pany. Roy F. Weston, Inc. (Niessen, 1974) came up with several options to control the flow of
leachate, including: (1) Hydrogeological Control, (2) Incineration control, (3) Haul - Dump Con-
trol. Hydrogeological control involved the use of pumping and treatment for an indefinite period,
whereas Incineration control involved excavation and incineration of the landfill, although it was
the most desirable from the standpoint of permanent solutions but it was abandoned because of the
prohibitive capital cost. The haul - dump control required the relocation of the landfill to a new
location which would be constructed using liner and leachate collection system but it was also
abandoned because it lacked political appeal. Roy F. Weston recommended the use of
hydrogeological control program to minimize leaching in the near-term but to date it has been the
only control program in operation.

In 1982, William Miller, studied the geology and water resources of the Army Creek vicinity, as a
part of his MS thesis. He used a USGS (U.S Geological Survey) two- dimensional, finite difference
flow code for the evaluation of the regional groundwater flow system incorporating natural aquifer
boundaries. This study provided a insight into the material properties such as the hydraulic
conductivity of the area. In 1984, Mary Baedecker and Michael Apgar published a paper
(Baedecker, M. and Apgar, M. 1984) titled “Hydrogeochemical Studies at a Landfill in Delaware”

in which they analyzed the leachate characteristics and also provided actual Cl concentrations at
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different well points at different time levels. In 1990, William Miller (Miller, W. 1990) used a
computer program SWIFT (Sandia Waste Isolation, Flow, and Transport - developed under con-
tract to the Nuclear Regulatory Agency) to model contaminant transport in the vicinity of Army
Creek Landfill from an other landfill known as Delaware Sand and Gravel landfill. SWIFT is a fully
three-dimensional code which uses finite difference techniques to solve problems involving fluid
flow, heat transport, and transport of trace or dominant (density dependent) species. This 3-D
modelling also provided another look at the material properties and geological setting and various

boundary conditions involved.

Two Dimensional Finite Element Modelling

The finite element program POLUT2D is used here to model Cl- levels at well points 25 and 52
(see figure 6.2 for their location) at various time levels by considering advection and dispersion
processes. The 2-D finite element procedure included several steps: assumptions to simplify the
problem, discretization of the geological section, selection of the material properties such as
hydraulic conductivities, establishment of initial and boundary conditions (both Neumann and
Dirichlet types) and finally the solution for the unknowns. After the input of data, the model
was “calibrated” for the present site conditions. This procedure included a series of adjustments
of unknown transport parameters in such a way that the numerical solution corresponding
to these parameters should coincide with the concentrations values observed at the monitoring

wells as closely as possible.
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Assumptions

The following are the general assumptions, which were made to simplify the analysis:

The seepage velocities are within the range of validity of Darcy’s Law which is generally the case
for intergranular porous media flow.

The density and viscosity of the groundwater flow is essentially constant, which is true for
ranges of temperature encountered in most groundwater flow systems.

The groundwater flow pattern is not altered by the presence of contaminants in either the
solution or sorbed phase. This and the preceding assumptions imply that density variations as a
result of contaminant concentrations are negligible. This leads to the decoupled form of the flow
and mass transport equations.

For this problem, as shown in figure 6.2, there are various types of wells such as Recovery
wells, Landfill wells and supply wells. It is assumed that the flow of contaminantsis not altered
by their operation. Although this assumption is not true because the flow of contaminant has
been controlled by their operation since 1970’s, it may be noted that at the time of analysis there
were no pumpage rates available and the location of well points 25 and 52 1is far as compared
to other wells and the pumpage rates are usually low at these distances from the source. The
predicted values of concentrations at these well points could be higher than the actual values

because of this assumption.

Selection & Discretization of Study Region & Boundary Conditions.

The geological cross section as shown in figure 6.3 was used to model the flow of contaminants.

This geological cross section is taken as south-east section A-A (Figure 6.2) in the vicinity of
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the landfill because the contaminant movement had been primarily in this direction (Apgar,
1975).

The nodal arrangement for the finite element discretization, using 4-node quadrilateral elements,
of the selected cross section, is illustrated in figure 6.4. In order to keep the mesh generation
simple, cross section was divided into 299 elements with 375 nodes. The element shapes were kept
close to rectangular shape but at some points due to geometric conditions triangular elements
were used. For finite difference modeling of solute transport, grid blocks must be sized according

to the Peclet critiion which, simply stated, relates grid block size to dispersivity values. The

values for dispersivities used, are higher because the size of a element is bigger and the use of
finer mesh (more elements and nodes) would have permitted smaller dispersivity values
but in tum would have made computational costs prohibitive.

For the purposes of 2-D modeling, the geologic cross section A-A (figure 6.3) was divided into
five layers; the layer 1 represents surface sand above the water table, layer 2 is part of surface sand
situated below the water table and is assumed as saturated. The layers 1 and 2 are part of
Columbia Group. The layer 3 represents clay and is known as Potomac Clay. The layers 4 and
5 belong to Potomac sand aquifer and underlying layer 5 is Precambrian rocks and is assumed
as “impermeable”. Thus bottom of layer 5 provides an no-flow boundary condition to be used in
the model. At the lateral boundaries no-flow conditions were used.

Pumping records are important to a contaminant transport modeling because pumping can
accelerate (or decelerate) the spread of a contaminant plume, and also alters the head profile.
In this case of contaminant transport modeling sources of discharge and recharge are not in-
cluded. Although as shown in figure 6.2, there are various types of wells such as Recovery wells,
Landfill wells and supply wells, but the rates of pumpage from these wells were not available at the
time of analysis. The location of well points 25 and 52 is far as compared to other wells and
pumpage rates are usually low at these distances from the source zone of contamination. The
predicted values of concentrations (by not considering pumpage.) at these well points could

be higher than the actual values.
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The Army Creek (See figure 6.2) is a small tributary and it imposes a Dirichlet type condition of

prescribed head on the nodes in the finite element mesh (see figure 6.4) under Army Creek.

Source Zone of Contamination

The Army Creek Landfill was used as a primary disposal site from 1960 to 1968, for the industrial
and municipal wastes. Many types of wastes were buried, including solid and liquid industrial and
municipal wastes. For the purposes of modeling, it is important to be able to specify the time
history of conditions of contamination at the source. In the present instance, this information is
not available.

