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Abstract

Solute transport in groundwater has become an active and important research area because of the
increasing awareness about the living environment and the need for its protection from contamination.
The amount of work so far done in this field is vast but scattered. Therefore, the present study has first
systematically reviewd the available theoretical and experimental works since the early 1950s. The review
has critically analyzed the developments of research and has summarized the research trends and the
associated forthcoming challenges. The review necessitates regorous modeling of solute transport in
groundwater, considering the effects of solute aggressiveness on the fundamental properties of the porous
medium.

However, the modeling work is complicated and challenging because the solute transport process
couples the flow of groundwater with the transport of mass in the porous medium. Because of solute
aggressiveness, the hydraulic conductivity changes with concentration. Consequently, the medium
becomes inhomogeneous and revises the existing concept of steady incompressible groundwater flow to
an unsteady problem. The present study has modeled the groundwater solute transport incorporating these
factors.
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PERMEABILITY
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Solute transport in groundwater has become an active and important
rescarch arca because of the increasing awareness about the living cnvironment
and the nced for its protection from contamination. The amount of work, so
far donc in this ficld, is vast but scattered. Therefore, the present study has first
systematically reviewed the available thcoretical and cxperimental works since
carly 1950s, in particular. The review has critically analyzed the developments
of rescarch and has summarized the rescarch trends and the associated
forthcoming challenges. The review nccessitates rigorous modeling of solute
transport in groundwater, considcring the cffects of solutc aggressivencss on the

fundamental propertics of the porous medium.

However, the modeling work is complicated and challenging because the
solute transport process couples the flow of groundwater with the transport of
mass in the porous medium. Because of solute aggressivencss, the hydraulic
conductivity changes with concentration. Conscquently, the mcdiﬁm becomes
inhomogencous and revises the existing concept of stcady incompressible
groundwater flow to an unstcady problem. The present study has modcled the

groundwater solute transport incorporating these factors.
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To solve the model equations, derived from the gencral continuity cquations,
permeability, porosity and concentration were corrclated, and a solution
algorithm, using collocation finitc clement technique, has been developed. The
algorithm not only solve§ the resulting nonlincar, coupled cquations under
varying initial and boundary conditions but also guarantecs continuous velocity

field without using numerical intcgration.

The numerical simulation shows that the solutc aggressiveness introduces
additional hcterogeneity in the medium, which incrcascs the uncertainty in the
estimation of hydraulic conductivity and dispersion cocfficient. Increasing solute
aggressiveness increases the hydraulic conductivity and thc groundwater head.
The existence of incompressible unsteady flow has been confirmed through
numerical experiments. Thercfore, the hydrodynamics of groundwater must be
coupled with the associated mass transport phenomenon with special reference

to modeling the effects of solute aggressivencss.

A simplc experimental model was developed in the laboratory to study the
dynamics of flow and transport of aggressive solutes in porous media. It ‘was,
however, not possible to study the cffects of solute aggressivencss duc to

significant growth of microorganisms in the system.
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Department of Civil Engincering
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Chapter - I
INTRODUCTION



Chapter 1
INTRODUCTION

1.1 INTRODUCTION

With the increasing sense of awarencss about the environment and the
recognition of the nced for its protection, the study of solute transport related
to groundwater contamination has become the focus of numecrous researchers.
Specially, during the last two decades, recsearch activities in this arca have

accelerated to revolutionary level.

Different investigators attacked the solute transport problem from different .
perspectives because it is an interdisciplinary one and the resultant achievements
are so extensive and scattered that it appcars to be essential to make an
inventory of the completed works. A systematic inventory of the available
theoretical and experimenfal works could make a muéh .awaitcd-contribution in

this area. These includes :

i) brief review of the fundamental concepts of flow through porous

media
ii) complete picture of the present status of the problem

iii) outlining issues that remain abscurc or unaddressed by the

current day investigators and

iv) suggestion of rescarch dircctions and/or alternatives to advance
technology for a greater understanding and a more

comprehensive analyses of the solute transport phcnomena.
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Models, describing the solute transport in porous media , are collections of
partial differential equations which contain a number of parameters,
representing the aquifer properties and different processes controlling the

phenomena. The success of model predictions depends on

i) the accuracy and efficiency with which the natural processes
controlling the behavior of groundwater and the chemical and

biological species it transports arc simulated and
ii) the reliability of the estimated model parameters.

Solute transport in natural groundwater system is a coupled process , one
which consists of the flow of groundwater as well as the transport of mass. Of
various parameters involved, the hydraulic conductivity distribution is of major
importance. Other parameters such as those related to hydrodynamic dispersion,
sorptionv and chemical and biological transformations are important also. But
the hydraulic conductivity is the most fundamental, because combined with
hydraulic gradient and medium porosity, it controls the direction and speed of
the moving water. These aquifer parameters are related to numerous factors

including the solute characteristics and concentration.