According to Miller, W. (1990), the source Army Creek Landfill was initiated in November
1965. For the purposes of analysis, it 1s assumed that Concentration input C, remains constant
with respect to time. This assumption has limitations in that no possible decrease of con-
tamination due to flushing is accounted for; on the other hand, no increase of contamination
due to the possible rupure of waste drums is explicitly accounted for. The C, values used are
listed in Table 6.1, the C, value was assigned to all the nodes (Figure 6.4) under Army Creek
Landfill.

In this instance, available data is the Cl- concentration levels on well 25 and 52. Chlorides are
considered as conservative contaminants, which means that they are not sorbed by the soil
or rock matrix, do not undergo radioactive or significant biological decay and do not pre-
cipitate. Cl concentration levels are often considered as being the primary indicator of a con-
taminant plume when monitoring contaminant transport from existing facilities. By considering
modeling of conservative contaminants, there is no retardation and decay which leads to Re-

tardation Factor of 1 and Decay coefficient of zero.
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Tabie 8.1 Parameter Values used In 2-D Modet

SOIL LAYERS

Surface Sand

Surface Sand

Potomac Sand

Potomac Sand

Above Water Below Water Potomac Clay Aquifer

PARAMETERS Layer 1 Layer 2 Layer 3 Layer 4 o
Sat Hyd. Conductivity (Kx) tiyear 18250 18250 1.0 10000 10000
Sat Hyd. Conductivity (Kz) R/year 18250 18250 1.0 10000 10000
Back Pressure 0.0 0.0 0.0 0.0 0.0
Angle of Anisotropy (Degrees) 00 0.0 0.0 0.0 0.0
Longitudinal Dispersivity (a, ) 1t 1000.0 1000.0 1000.0 1000.0 1000.0
Transverse Dispersivity (a,) 100.0 100.0 100.0 100.0 100.0
Coelt. of Molecular Diffusion 0.0 0.0 0.0 0.0 0.0
Residual Vol. Water Content 0.15 0.25 0.5 0.4 0.4
Saturated Vol. Water Content 0.4 04 0.5 0.4 0.4
van Genuchten Parametera  ff' 0.8 0.8 0.4 0.6 0.8
van Genuchten Parameter m . 0.2 0.3 0.3 03 0.3
Input Concentration Vakue C , 5 Ib/ft /day
Time of Initiation for Source (T = 0) End of 1968
Time Step 0.10 Yoar
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Soil Properties and Other Parameters

The groundwater velocities used in this 2-D pollutant transport model are obtained by using
transient unsaturated flow equation as described in Chapter 2 of this thesis. For obtaining
groundwater velocities following parameters are needed; Saturated hydraulic conductivities K,
and K, , back pressure, angle of anisotropy, saturated volumetric water content 8, , residual
volumetric water content §, and van Genuchten parameters « and m. The parameters K, , K, ,
8, , angle of anisotropy and back pressure have clear physical significance and are considered
as “true soil properties”, whereas residual volumetric content 8, and van Genuchten parameters
« and m are simply curve fitting parameters. The values of various parameters used in this
study are summarized in Table 6.1.

The hydraulic conductivities control the velocities of groundwater by virtue of Darcy’s Law
and the velocities in turn control the subsurface movement of contaminant. For this 2-D model,
both the field data and laboratory data on the hydraulic conductivities of soil was not available
but “best match” data from a recent study was available (Miller, W. 1990). In the study by
Miller (1990), 3-D modelling of flow of contaminants from a nearby landfill was studied by taking
into account pumping rates at various recovery wells and by “matching” values of computed head
with the observed head values at various time levels ranging from pre-pumping in 1961 to 1984.
The values of saturated hydraulic conductivities range from 18250 ft/year (1.8x10E-2 cm/sec)
for surface sand to 1.0 ft/year (9.67x10E-7 cm/sec) for clayey soil and the value of porosity or sat-

urated volumetric water content ranges from 0.4 to 0.5. The values for residual volumetric water

JRPTUERTIR. A

content and van Genuchten parameters « and m are taken as average values as described for
these materials in Table 2.1.

The parameters necessary for the simulation of solute concentration include dispersivities in
longitudinal and transverse directions «p and a7, coefficient of molecular diffusion and the ve-
locities from the solution of flow equation. The coefficient of molecular diffusion was neglected
by setting it to 0 (Miller 1990). In a contaminant transport model of a field situation, the values

of field dispersivity are usually obtained by trial and error adjustment of the values of longi-
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tudinal and transverse components of dispersivity until the simulated transport pattern closely
resembles the pattern or values of solute concentration obtained in the field. In this 2-D model-
ling, the values of dispersivity were assumed so as to obtain the match with the known values

of solute concentration at wells 25 and 52.

Solution Procedure and Results

POLUT2D is used to solve the problem, the velocity field is obtained by solving transient unsatu-
rated flow equation for nodal head values. The velocity field is then coupled with the mass
transport equation to get the concentration spread at each time level by using backward differ-
ence scheme. For the time integration scheme, the value of time step was taken as 0.1 year.

The geological cross-section is taken as south-east section A-A (Figure 6.2) in the vicinity of
the landfill. The location of wells 25 and 52 is also shown in Figure 6.4. For this geological cross
section only wells 25 and 52 were along the cross section. Figure 6.5 consists of two parts i.e
first part displays comparison of concentration values with observed values for well 25 and
the second part illustrates comparison for well 52. As it can be seen from figure 6.5, the observed
values vary or fluctuate over the time whereas computed values don’t show much variation. For
example in the first part of figure 6.5, observed values show variation in the initial time period
but later on values are not varying much, this could be the effect of pumping in the initial time
period and later on pumpage on some wells was either reduced or stopped (Miller 1990). The
fluctuation may be due to some events which are not recorded clearly or available. The events could
have been heavy rains, heavy pumpage which could have effected the rate of flow. These events are
not modelled in this FEM. However, the average concentration values (35 mg/l in Well 25 and 25
mg/l in Well 52) were matched between the FEM predictions and the field observations. This study

is strictly a modeling excercise because lack of certain databases, however the solution can be
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improved by including pumpage rates, historical hydraulic head data, concentration values at

various other locations and time levels.

Summary

In this chapter, vertical 2-D spread of contaminant from a site known as Army Creek Landfill lo-
cated in Delaware, was studied using a finite element formulation for advective dispersive transport
of pollutant through soils. The contaminant modelled was assumed as non-reactive inorganic spe-
cies. The data regarding the hydraulic conductivities and porosity of soils concerned were taken
from a contaminant modelling study conducted on another nearby landfill. (Miller 1990). The re-
sults, comparison of observed and computed concentration values at wells 25 and 52, are illustrated
as figure 6.5. The fluctuations in observed concentration levels at both wells as compared to the
computed values, may be due to some events which are not included in the F.E. model. These
events could have been heavy rains or heavy pumpage which could have effected the flow rate and
pattern. However, the average concentration values (35 mg/l in well # 25 and 25 mg/l in well # 52)

match between the Finite Element model predictions and the field observations.
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CHAPTER 7

Summary and Conclusions

Summary

The study has been concerned with the modeling of advective dispersive transport of dissolved
contaminant through soils. The model is based on the flow and mass transport equations, and a
finite element formulation was used to study the problems.

The flow equation used in this model was Richard’s equation, which is applicable to both transient
unsaturated apd saturated flow. The equation uses the values of coefficient of moisture capacity
C: and hydraulic conductivity K from a soil water retention curve of a soil. The van Genuchten
model employs two curve fitting parameters « and m to relate to soil water retention curve. The
dispersion coefficient for the use in mass transport equation, is computed as suggested by Bear
(1979). The finite element formulation based on the variational formulation for flow equation and

Galerkin’s method for mass transport equation was used. In order to obtain solution in time do-
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main, backward finite difference scheme was used. The non-linearities imposed in the finite element
formulation were handled by employing Picard’s method.

An example problem given in the literature (Pickens and Lennox, 1976) was analyzed. Also for this
problem, the effects of dispersivity, hydraulic conductivities, and the use of cutoff wall as an ex-
ample of barriers to control spread of contaminant was studied. Another landfill problem known
as Army Creek Landfill, located in Delaware was modelled and the results were compared with the

field observed data.

Conclusions

The finite element formulation code POLUT2D, was evaluated by studying an example problem
presented by Pickens and Lennox (1976). The study of this problem by Pickens and Lennox,
(1976) used 720 triangular elements whereas POLUT2D used 315 quadrilateral elements. The re-
sults obtained by POLUT2D were reasonably close to those obtained by Pickens and Lennox
(1976).

For the same problem, the effects of dispersivity ( aL and ar ) were studied. For a 100 fold increase
in the values of the dispersivity (by keeping ratio of longitudinal to transverse dispersivity equal to
1), the plume size grew by 2 1/2 times and plume moved further down 200 m towards the river.
For a 20 fold increase in the transverse dispersivity, by keeping longitudinal dispersivity constant,
the plume area increased by 5 % whereas with a 20 fold increase in the longitudinal dispersivity
increased the plume size (area) by 85 %.

As an example of barriers to control the movement of contaminant, a slurry trench cutoff wall of
varying depth ranging from 50 m deep to 10 m deep was used to study the effects on the plume
movement on this example problem. It was concluded that a cutoff wall of 50 m deep was required
to block the plume movement for more than 50 years, whereas a cutoff wall of 25 to 30 m may be

used to block plume movement for time period of 15 years.
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The problem of Army Creek Landfill was studied and the computed concentration levels in the
observation wells 25 and 52 were reasonably close to the average observed values. (35 mg/L in well
# 25 and 25 mg/L in well # 52). However, there are fluctutations of observed concentration levels

in these wells which may be due to some events which were not modelled in this study.
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POLUT2D

POLUT2D is a finite element program, that can be applied to problems of contaminant or solute
transport involving single chemical species in a vertical two dimensional plane. The program ena-
bles one to make advance predictions of the spread of pollutants with respect to time and space,
into the ground water system in saturated as well as unsaturated porous medium.

In order to model the ground water flow in unsaturated zone, it uses Van Genuchten model and
obtains average velocities. The velocities obtained are then coupled with the mass transport
equation with advection and dispersion to get the concentration spread. The model also allows to
consider isotropic and anisotropic hydraulic conductivity, hydrodynamic dispersion (Bear, J. 1979)
and source or sink terms.

The type of the element used in POLUT2D is a four noded quadrilateral, isoparametric element
and it uses bilinear shape functions.

The program POLUT2D, can be run on DOS and UNIX based Intergraph systems. The program
was run on the UNIX based Intergraph’s Interpro 120 and DOS based PC with hard disk and EGA
or VGA graphics screen with math co-processor. The instructions for installation and operation
of the program on either system are provided as README file on the disk.

The computer program POLUT2D consists of three parts and the structure of the overall processes

is shown as figure A.1:

¢  Pre Processor
¢  Processor or Analysis Program

° Post Processor
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Pre Processor

Analysis Program
(POLUT 2D)

Post Processor

Plot of Mesh Concentration Contour Concentration Front
Plot Plot

Figure A-1. Scheme of Overall Processes
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Pre Processor

The purpose of this pre processor is to create and edit data files for the program POLUT2D. The
data files include data for nodal coordinates, connectivity, boundary conditions, and material in-
formation. Pre - processor is written in “C” language using “CSCAPE” library to create screens.
All the screens for data input are interactive, which makes the editing and creating of data for the
POLUT?2D easier. The screens can be rolled back and and forth, left and right to make any mod-
ifications in the data file. The pop up menu screens are useful to select the various categories of
operations like Entering the data, Running the Analysis program and Displaying of the results.
The user can move around within the input fields of any screen(s) using the <RETURN> or
<ENTER > keys. The values in the fields may be changed by using < DEL> or <INS> keys
and by pressing <ESC> key, it brings up the next screen after data for a particular section has
been entered. The online help messages pertaining to a particular data field are available by taking
the cursor to that field and then pressing <F1> key.

Figure A.2 shows the program control screen which comes after the title screen. This screen consists
of four different options; FILE, RUN, PLOT and QUIT.