There exists numerous models for the study of groundwater flow and solute
transport problem.s. These ére mostly dcvcloped for situations where the model
parameters like hydraulic conductivity andfor hydrodynamic dispersion is
considered to be independent of soiute concentrations. A very few models are
available for the situation of concentration-dependent permeability . In these
models, the resulting nonlinear equations are developed considering the density-

dependent andfor viscosity-dependent flow parameters. In other words, the
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existing nonlinear models are bascd on the concept of solute density and/or
viscosity effects on flow and transport phcnomena. The groundwater flow and
the transport cquations are coupled by the density and/or viscosity terms
without changing the basic equations for the groundwater flow and solute
transport. Particularly, such models assume either incompressible porous
media and/or fluid system or compressiblc system with model parameters
independent of concentration as a conventional practice. The author failed to

find any flow model in the literature which considers the case of incompressible

unsteady flow.

"Recent studies on the effects of salinity and organic solvents on permeability
indicate that an additional phenomenon, the ‘solute aggressiveness’ may result
with a signiﬁ.cant change of pore structures of the porous media, with or without
appreciable deformation of the media or fluid. It is well understood that any
activity resulting with any change in solute concentration andjor on medium
porosity will definitely be associated with permeability chénge and letimately a
modification in the value of hydrodynamic dispersion paramecter in the system.
Environmental Protection Agency designated these solutes as aggressive solute

or permeant { McCandles et. al.(1987)).

Litcrature survey also demonstraics that the solute aggressiveness is a
function of a number of factors including thc solute concentration ( McNeal
(1968), McNcal ct.al. (1966,1968), Pupisky & Shainberg (1979), Abu-Sharar
et.al.(1987), Brown & Thomas (1984,1987), McCandlecss ct.al.(1987)).
Depending on the nature of the media as well as the solutc, cither reduction or
increase in the values of the flow and transport paramecters arc reported. This

modification may b€ irreversible ( Gol_dcnbcrg et.al. (1983) or may show a
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hysteresis nature ( Mehnert & Jennings ( 1985)). In any case, the resulting cffect
is the change of the media from homogeneous to hcterogeneous or increase in

heterogeneity in case of heterogenecous media.

One of the most important problem that is unresolved to date is the
assessment of any reliable correlation between the field and the laboratory

values of the flow and the transport parameters.

According to most investigators, the principal cause of the existing
discrepancy between the field and the laboratory values of model paramecters is
the heterogeneity of the medium ( Taylor et.al ( 1987), Polgy (1988)). In case of
aggressive solutes, the change' of parameters with solution concentration
introduces additional hetcrogeneity, even in the case of a medium which may be
homogeneous by nature. In such a situation, the non;existing relationship
between the field and the laboratory values of such parameters might get wosse.
This problem can only be treé'ted if a careful study of solute aggressiveness is
performed and analyzed properly. A successful study in this direction may
cxplain to some extent the cause of the failure to asses any definite relationship

between the field and the laboratory values of flow and transport components.

According to Hassanizadch et.al. (1988), the cxisting models cmploy
assumptions . and approximations which are not admissible at high
concentrations. Solute aggressiveness is a function of concentration and the
limiting case may be at high concentrations. Theoretical studies indicate that
for high-concentration, as well as in the case of aggressive solutcs, one might

need to modify the basic equations of flow and transport.

The purpose of this research is to illustrate and stress the nced for more
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carcful cxamination of ideas, equations and methodologies applied for modcling

of aggressive solute transport problems.

The most important aspects of the mathcmatical mode! ie. the basic
equations, will be reviewed carefullv. A modified formulation of the equations
will be proposed . A suitable solution algorithm will be developed to solve the
resulting system of nonlinear equations using advanced numerical technique.
The effects of the proposed modifications will be illustrated by means of

numerical experiments.

An attempt to study the dynamics of flow and transport of aggressive

solutes in the laboratory would be considered.



1.2 BRIEF LITERATURE REVIEW

The study of groundwater flow and the contaminant transport requires the
knowledge of many of the basic principles of geology, physics, chemistry and
mathematics. From the theory and the solute transport point of view, thgre
exists a close kinship between groundwater hydrology, soil mechanics, rock

mechanics, physical chemistry, mathematics and petrolcum engineering.

Different attempts have been taken by the respective disciplines according to
their needs, but the physical processes they apply are the same in most of the
cases. Although such studies related to groundwater contamination are not very
old as an applied science problem, almost similar studies originated long ago in

chemistry, soil science and other scientific disciplines.

Solute transport in natural groundwater systems is a coupled process which
consists of the flow of groundwater as well as the transport of mass. According
to some investigators ( Konikow and Grove (1977)), the solute transport

problems should be treated simultaneously with the groundwater flow because

of their close kinship.

With the increasing sense of environmental protection , the solute transport
problem, particularly in groundwater contamination gradually reccived
increasing attention of the various researchers which resulted in an extensive
volume of work to date. It appears to be advantagcous to discuss them under

the differcnt categories, namely:

a) Theory and Development of Solute Transport Phenomena

b) Studics on Aquifer Propertics



¢) Modeling of Solute Transport

d) Parameter Identification and Traccrs

e) Macrodispersion and Stochastic Approaches
f) Transport in Fractured Media

g) Analysis of Field Problems

h) Agquifer Reclamation and Management Aspccts

As the proposed research also includes an inventory of the completed works,
a few of the works most relevant to this proposed rescarch are mentioned below
(a more detailed review will be presented in the following sections of this study).

A broad list of related works are also available in Khondaker (1989) and

Khondaker et.al. (1990).

The birth of groundwater hydrology as a quantitative scicnce can be traced
to the year 1856 when a French hydraulic engineer, Henry Darcy published his
report describing a laboratory experiment that he carried out to analyze the flow
of water through sands. The results of his experiment can be generalized into

the empirical law that now bears his name.

Darcy’s law , being an empirical one, resting only on experimental evidence,
it was necessary to derive Darcy’s law from more fundamental physical laws
and the most successful approaches attempt to apply the Navier-Stokes
cquations, which are widely known in the study of fluid mechanics, to the flow
of water through the pore channels of idealized conceptual modcls of porous '
media. The earliest attempt to verify Darcy’s law by analytical mcans were

carried out by Hubbert(1956) and Irmay (1958).

In the related literature, the carlicst observation of the dispersion



8
phenomena is reported by Slichter (1905) who used an clectrolyte as tracer in
studying the movement of groundwatcr. Remarkable studics on related
processes in groundwater flow and contamination transport appecar to begin
from 1950 and followed by numerous studies in the ficlds of soil scicnce,

chemistry ,hydrogeology and petrolecum enginecring.

Among the potential contributors in the development of theory of
groundwater flow and solute transport phenomena, the names of Saffman
(1959,1960), Scheidegger (1961), Deans (1963), Bachmat & Bear (1964,1972),
Ogata (1970)) appear to be in the forefront. Bear (1961) also worked on

experimental studies of dispersion phecnomena in porous media. Also Bear

- (1972,1979) presented very systematic development of groundwater flow and

solute transport phenomena in porous media. Other investigators ( Pinder
et.al.(1973), Pinder (1984), Whitaker (1973), Gray (1975), Konikow &
Bredehoeft (1978), Hassanizadeh (1986,1986a), Konikow & Mercer (1988) etc.)

also presented formulations that are basically similar to Bear (1972,1979).

Among a number of investigators who are working on the expcrimental
determination of model parameters, Van Genuchten’s (1981,1984,1984a)

contribution appears to be acknowledged first.

McNeal and Coleman (1966), McNeal (1968), McNecal et.al. (1966,1968)
presented their experimental findings on the effects of solute composition and
characteristics on hydraulic conductivity. Abu-Sharar ct.al. (1987) also
presented a study on the reduction of hydraulic conductivity in relation to clay
dispersion and disaggregation. Brown & Thomas (1987) cxplained a mechanism
by which the organic liquids increases the hydraulic coriductivity of compacted

clay materials. Chen et.al.(1987) studicd the effects of organic compounds on
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swelling and flocculation of Upton Montmorillonite. Thesc studies were carried

out from the field of soil science.

The study on the effects of solutc aggressiveness on the properties of porous
media related to solute transport was originated from the work of Anderson
(1982). When compared to water, ciay liners exhibited an increase of
permeability by a factor of one million. Brown and Thomas (1984) presented a
study showing the increase in hydraulic conductivity of clays to petroleum
products and organic solvents. After that Environmental Protection Agency
initiated and supported a number of research projects in this direction (Brown
and Anderson (1983), McCandless,et.al.(1987),Brown (1988),Miller (1988)). All
of the aforementioned studies clearly indicates the significance of solute
aggressiveness and the need to incorporate this phenomena in future solute
transport studies. But the extensive literature survey amply demonstrates the
absence of such a model. In addition, a very few models are available for

natural coupled system of groundwater flow and transport.
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1.3 PRESENT STATUS OF THE PROBLEM

The capability to predict the bchavior of chemical contaminants in the

flowing groundwater is of vital importance. The reasons are:

i) the need for reliable assessment of hazards or risks arising from
groundwater contamination problems, and

ii) design of efficient and effective techniques to mitigate them.

The widespread use of chemical products, coupled with the disposal of large
volume of waste-materials, poses the potential for widely distributed
groundwater contamination. For example, hazardous chemicals cg. pesticides,
herbicides and solvents are used ubiquitously in everyday lifc. These and a host

of other chemicals are in widespread use in urban, industrial and agricultural

settings.

Whether intentionally disposed of, accidentally spilled, or applied to the
ground for agricultural reasons, some of these chemicals can cventually reach
the gfoundwatcr and contaminate it. Because of the volume of toxic wastes and
of their stability in the subsurface environment, such contaminants can pose a
serious threat to public health. Groundwater acts as a transporting agent for
dissolved chemicals including contaminants. The major geophysical inputs to the
problem of waste disposal and groundwater contamination deal with the

chemistry and rates and direction of contaminant transport.

The most challenging problems associated with groundwater contamination

are:

I. to prevent the introduction of contaminants in an aquifer
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2. to predict their fate and movement if they are introduced

3. to remove them, thereby, protecting the biosphere cffectively.