The FILE option refers to the Pre-processor part of the program and it is accessed by pressing
<Ctrl> and <F > keys togather. It allows to create, make chnanges or save a data file. The RUN
option refers to the Processor part of the program and it is accessed by pressing < Ctrl> and <R >
keys togather. It allows to run a data file and the results from analysis are written to specified files.
The PLOT option refers to the Post-processor part of the program and it is accessed by pressing
<Ctrl> and <P > keys together. It allows to display results obtained by analysis, which includes
display of mesh, concentration front and concentration contours at different time levels. The QUIT
option allows to exit from the POLUT2D and it can be accessed by pressing <Ctrl> and <Q>
keys together or by pressing <Esc> key in the program control screen as shown in figure A.2.
Figure A.3 shows the following four options, which pop up as soon as the FILE option is selected;

Open a New File, Edit an Old File, View a File, Save a File and Exit .
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FILE RUN PLOT QUIT (Esc)

Figure A-2 Program Control Screen
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Each of these options can be selected by taking the cursor using arrow keys and then by pressing
<Return> or <Enter> key at that position. For Example, Open a New File 1is selected by
moving the cursor using arrow keys at that position and then by pressing < Enter > or < Return >
key. This option takes the user to main data entry menu as shown in figure A.4. The user can select
various categories of data to enter data and in order to exit from the main data entry menu, after
data has been entered, by pressing < Esc> key takes the user to a screen where the names of the
files in the current directory are shown and then user is prompted for the name of file under which
data is to be saved.

Edit an Old File allows to edit an existing file and when this option is selected, the name of the
file which already exists is requested. If an old file exists, the main data entry menu is displayed and
each category can be accessed separately to make any changes in the file. After editing has been
completed, by pressing < Esc> takes the user to a screen where user is asked to overwrite existing
file or rename it.

View a File option allows to view a text file such as output results file. The user can move up and
down the file using arrow keys.

Save option allows the user to save all the changes to a particular file under a different file name
while preserving the original file. Exit takes the user to program control screen as shown in figure
A2
Figure A.4. shows the main data entry menu screen, which consists of ten different categories. Each
category can be accessed independently after data for General Parameters has been entered. Any set
of consistent units can be used in the POLUT2D and dimensions are shown by the following no-
tations.

M = Mass, L = Length, T = Time
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FILE RUN PLOT QUIT (Esc)

Edit an Old File
View a File

Save
Exit

Press Ctrl + First Letter to Select

Figure A-3. File menu screen
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MAIN MENU FOR DATA ENTRY

The main data entry menu consists of ten different sections.

HEADING DATA

GENERAL PARAMETERS

MATERIAL PROPERTIES DATA

NODAL INFORMATION DATA

ELEMENT DATA

FIXED POTENTIAL HEAD DATA

FIXED CONCENTRATION DATA

INITIAL POTENTIAL HEAD DATA
INITIAL CONCENTRATION DATA
OUTPUT CONTROL INFORMATION DATA

Each section is described here;

1.

HEADING DATA

This category of main data entry menu, as shown in figure A.5., consists of title of the problem and
number of the problem. This information is printed at the top of the output file.

Any Integer value greater than zero is acceptable, It is printed on the top of output file.

Any combination of upto 60 characters. It is printed at the top of output file.

2.

® Problem Number

wProblem Title

GENERAL PARAMETERS
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FILE RUN PLOT QUIT (Esc)

Open a New File

Edit an Old File
View a File

POLUT 2D

MAIN MENU FOR DATA ENTRY

Heading Data

General Parameters
Material Properties
Nodal Points Information
Elements Information

Fixed Potential Head Information
Fixed Concentration Information
Initial Potential Head Information
Initial Concentration Information
Information for Output Options
EXIT

Press Ctrl + First Letter to Select

Figure A-4. Main Data Entry Menu Screen
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FILE RUN PLOT QUIT (Esc)

HEADING DATA

Problem # Title

— Problem # 1 - Chapter 5

Press Ctrl + First Letter to Select

Figure A-5. Heading Data screen
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The data in this section is used to control if, and how many times, subsequent screens are to be
displayed. It is recommended that data for this screen be entered first. Figure A.6 displays a screen
for General Parameters for an example problem.

aNumber of Nodes
Total number of nodes in the mesh. The number of nodes should be less than the maximum value
allowed for number of nodes as described in Table A-1.

sNumber of Elements
Total number of elements in the mesh. The number of elements should be less than the maximum
value allowed for number of elements as described in Table A-1.

sNumber of Different Materials
Total number of different materials used in the mesh. The number of elements in the mesh. The
number of elements should be less than the maximum value allowed for number of different ma-
terials as described in Table A-1.

sNumber of Nodes With Fixed Head
The total number of nodes where potential head does not change. It is a fixed boundary condition.
The number of nodes with this condition should not exceed the maximum value allowed for
number of nodes with fixed head as described in Table A-1.

sNumber of Nodes With Fixed Concentration
The total number of nodes where concentration does not change. It is a fixed boundary condition.
The number of nodes with this condition should not exceed the maximum value allowed for
number of nodes with fixed concentration as described in Table A-1.

sNumber of Nodes With Initial Head
The total number of nodes where initial potential head is other than PI. It is a initial boundary
condition. The number of nodes with this condition should not exceed the maximum value allowed
for number of nodes as described in Table A-1.

mNumber of Nodes With Initial Concentration
The total number of nodes where initial concentration is other than CI. It is a initial boundary
condition. The number of nodes with this condition should not exceed the maximum value allowed
for number of nodes as described in Table A-1.

sValue for Initial Head For Most Nodes (PI)
The value for the initial potential head for most nodes.

wValue for Initial Concentration (CI)
The value for the initial concentration for most nodes.

wValue for Element Source
The value for the element source [ 1/TL |
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®Percentage of Error
The value for the acceptable percentage of error used in the convergence criterion. The recom-
mended value is 0.05.

sNumber of Iterations
The value for the maximum number of iterations allowed for each time step if solution does not
converge. The recommended value is 20.

3. MATERIAL PROPERTIES DATA

This category of data consists of material properties as shown in figure A.7, which includes data for
saturated hydraulic conductivities in transverse and vertical directions, back pressure, angle of
anisotropy, dispersivity values in X and Y directions, molecular diffusion coefficient, saturated and
residual volumetric water contents and van Genuchten parameters M and «. This material proper-
ties screen is displayed once for each material, and the material number is displayed at the top of
screen.

mSaturated Hydraulic Conductivity in X - direction
The value for the saturated permeability of the soil in X or longitudinal direction. The dimensions
for permeability are [L/T].

sSaturated Hydraulic Conductivity in Y - direction
The value for the saturated permeability of the soil in Y or transverse direction. The dimensions for
permeability are [L/T).

®Back Pressure
The value for the pressure required for the complete saturation of the soil. The dimensions for back
pressure are [M/L*L).

mAngle of Anisotropy
The value for the angle between principal X axis and mesh coordinate X axis. This value is used
only for the permeability values. The value is entered in degrees.

s] ongitudinal Dispersivity
The value for the dispersivity in longitudinal or X axis, in order to calculate dispersion coefficient.
The dimension for dispersivity is {L].

®Transverse Dispersivity
The value for the dispersivity in transverse or Y axis, in order to calculate dispersion coefficient.
The dimension for dispersivity is [L].

mCoefficient of Molecular Diffusion
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FILE RUN PLOT QUIT (Esc)

GENERAL PARAMETERS

Total Number of Nodes

Total Number of Elements

Total Number of Materials

Number of Nodes with Fixed Potential
Number of Nodes with Fixed Concentration
Number of Nodes with initial Head Other than Pi
Number of Nodes with Init. Conc. Other than Ci
Initial Potential Head For Most Nodes

initial Concentration For Most Nodes

Element Source [ o |

Acceptable Percentage of Error XS
Maximum Number of erations B

Press Ctrl + First Letter to Select

Figure A-6. General Parameters screen
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FILE RUN PLOT QUIT (Esc)

MATERIAL PROPERTIES DATA

MATERIAL # I

Saturated Hydraulic Conductivity in X - direction
Saturated Hydraulic Conductivity in Z - direction
Back Pressure

Angle of Anisotropy (Degrees)

Dispersivity in X - direction

Dispersivity in Z - direction

Coefficient of Molecular Diffusion

Saturated Volumetric Water Content 0.600
Residual Volumetric Water Content 0.600
Van Genuchten Parameter M 0.300
Van Genuchten Parameter Alpha (a)

Press Ctrl + First Letter to Select

Figure A-7. Material Properties Data screen
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The value for the coefficient of molecular diffusion for pollutant or solute involved, in order to
calculate dispersion coefficient. The dimensions for this coefficient are [L*L/T].

mSaturated Volumetric Water Content
The value for the saturated volumetric water content 8, for the soil, and it is also equal to the
porosity when the soil is saturated.

aResidual Volumetric Water Content
The value for the residual volumetric water content 8, for the soil, and it is value of volumetric
water content at very low values of pressure head (high suction), usually near zero.

mvan Genuchten Parameter M
The value for the van Genuchten parameter M relating grain size distribution and shape of soil -
water retention curve. It has no dimensions.

mvan Genuchten Parameter Alpha
The value for the van Genuchten parameter a relating grain size distribution and shape of soil -
water retention curve. It has dimensions of [ L]

4. NODAL INFORMATION DATA

This section of data entry menu consists of X and Y coordinate values for the nodes and it consists
of two screens. If the main data entry menu is accessed in the edit mode, the first part of the screen
does not come and if the option for creating a new file is used, there are two screens for this category
of data as shown in figure A.8. Nodes and coordinates which are skipped can be generated at equal
spacing along a line connecting the two nodal points listed before and after the skipped nodes.

sNode Number
The value for the node number and it must be an integer value.

sX-Coordinate
The value for the X - coordinate of the Node.

»Y-Coordinate
The value for the Y - coordinate of the Node.

5. _ELEMENT INFORMATION DATA

This section of data entry menu consists of element connectivity and values for material type and
it consists of two screens. If the main data entry menu is accessed in the edit mode, the first part
of the screen does not come and if the option for creating a new file is used, there are two screens
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FILE RUN PLOT QUIT (Esc)

NODAL POINTS INFORMATION

No. of Nodal Points Want to Enter: [JJEPTH

Use arrows to change fieid, Esc to Quit

Press Ctrl + First Letter to Select

(PART - A)

FILE RUN PLOT QUIT (Esc)

NODAL POINTS INFORMATION

Node # X - Coord. Y - Coord
I [ 0.00 | [ 0.00 |
| o | [ 000 [ s0.00
[ 1000 | [ o.00 ]
12| [ 10.00 [ s0.00 |

Use arrows to change fieid, Esc to Quit

Press Ctrl + First Letter to Select

(PART B)

Figure A-8. Nodal Points Information Screen
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FILE RUN PLOT QUIT (Esc)

POLUT 2D

ELEMENT D ATA

No. of Element Data Want to Enter: m

Press Ctrl + First Letter to Select

(PART A)

FILE RUN PLOT QUIT (Esc)

PoLUT 2D

ELEMENT D ATA
Elem. # Node1 Node2 Node3 Node4

=
2
<
®

12

7

-l
-]
.
..aEEIH

13

..E E H HH

Press Ctrl + First Letter to Select J

(PART B)

Figure A-9. Element Data Screen
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for this category of data as shown in figure A.9. Any skipped elements are generated by adding one
to the node numbers of the previous element. The material number of skipped elements will be set
equal to that of last element entered. The four nodes of each element must be specified in a
counterclockwise direction. A triangular element can also be used by equation node 4 and node 3
of a element.

6. FIXED POTENTIAL HEAD DATA

This category of main data entry menu, as shown in figure A.10., consists of data for fixed potential
head for the node. It displays the number of blank fields equal to the value entered in the General
Parameters screen.

sNode Number
The node number where potential head is fixed.

sPotential Head
The value for the potential head for a partcular node and the dimensions for potential head are [L].

7. FIXED CONCENTRATION DATA

This category of main data entry menu, as shown in figure A.11., consists of data for fixed con-
centration for the node. It displays the number of blank fields equal to the value entered in the
General Parameters screen.

sNode Number
The node number where input concentration is fixed.

uConcentration
The value for the input concentration at that particular node.

8. INITIAL POTENTIAL HEAD DATA

This category of main data entry menu, consists of data for initial potential head for the node. It
displays the number of blank fields equal to the value entered in the General Parameters screen. It
shows a screen similar to the one as shown in figure A.10.

aNode Number
The node number where initial head is known.

aInitial Head
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FILE QUIT (Esc)

FIXED POTENTIAL HEAD DATA
Node # Fixed Potential Head
| 6 | | 50 |
|12 | | 50 |
| 18| N
| 23| | 50 |
| 50
Press Ctrl + First Letter to Select

Figure A-10. Fixed Potential Head Data Screen
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FILE RUN PLOT QUIT (Esc)

FIXED CONCENTRATION DATA

Node # Fixed Concentration

.

Press Ctrl + First Letter to Select

Figure A-11. Fixed Concentration Data Screen
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The value for the initial potential head at a particular node and the dimensions for potential head
are [L].