These problems are the results of our yesterday’s mistakes, today’s necessity

and tomorrow’s protection.

In order to rectify these problems, future research is needed for the

followings :

i) understanding of physical, chemical and biological processes
controlling the fate and movement of contaminants in the
subsurface environment

ii) the mathematical representation in the transport modecls to
predict the contamihant movement |

iii) determination of different important model paramcters in the
field and the laboratory using alternative methods

iv) development of iran#port models to predict the mbvémcnt of
contaminants as they arc introduced

V) development of management models to control and/or prevent
the introduction of contaminants in the aquifer and to find the
methodology for safe disposal of hazardous wastes.

vi) removal of contaminants to some extent possible to protect the

biosphere effectively.

Extensive rescarch works have becn reported in litcrature in different
directions and from different disciplines of science and technology. In spite of all
these efforts, continuous research is still nceded to overcome the present

limitations of the available models . Bccausc,' it must be admitted at the outset
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that simulation models are not truly predictive tools in a classic scientific sense.
It appears that the use of mathematical models to simulate thc behavior of any
complex natural system lies somewhere between science and art. Therefore,
modeling of such natural systéms is a never-ending activity in that
improvements are continually being made as more understanding and

information become available.

The extensive literatures available appears to be considerably scattered
because the problem is an interdisciplinary one. Therefore, there exists a need
for a systematic inventory of available theoretical and experimental works which
would be able to make a much awaited contribution in this area (van

Genuchten (1988)).

In spite of all these efforts, there exists a need for continuous research in a
number of directions to reduce the present limitations and uncertainties
associated with predicting the fate and the behavior of contaminants in the

subsurface (Khondaker et.al. (1990)).

Modeling of aggressive solutes appears to be among the most potential
directions of research to be pursued. This is because, the effect of solute
aggressivencss on the two aquifer properties is of vital importance. Furthermore,
since the hydraulic conductivity decpends on the void ratio and the fluid
viscosity, any changes in these two properties will change the hydraulic

conductivity and in turn will affect transport.

The general solute transport equation relates concentration changes to
hydrodynamic dispersion, convective transport, fluid sources and sinks, and

chemical reactions. Because both dispersion and convection transport depend on
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the velocity of the groundwater flow, the solute transport ecquation must be
solved in conjunction with the groundwater flow equation ( Konikow and Grove
(1977), Konikow & Bredehocft (1978)). A few work have been reported in this
coupled process ( Huyakorn & Taylor (1976), Anand et.al.(1980), Anand &
Pandit (1982), Mechnert & Jennings (1985)). Most of thesc models employ
assumptions and approximations which are not admissible at high-concentration
or in aggressive solute transport problems. Hassanizadeh & Leijnse (1988))
presented a model of brine transport in porous media . They considered the
effects of high concentration on permeability due to solution viscosity keeping
the porosity constant. The studies on the effect of solute aggressiveness on
porous media indicates that the aggressive solutes change hydraulic conductivity
by several orders of magnitude, significantly different from that caused by
density and viscosity vafiations. Such a change appears t0~ be related to the

change in intrinsic permeability and thereby the porosity.

Furthermore, a very few models are reported _in the litcfat'ure 'whi-t-:h solves
the natural groundwater system, which is in fact a coupled system of flow and
transport. Almost all of these modecls uscd finite difference and the Galerkin
finite element techniques to solve the governing cquations. It is obvious that the
simultaneous solution of the equations governing the coupled natural system
requires more reliable solution technique since the one equation utilizes the
results of the other one throughout the solution process. Finite difference
method and/or Galerkin finite element method with linear interpolation function
does not guarantee a continuous head gradient distribution to be used in the
evaluation of the velocity ficld nceded to solve the transport equation. Usc of

advanced numerical techniques appears to be a successful attempt to overcome

this difficulty.
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Therefore, there exists a need for the development of a model to predict the
transport of aggressive solutes by solving the diffusion-convection equation
coupled with the groundwater flow equation including various processes
involved and considering the potcniial effects of solutc aggressiveness on aquifer

properties of vital importance.



1.4 RESEARCH OBJECTIVES:

This research is intended to achieve the following objectives :

A systematic inventory of completed works

Modification of the basic equations of groundwater flow and
solute transport to incorporate the new concepts of solute

/permeant aggressiveness and incompressible unsteady flow

condition.

Development of a general purpose numerical model which will
be capable to deal with the nonlinear problem of solute
transport in groundwater using the diffusion-convection

equation coupled with the groundwater flow equations for

a) Concentration-dependent permeability
b) Incompressible unstcady groundwater flow of aggressive

solutes.

c) Compressible unsteady groundwatcr flow of aggressive

solutes

Comparison of the developed model with the conventional
results to establish the viability of the new concepts mentioned

in item-(2) above.

A parametric study to illustratc the effects of solute
aggressiveness on flow dynamics and solute dispersion pattern

of an aquifer by means of numerical experiments.

15
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Chapter 11
LITERATURE SURVEY
AND THE STATE-OF-THE-ART OF THE PROBLEM

2.1 INTRODUCTION

The capability to predict the behavior of chemical contaminants in flowing
groundwater is of vital importance for a) the reliable assessment of hazards or
risks arising from groundwater contamination problems, and b) the design of

efficient and effective techniques to mitigate them.