9. INITIAL CONCENTRATION DATA

This category of main data entry menu, consists of data for initial concentration for the node. It
displays the number of blank fields equal to the value entered in the General Parameters screen. It
displays a screen similar to the one as shown in figure A.11.

aNode Number

The node number where input concentration is known.

sConcentration
The value for the initial concentration at that particular node.

10. OUTPUT CONTROL DATA

This category of main data entry menu, as shown in figure A.12., consists of two screens. On the
first screen user specifies time increment At and the number of times in which program output is
desired. The specific output times are entered on the second screen. The units of time must be the
same as the permeability. The time increment At remains the same for the first 10 time steps, after
which it is increased by 1.4x. This is done to reduce the computational time required to solve a
problem. For most cases the stability of the problem will increase after first several time steps, al-
lowing a larger value of Atz. The time increment then remains the same until 10x the new A¢, when
it is increased by 1.4x again. The process continues until the maximum time is reached. Results are
output at the times closest to the specified output times.
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FILE IY PLOT QUIT (Esc)

PoLUT 20

OUTPUT OPTIONS

Time Step No. of output time levels

BECEE 4 RN

Press Ctrl + First Letter to Select

(PART A)

FILE N ~ QUIT (Esc)

POLUT 2D

OUTPUT OPTIONS

Output Time Levels

5400

5500
5600

Press Ctrl + First Letter to Select

(PART B)

Figure A-12 Output Control Data Screen
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Tabie A-1. Limits on the size of problem

Category Maximum Value
Number of Nodes 500
Number of Elements 400
Number ot Different Materlals 10
. Number of Nodes with Fixed Potentlal Head 100
Number of Nodes with Fixed Concentration 100
Number of Nodes with Initial Potentlal Head 100
Number of Nodes with Initlal Concentration 100
Bandwidth of the problem 50

1e
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Processor program

The processor or the analysis part of the program reads input data file created by the pre processor
and then computes results, which include concentration and potential head at various time levels.
It is written in FORTRAN 77. The program first computes the nodal values of pressure head h
and mean water pore velocity by solving 2-D Unsaturated flow equation using van Genuchten
model. In the second stage, it solves mass transport equation with advection and dispersion and
obtains concentration spread at various time steps. The flow chart of the processor part of the
program is displayed as figure A.13.

The program uses four-noded, two dimensional quadrilateral element and a general § method for
the time integration scheme. The solution procedure involves iterations by Picard’s method to
handle the non-linearities.

The processor program reads an input data file and if there are no errors found in the input data
file, it writes results to two files with extensions as “.out” and ”.plt”. The “.out” is the output result
file and it can be printed and “.plt” is a file created for the use in graphics or the post processing
programs. The “.out” or output file consists echo of detailed form of input data, nodal values for
the concentration and head, and values for the velocity in transverse and longitudinal directions for
each element at various time steps. The “.plt” or graphics file contains data for mesh generation,

nodal concentration values at various time steps.
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Is Data OK ? — ‘
Yes Stop

Flow Problem

!

Transport Problem

: «

Solution A
No /
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Figure A-13. Flow chart for the Analysis program
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Post Processor

The post processing stage deals with the presentation of results. There are three different types of

graphics, as shown in figure A-1, which can be used to graphically verify results;
. Mesh Plot
¢  Concentration Front

. Concentration Contours

Mesh plot displays a two dimensional finite element mesh by reading data from “.plt” or graphics
file, which is created by the processor part of the program. The different materials used in the mesh
are displayed by using color codes. There is a zoom option which allows to enlarge selected areas

of the mesh. Figure A.14 illustrates a typical mesh as displayed by the program.

Concentration Front option allows to show the concentration front at various time steps. It re-
quires the input of time step and concentration level, in addition to the data from “.pit” file. This
option, first generates mesh and then shows concentration front on it with the help of color codes.

Figure A.15 shows a typical concentration front plot.

Concentration contour option allows to create color coded concentration contour levels at different
time values. It generates contours by reading data from “.plt” file and the values for concentration
contours are computed by dividing the range of concentration into equal sections. The number
of sections depend upon the graphics capability of the hardware. Figure A.16 illustrates a typical

concentration contour plot.

Appendix A. Computer Program POLUT2D 122



FINITE ELEMENT MESH No. of Nodes = 88 No.

of Elements =

63

Material 1

Window 0,0 to 1000.00, 50.00

Figure A-14. Finite Element Mesh Plot Screen
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CONCENTRATION FRONT PLOT

Elements With

Have Concentration Higher Than 0.7*Cmax

Time Level = 5400 [T]

Window 0,0 to 1000.00, 50.00

Figure A-15 Concentration Front Plot
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CONCENTRATION CONTOUR PLOT

Contaminant Concentration Contour Plot Concentration Color Code

at Time = 5400 [T] 0.000 to 0.200

0.200 to 0.400
0.400 to 0.600
0.600 to 0.800
0.800 to 1.000

Window 0,0 to 1000.00, 50.00

Figure A-16. Concentration Contour Plot Screen

125

Appendix A. Computer Program POLUT2D



REFERENCES

Apgar, M. A., "We Can't afford to let this happen again”, Delaware Conservationist, Vol. 19, 1975

Averjanov, S. F., “About Permeability of Subsurface Soils in Case of Incomplete Saturation, Eng.
Collect., Vol. 7, 1950

Bathe, K. J. and Wilson, E. L. Numerical Methods in Finite Element Analysis, Prentice Hall, New
Jersey, 1976

Baedecker, M. J. and Apgar, M. A. "Hydrogeochemical Studies at a Landfill in Delaware”,
Groundwater Contamination, Geophysics Research forum, Commission on Physical Sciences,
Mathematics, and Resources, National Research Council, Washington, D.C., National Acad-
emy Press, 1984

Bear, J. Dynamics of Fluids in Porous Media, American Elsevier Publishing, New York, 1972.

Bear, J. Hydraulics of Groundwater, McGraw Hill Co., New York, 1979.

Bear, J. and Y. Bachmat, "A Generalized Theory on Hydrodynamic Dispersion in Porous Media”,
ILASS.H Symp. on Artficial Recharge and Management of Aquifers, Haifa, Israel, . A.S.H
Publ. No. 72, 1967

Belytschko, T and Liu, W. K. “Computational Methods for Analysis of Transient Response,” Re-
cent Advances in Engineering Mechanics and Their Impact on Civil Engineering Practice, Ed.

by Chen, W. F. and Lewis, A. D. M,, Vol. 1, Purdue University, May 1983.