Reliable and quantitative prediction of contaminant movement can be madc
only if we understand the processes controlling the transport of contaminants.
These include a) advection b) hydrodynamic dispersion and c¢) physical,

chemical and biological reactions that affcct their soluble concentrations in

groundwater

The widespread use of chemical products, coupled with the disposal of large
volume of wastc-materials , pose the potential danger of groundwater
contamination. New instances of groundwaler contamination are continually
recognized. Hazardous chemicals ( c.g. pesticides, herbicides, and solvents ) are
used ubiquitously in everyday life. These, and a host of other chemicals, are in

widespread usc in urban, industrial, and agricultural scttings.

Whether intentionally disposed of , accidentally spilled , or applied to the
ground for agricultural reasons, some of these chemicals may cventually reach

the groundwater and contaminate it, causing a scrious threat to public health.
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Groundwater is the subsurface transporting agent for dissolved chemicals
including contaminants. Material dissolved from wastcs may bc transported
from burial or disposal sites by groundwater flow, affecting the quality of

subsurface water.

In addition, natural discharges of an aquifer, such as springs and secps, can
return contaminants to thc surface. Because of the relatively slow rates of
groundwater movement and the natural flushing of aquifcrs, those contaminants

could remain for a long time.

The major geophysical inputs to the problem of waste disposal and
groundwater contamination deal with the chemistry, rates and direction of
contaminant transport. The most challenging problems associated with

groundwater contamination are :

I. to prevent the introduction of contaminants in an aquifer;
2. to predict thecir movement if they arc introduced; and
3.to remove them, to somc cxtent in order to protect the biosphere

effectively.

These problems arc the results of yesterday’s mistakes, today’s nccessitics

and tomorrow’s protection.

If groundwater is to be utilized safcly and cffectively, both increased
scientific knowledge and improved engincering techniques must be brought to
bear on the problem of groundwater contamination. The dcvelopment of
appropriate methods for managing and disposing of wastcs arc nccessary for

rectification of past mistakes and for future protection as well.
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The scicntific problem is one of understanding the physical, chemical, and
biological system sufficiently well to be able to predict the movement and fate of
contaminants . This challenge is not mect casily, but with concentrated cffort, it
should be possible to isolate some toxic substances in the groundwater under

certain conditions in a way that will pose no hazards to the environment.

Subsurface flow and contaminant transport continue to be studicd in some
branches of science including groundwater hydrology, petroleum engincering,

soil science, and to some extent chcmical engineering.

While the applications of scientific knowledge in these disciplines often
differ, the physical processes that apply arc the same in most of the cases.

These disciplines complement one another, and (o a large cxient, technology has

been sharcd by them.

With the increasing sense of cnvironmcntal protection, the study of
groundwater contamination has become the focus of numerous rescarchers. A
revolution in investigation schemes has abpcared in rclated literature.
Investigators have attacked the probicm from different angles and the resultant
achicvements are so scattered that it is cssential 1o inventory such
investigations ( Figure 2.1 and Tablc 1). This is nccessary to provide a complete

picture about the present status of the problem and identify the directions of

research needs in the future.

A qualitative presentation of rcportcd works is shown in Figure-2.1. This

figure- is bascd on a collection of morec than a thousand articles

(Khondaker,1989).
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The presentation of this study is divided into three different sections:

1. General
2. Research Directions

3. Identification of unresolved Problems

The statistics of articles examined under the above scctions are shown in

Table-1.

Table-1:  The number of publications examined during the
literature survey

Section -->1959 [1960-1969 | 1970-1979 |[1980-1988 | Total
General -- 2 27 52 31
Theory and
Development of :

Solute Transport |15 30 70 282 397
Phenomena

Modeling of 3 20 154 207 284
Solute Transport

Studies on Model |2 20 33 79 136
Parametcrs

Total 20 72 286 623 1001




% (Upto 1659)
78 {1960-1969)

29% (1970-1979)

622 (1980~198B)

Figurc-2.1 : Publication periods of over 1000 articles related to

Groundwater Contamination studics ( Khondaker (1989)).

23
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2.1.1. General

Groundwater contamination studics gencrally include:

i) the scientific understanding of physical, chemical, and biological
processes controlling the fatc and movement of contaminants in
the subsurface environment;

i) the mathematical representation in the transport models to
predict the contaminant movement;

iii) the determination of diffcrent modecl paramecters in the ficld and
the laboratory using different methods;

iv) the devclopment of transport modecls to predict contaminant
movement if they are introduced;

v) the development of rﬁanagcmcnt modcls to control and/or
prevent the intréduction of contaminants in the aquifer and to
determine the mecthodology for the safe disposal of hazardous
wastes, and

vi) the devclopment of mcthodology for the removal of
contaminants to the cxtcnt necessary to effectively protect the

biosphere.

Therefore , the study of groundwater flow and the conlaminant transport
requires knowledge of many of the basic principles of gcology, physics,
chemistry, and mathematics. Therc is a close kinship between groundwater

hydrology, soil physics, soil mecchanics, rock mechanics, and petrolcum

engineering.

The carlicst obscrvation of the dispersion phenomcna was reported by
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Slichter (1905) who used an clectrolyte as a tracer to study the movement of
groundwater. Remarkable studies on rclated processes in groundwater flow and
contamination transport started in 1950 and gradually received the increasing
attention of researchers. This review includes articles roughly from 1950

onwards.

2.2 RESEARCH DIRECTIONS

During the past two decades, a great deal of cffort has been directed toward
the understanding and quantification of physical and chemical processes which
affect the subsurface transport of contaminants. Once primarily the realm of
hydrologists, the ficld of contaminant transport study has mushroomed in scope
to include soil scientists, chemists, biologists, pectrolcum engincers,
mathematicians, and statisticians. The outcomc of thesc studics from différent
disciplines complement one another. These studics can be broadly classified into
the following categories:

a) theory and development of solute-transport phenomena, .
b) modeling of solute transport, and

c) studies on model parameters

The above classification is somewhat arbitrary since some of the works span
morc than one category. However, this categorization permits a more systematic

presentation of the large number of rclevant papers.
2.2.1 Theory and Development of Solute-Transport Phenomena

From the theory and the solute transport phcnomena point of view, there

exists a close kinship between groundwaler hydrology, soil mechanics, rock
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mechanics , physical chemistry, mathematics, and pectroleum reservoir
engineering. The birth of groundwater hydrology as a quantitative scicnce can
be traced to 1856 when a French hydraulic engincer, Henry Darcy, published
his report describing a ]aboratoi’y experiment that he carried out to analyze the
flow of water through sands. The results of his cxperiment can be gencralized
into the impirical law that now bears his namec. Darcy’s law , being an
empirical one, rests only on experimental evidence, thercfore, it was necessary to
derive Darcy’s law from a more fundamental physical law. The carliest attempt
to apply Navier-Stokes equations, which arc widely known in the study of fluid

mechanics, was made by Hubbert (1956) and Irmay ( 1958)1

Among the potential contributors in the development of theory of
groundwater flow and the solute transport phcnomena, the names of Saffman
(1959, 1960), Scheidegger (1961), Dcans (1963), -Bachmat and Bear (1964,
1972), and Ogata (1970) appear in the forefront. Bear (1961) also worked on
expcrimentél studies.of dispersion phcnomena in porous media. Bear (1972,
1979) presented very systematic devclopment of groundwater cquations and
solute transport phenomena in porous media. Other investigators ( Bredehoeft
and Pinder, 1973; Pinder, 1984; Whitaker, 1973; Gray, 1975; Konikow and
Grove, 1977; Konikow and Bredchoeft, 1978; Hassanizadech, 1986, 1986a;
Dagan, 1987; Konikow and Mercer, 1988) also prescnted formulations that are

basically similar to Bear (1972, 1979).

A proper understanding of the simultaneous movement of water and solutes
in porous media is essential for i) improved cfficiency of soil-applied
agrochemicals, ii) prevention/prediction of groundwater contamination, iii) safe

wastc disposal site management, and iv) wastcwater renovation.
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In order to satisfy the incrcasing demand of the above nccessity,

identification of the following processes must be made.

a) advection ( convection)

b) diffusion

¢) dispersion

d) sorption and retardation/decay
¢) chemical reactions

f) biological reactions

g) ion cxchange

The conceptual definition of all these processes was presented by many
authors in different standard texts ( Fricd and Combarnous, 1971; Bear, 1972;
Freeze and Cherry, 1979). Comprchensive reviews of these processes in the
context of groundwater contamination studies was presented by a number of
investigators ( Nielson et al., 1981; Roberts et al., 1982; Davidson et al., 1983; .
Anderson, 1984; Abriola, 1987).

2.2.2 Modeling of Solute Transport

A model dcsigned io simulatc a physical system gencerally begins with a
conceptual study based on the understanding of the processes (cause-effect)
which accounts for the behavior of the physical system. From this conceptual
model, a set of mathematical cquations can bc devcloped that arc subject to
initial and boundary conditions, and which represent the opcration of the

physical system. Finally, the cquations arc solved and the results evaluated.
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When all equation subsets are defined, two approaches are available to solve

the mathematical model, namely the analytical and the numcrical methods.
Analytical methods are applicable to limited cases of simplified problems.
Investigators have established, through ]aboratofy and ficld experiments ,that
prediction of subsurface transport is much more complex than heretofore
imagined. These complications and the persistence of contaminants in
groundwater has led to increasing spccialization within the field of transport
modeling. To overcome the limitations of analytical approaches, two popular

numerical techniques have emerged; the finite difference and the finite element

methods.

Scveral hundred models are available to investigate groundwater
contamination. Indecd, no individual can hopc to have an in-depth

understanding of all phenomena. Hence numerous modecls are available as a

result of different concepts and/or combinations of processes involved.