Biggar, J. W. and Nielson, D. R., “Spatial Variability of the Leaching Characteristics of a Field
Soil”, Water Res. Research, Vol. 12, 1967

Bolt, G. H. and Groenevelt, P. H. “Coupling Phenomena As A Possible Cause For Non-Darcian
Behaviour of Water in Soil,” Bull. IASH, No. 2, Vol. 14, 1969

Brebbia, C. A. and Skerget, P. “Diffusion-Convection Problems Using Boundary Elements,” Pro-
ceedings 5th Int. Conference on Finite Elements in Water Resources, Vermont, 1984

REFERENCES 126



Brebbia, C. A. and Walker, S. Boundary Element Techniques in Engineering, Butterworths,
London, 1980

Brooks, R. H. and A. T. Corey, “Hydraulic Properties of Porous Media,” Hydrology Papers Vol.
3, Colo. State Univ., Fort Collins, 1964

Burdine, N. T. “Relative Permeability Calculations From Pore Size Distribution Data,” Petroleum
Development and Technology, Vol. 146, 1942

Bumett, R. D. and Frind E. O. “Simulation of Contaminant Transport in Three Dimensions 1.
The Alternating Direction Galerkin Technique, Water Resources Research, Vol. 23, No. 4,
April 1987a

Burnett, R. D. and Frind E. O. “Simulation of Contaminant Transport in Three Dimensions 2.
Dimensionality Effects,” Water Resources Research, Vol. 23, No. 4, April 1987b

Cheremisinoff, P. N, Gigliello, K. A. and O'Neill, T. K., Groundwater- Leachate
Modeling/Monitoring/Sampling, Technomic Publishing Co., Lancaster, PA, 1984

Cherry, J. A, R. W. Gilham and J. F. Barker, “Contaminants in Groundwater: Chemical Proc-
esses”, Groundwater Contamination, Geophysics Research forum, Commission on Physical
Sciences, Mathematics, and Resources, National Research Council, Washington, D.C., Na-
tional Academy Press, 1984

Clark, D. C, Analysis of The Army Creek Landfill Contamination Problem, Thesis Submitted for
M.S at at University of Delaware, 1979

D’Appolonia, D. J. “Slurry Trench Cutoff Walls For Hazardous Waste Isolation”, Geotechnical
and Geohydrological Aspects of Hazardous Waste Containment, Woodward Clyde Consult-
ants Professional Development Program, July 1982

Desai, C. S. Elementary Finite Element Method, Prentice Hall, New Jersey, 1979

De Smedt, F. and Wierenga, P. J., “Solute Transfer Through Columns of Glass Beads”, Water
Resour. Res., Vol. 20, 1984

Domenico, P. A, and G. A. Robbins, “A Dispersion Scale Effect in Model Calibrations and Field
Tracer Experiments,” J. Hydrology, Vol. 70, 1984

Duncan, J. M., SEEP: A Finite Element Program for Seepage Problems, Report to the Dept. of
Civil Engrg., Virginia Poly. Tech. Inst. & State Univ., 1988

EPA (Environmental Protection Agency), Hazardous Waste Sites: Discription of Sites on Current
National Priorities List, Washington, D. C., 1984

Farrell, D. A. and W. E. Larson, “Modeling the Pore Structure of Porous Media,” Water Resources
Research, Vol. 8, 1972

Freeze, R., “Subsurface Hydrology at Waste Disposal Sites”, IBM J. Res. Develop., Vol. 16, 1972
Freeze, R. and J. A. Cherry, Groundwater, Prentice-Hall Inc., Englewood Cliffs, New Jersey, 1979
Fried, J. J., Groundwater Pollution, Elsevier, New York, N.Y.,1975

Gelhar, L. W. and Axness, C. L., “Three Dimensional Stochastic Analysis of Macro Dispersion in
Aquifers”, Water Resour. Res., Vol. 19, 1983

REFERENCES 127



Guymon, G. L., Scott, V. H. and Herrmann, L. R., “A General Numerical Solution of Two-
Dimensional Diffusion-Convection Equation by the Finite Element Method,” Water Re-
sources Research, Vol. 6, 1970

Hildebrand, M. A. and Himmelbau, D. M., “Transport of Nitrate Ion in Unsteady Unsaturated
Flow in Porous Media”, AIChE J., Vol. 23, 1977

Huyakom, P. S. and Pinder, G. F. Computational Methods in Subsurface Flow, Acadamic Press,
New York, 1983.

Irmay, S., “On the Hydraulic Conductivity of Unsaturated Soils,” Eos Trans. AGU, Vol. 35, 1954

Javendel, I, Doughty, C., and Tsang, C. Groundwater Transport: Handbook of Mathematical
Models, American Geophysical Union, Washington D.C 1984

Jordan, R. R. "The Columbia group (Pleistocene) of Delaware”, Guidebook 3rd Annual Field Trip:
Petroleum Exploration Society of New York, University of Delaware, Newark, 1976

Kirda, C. Nielson, D. R. and Biggar, J. W., “Simultaneous Transport of Chloride and Water During
Infilteration”, Soil Sci. Soc. Am., Proceedings Vol. 37, 1973

Klotz, D., “Untersuchungen zur hydrodynamischen Dispersion in wasserungesattigten porosen
Medien”, Dtsch. Gewasserkd. Mitt., Vol. 24, 1980

Kool, J. B., Parker, J. C., and van Genuchten, M. Th., “Determining Soil Hydraulic Properties
From One-Step Outflow Experiments By Parameter Estimation: 1 Theory and Numerical
Studies,” Soil Science Society of America Journal, Vol. 49, 1985

Kutilek, M. “"Non-Darcian Flow of Water in Soils (laminar Region),” First IAHR Symp. Funda-
mentals of Transport Phenomena in Porous Media, Haifa, Israel, 1969

Low, P. F. “"Physical Chemistry of Clay-Water Interaction,” Advances in Agronomy, Vol. 13, 1961

Miller, W. “Use of Groundwater Modeling to Analyze Contaminant Influenced By Multiple Well
Field”, ERM Northeast, Albany New York, 1990

Mitchell, J. K. and T. L. Brandon, Containment Barriers For Land Disposed Solvent-Bearing
Hazardous Wastes, Dept. of Civil Engrg., Univ. of California, Berkeley, 1984

Mualem, Y. “A New Model for Predicting the Hydraulic Conductivity of Unsaturated Porous
Media,” Water Resources Research, Vol. 12, No. 3, June 1976.