Bachmat ct al.(1980) conducted a survey of numerical models mainly related
to groundwater management. His report contained a list of 138 flow models
and 39 mass transport models in 14 countrics. Naymik (1987) presented a
systematic review of 44 technically advanced articles on mathcmatical modcling
of solute transport in the subsurface system. His review covers the pcripd
1980-1985 only. Another comprehensive review paper on modeling of solute

transport in groundwater was prescnted by Abriola (1987). She reviewed models

reported up to 1986.

In order to compress the volume of this paper, articles published in 1987
and thereafter were considered too highly focused to be included. An inventory

of different models arc presented in Appendix-Al ( Grove and Stollenwerk,
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1987; Bachmat et al., 1980).

Angelakis et al.(1987) described simultancous transformation and transport
of two solutes with different dispersion cocfficients by two onc-dimensional
partial differential equations. They used the lincar cquilibrium adsorption-
desorptlion relationship for both solutcs and irreversible microbial first-order
kinetics as an overall transformational mechanism. Analytical solutions were
obtained using Laplace transformation for zcro initial conditions, pulse input
conditions, and semi-infinitc media. Sensitivity of the concentration profiles of
both solutes to their respective dispersion cocfficients were also presented. This
model offers an opportunity to study the transport and transformation
mechanisms of two solutes without the necessity of assuming that the dispersion
cocfficients are cqual, as is the casc for most existing modcls. Bouwer and Cobb
(1987) presented a model to simulate biological processes in the subsurface

system incorporating external mass transport effects.

Chen (1987) dcrived an analytical solution for the radial dispersion case.
Dagan (1987,1988) presented a comprchensive review and evaluation of solute
transport by gfoundwatcr. Galya (1987) derived a model to simulate three
dimensional contaminant transport from a horizontal planc source. He used
Grecn’s function and incorporated retardation and decay. His model is also able
to simulate varying sourcc emission ratcs. Grenny et al. (1987) developed a
mathematical model for evaluating the fate of hazardous substances in an
unsaturated soil zone. The processes incorporated include volatilization,
degradation, adsorption/desorption, advection, and dispersion in four phases.
. Model predictions were compared with laboratory soil column cxperiments.

Heinrich and Yu (1987) claimed numecrical diffusion and dispcrsiqn free ,
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second-order time and third-order space accuracy, in their model using the
Petrov-Galerkin finite element mcthod. They solved simple onc-dimensional
convection-diffusion equation. Schulin et al.(1987) worked on the transport of
two conservative tracers , bromide and chloride, in a sfony ficld soil under
natural conditions. They analyzed the data using classical convection-dispersion
equation and a regionél stochastic model that assumes a logarithmic distribution

of pore water velocity and dispersion cocfficients across the ficld.

Andersen et al.(1988) prescnted the results of numerical modeling of salt-
water intrusion at Hallandale, Florida. They used a series of three numerical

models : the cross-sectional model, the regional model, and the well field model.

Hassanizadeh and Leijnse (1988) worked on modeling of brine transport in
porous media. They discussed certain important physical and mathematical
differences between low and high concentration situations. They solved a sct of
two nonlinear coupled partial differential equations obtaiﬁcd from a modified
formulation of Darcy’s and Fick’s laws by means of itcrative methods. Lassey
(1988) derived an analytical solution to the advection-dispersion equation for
onc-dimensional solute or tracer tranmsport including sorption and first-order
loss. Miller and Weber(1988) and Weber and Miller (1988) described laboratory
investigations and mathematical modcling of the sorption of hydrophobic solutes
by aquifer materials. They obtained accurate'{’ representations of the sorption
process with either a dual resistance diffusion model or an cquilibrium /first-
order sorption ratc model. Russo (1988,19882a) worked on numerical analyses of
the nonsteady transport of interacting solutes through undisturbed soils , both
homogeneous and layered systcms. His work was based on the assumptions of -

single-phase, one-dimensional vertical transport of a solution under isothermal
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and isobaric conditions in an infinitesimal , incompressible unsaturated-
saturated element of soil system. Srinivasan and Mercer (1938) worked on
simulation of biodegradation and sorption procecsses in groundwater. They
presented a one-dimensional finite difference model for simulation in a saturated
porous media. They formulated a nonlinear modcl that is capablc of
accommodating a variety of boundary conditions and process theories. Symons
et al.(1988) presented their laboratory batch reactor generated quantitative
information about the fate of polynuclear aromatic hydrocarbon compounds in
soil systems. They used Grenny’s (1987) model for the determination of the first-
order degradation rates and ecquilibrium partitioning cocfficients from the
laboratory data. Widdoson et al.(1988) devcloped a system of nine coupled
nonlinear equations to simulate organic carbon biodegradation by facultative
bacteria in saturated porous media. They used a solution technique which is
ﬁighly resistant to numerical dispersion and oscillation when applied to

advection-dispersion equation even for a large Pcclet number. They presented

results from hypothetical experiments.

It can be concluded from the above review that rccent investigators are
more interested in additional phenomena involved in the subsurface solute
transport process. Most recent works focused on unsaturated media and
biological processes. The stochastic modecling approach has also reccived

considerable attention of researchers.