Muskat, M. The Flow of Homogenous Fluids Through Porous Media, McGraw Hill, New York,
1937

Niessen, W. R., Leachate Control Strategy for Llangollen Landfill, New Castle County, Delaware
- Preliminary Feasibility Study, Roy F. Weston, Inc., 1974

Osmun, D. SEEPU: A Finite Element Program For Two Dimensional Unsaturated Seepage
Problems, Thesis for M.S. at Virginia Polytechnic Institute and State University, 1988

Parker, J. C., Kool, J. B, and van Genuchten, M. Th., “Determining Soil Hydraulic Properties

From One-Step Outflow Experiments By Parameter Estimation: II Experimental Studies,”
Soil Science Society of America Journal, Vol. 49, 1985

REFERENCES 128



Peaceman, D. W. Fundamentals of Numerical Reservoir Simulation, Elsevier North-Holland, Inc.,
New York, 1977

» Pickens, J. F. and Lennox, W. C., “Numerical Simulation of Waste Movement in Steady

Groundwater Flow Systems”, Water Resour. Res., Vol. 12, No. 2, 1976

Pickett, T. E., Geology of Chesapeake and Delaware Canal Area, Geol. Map Series 1, Delaware
Geol. Survey, 1970

Pinder, G. F., “A Galerkin-Finite Element Simulation of Groundwater Contamination Simulation
on Long Island, New York”, Water Resour. Res., Vol. 12, No. 6, 1973

Reddy, J. N. An Introduction to the Finite Element Method, McGraw Hill, New York, 1984

Reddel, D. L. and D. K., Sunada, “Numerical Simulation of Dispersion in Groundwater Aquifers”,
Hydrol. Papers, Vol. 41, Colo. State Univ., Fort Collins, 1970

Rose, D. S., "Hydrodynamic Dispersion in Porous Materials”, Soil Sci. Soc. Am. 1., Vol. 123, 1977

Rose, H. E. “"An Investigation into the Laws of Flow of Fluids Through Beds of Granular Mate-
rial,” Proc. Inst. Mech. Eng., Vol. 153, 1945

Rowe, R. K., “Contaminant Migration Through Groundwater: The Role of Modeling in the De-
sign of Barriers”, Canadian Geotech. Jour., Vol 25, No. 4, 1988

Rowe, R. K. and Booker, J. R., “1-D Pollutant Migration in Soils of Finite Depth”, Jour.
Geotechnical Engineering, Vol. III, No. 4, 1985a

Rowe, R. K. and Booker, J. R., “Two-Dimensional Pollutant Migration in Soils of Finite Depth”,
Can. Geotech. Jour., Vol. 22, No. 4, 1985b

Saffman, P. G., “A Theory of Dispersion in a Porous Medium”, J. Fluid Mech., Vol. 6, 1959

Saffman, P. G., "Dispersion Due to Molecular Diffusion and Macroscopic Mixing In Flow
Through a network of Capillaries”, J. Fluid Mech., Vol. 7, 1960

Scheidegger, A. E., “On The Theory of Flow of Miscible Phase in Porous Media,” Proc. IUGG
General Assembly, Toronto, Vol. 2, 1957.

Senthilkumar, B., One Dimensional Pollutant Transport Model, Thesis for M.S at Virginia
Polytechnic Institute and State University, 1986

Smith, G. O. Numerical Solution of Partial Differential Equations, Oxford University Press, New
York, 1965

Tallard, G. “Slurry Trenches for Containing Hazardous Wastes”, Civil Engineering Magazine,
February 1984

Taniji, K. K., Dutt, G. R,, Paul, J. L., and Doneen, L. D. “A Computer Method for Predicting Salt
Concentrations in Soils at Variable Moisture Contents.” Hilgradia Vol. 38, 1967

van Genuchten, M. Th. Calculating the Unsaturated Hydraulic Conductivity With a New Closed

Form Analytical Models, Res. Rep. 78-WR-08. Dept. of Civil Engineering, Princeton, NJ,,
1978a

REFERENCES 129



van Genuchten, M. Th. Numerical Solutions of the One-Dimensional Saturated-Unsaturated Flow
Equation, Res. Rep. 78-WR-09. Dept. of Civil Engineering, Princeton, NJ., 1978b

van Genuchten, M. Th. “A Closed-form Equation for Predicting the Hydraulic Conductivity of
Unsaturated Soils,” Soil Science Society of America Journal, Vol. 44, No. 5, September 1980.

van Genuchten, M. Th. “An Hermitian Finite Element Solution of the Two Dimensional
Saturated-Unsaturated Flow and Mass Transport Equation,” Adv. in Water Resources, Vol.
6, June, 1983

van Meurs, P. “The use of Transparent Three-Dimensional Models for Studying the Mechanisms
of Flow Processes in O1l Reservoirs,” Trans. AIME, Petrol., Vol 210, 1957

Wierenga, P. J. “Solute Distribution Profiles Computed With Steady State and Transient Water
Movement Models,” Soil Science Society of America Journal, Vol. 41, 1977

Wilson, J. L. and L. W., Gelhar, “Dispersive Mixing in Partially Saturated Porous Medium”,
Hydro. Lab., Report 191, Mass. Inst. of Tech., 1974

Wyllie, M. R. J.,, and G. H. F., Gardner, “The Generalized Kozney-Carman Equation,” World Oil,
Vol. 146, 1958

Yule, D. F. and Gardner, W. R., “Longitudnal and Transversal Dispersion Coefficients in Unsat-
urated Plan-Field Sand”, Water Resour. Res., Vol. 14, 1977

Zienkiewicz, O. C. The Finite Element Method, 3rd ed., McGraw Hill, New York, 1977

REFERENCES 130



Vita

The author was born on October 28, 1967 in Lahore, Pakistan. He did his secondary and higher
secondary education in Oman. In September 1985, he entered at West Virginia Institute of Tech-
nology as a freshman and graduated with B.S in Civil Engineering in May 1988. He is currently
completing the requirements for the degree of Master of Science in Civil Engineering (Geotechnical)
and is a member of Tau Beta Pi , American Society of Civil Engineers and American Geophysical

Union.

Vita 131