Problems associated with modeling of solute-transport phenomena

“Models are collections of partial diffcrential equations that contain a

number of parameters which represent an aquifer’s physical properties. These
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properties must be measured in the ficld so that the simulated results can be

verified to represent the real situation as closely as possible.

Of the various parameters involved, the hydraulic conductivity distribution
is of major importance (Molz et al., 1987). Other paramcters relating to
sorption, hydrodynamic dispersion, and chemical and biological transformations
are important as well, but hydraulic conductivity is more fundamental because,
when combined with the hydraulic gradicnt and medium porosity, it relates to

the fundamental mechanism of flow.

Variations in hydraulic conductivity with depth rcsults in significant
variations in groundwater flow and transport velocitics. It is the resulting
velocity variations that give rise to apparent scale-dependency of dispersion.
Theoretical and experimental studies indicate that the variation of horizontal
hydraﬁlic conductivity with respect to vertical position is the key aquifer

property relating to the spreading of contaminants (Molz et al., 1987).

Therefofe,' the development of any accurate and efficicnt solute transport
model requires: |
i) an understanding of the physical,chemiéal and biological system, and
if) the conceptualization and measurement of important aquifer properties
such as hydraulic conductivity distribution and the relationship of
such measurements to dispersion (sprcading) of contaminants in

aquifers.

The major problem in the modeling of solute transport is the uncertainty
associated with the values of aquifer propertics to be used in model calibration

and simulation. In most cases, these valucs are determined in the laboratory and
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there exists no well-defincd correlation between values in the laboratory and the

field.

Besides, the solute transport being a natural phecnomena involving numerous
environment-dependent physical, chemical, and biological activities, it is
impossible to simulate all properties in a model. Thercfore, the validity of the

assumption made to reduce the complexities of the phcnomena is of paramount

importance in modeling solute transport .

2.2.3 Limitations of the existing models:

Although numecrous rescarchers arc engaged in developing solution
algorithms, continuous research is still nccded to overcome the present
limitations of available algorithms . These limitations include:

I. Most available modecls are developed using laboratory
conditions which cannot reliably predict the fate and movement

of contaminants in the ficld.

2. In most of the cases, the processes include advection,dispersion ,
adsorption, and retardation/deccay ( Beljin, 1986). Very few
models are available which consider the process of

biodegradation.

3. Ncarly all existing modcls consider concentration as an
independent parameter from permecability and dispersion
Studics on the effect of organic solvents on permeability suggest
the necessity of modcling solute transport in groundwater for

concentration-dependent permeability and dispersion.
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4. Available models incorporating the biological processes do not
consider the effect of biological processes on aquifer properties
like permeability and dispersion. It is clearly understood that
biological activities resulting in any change in the chemical
contaminant andfor on medium porosity, will definitely be
associated with a permeability change and, uitimately a
modification in the dispersion coefficient. Presently, there exists
a nced for such a model which will incorporate all of these

modifications related to aquifer properties.

5. Most existing models, analytical or numerical, are limited to
certain Peclet number. At high Peclet number, the transport
equation behaves like wave-type hyperbolic equation and the

existing models experience oscillations.

2.2.4 Studies on Mbdel Parameters

The accuracy of model predictions depends on the reliability of the
estimated model parameters. Unfortunately, these parameters are not directly
measurable from a physical point of view and an averaging over some scale is
always necessary. Besides, there exists no well defined relationship between field
and laboratory values of contaminant flow parameters ( Taylor ct al., 1987).
Hence various inverse mcthods have been developed for parameter
identification. In these methods, the parameters used to derive the governing
equation(s) are optimally estimated from observations made on dependent

variables along with appropriate initial and boundary conditions.
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Various techniques have been developed for parameter estimation by
different methods including the solution of the inverse problem in groundwater.
Carrefa and Neuman (1986a,1986b,1986c) presented algorithms for the
estimation of aquifer parameters under transient and stcady statc conditions
using the maximum likelihood method. They applicd their algorithms to
synthetic and field data. Chin (1986) also worked on the estimation of
dispersion coefficicnt in porous media. Wagner et al. (1986) reported a
statistical methodology for cstimating transport parameters. Jabson (1987)
presented a method of estimating dispersion and first-order rate cocfficients
using numerical routing. Kool et al. (1987) reviewed parameter estimation
procedures'for unsaturated flow and transport models. Loaiaga and Marino
(1987) used a system of simultancous equations as a consistent estimator of
unknown baramctcrs in confined aquifers. Mechran et al.(1987) worked on
distribution coefficient of trichlorocthyline in a salt water system, A detail of

inverse techniques is available in Ych (1986) and Yeh and Wang (1987).

The aquifer propertics of vital importance in the studics of groundwater
contamination are permeability, hydrodynamic dispersinn, adsorption, reaction
rate, and the distribution coefficients. Numcrous studies are reported in the
literature on these parameters from the fields of soil science, chemistry,
hydrogeology, and petroleum engincering. A bﬁcf review of sclected works

covering the determination of the model parameters is presented below:

Among a number of investigators who are working on the experimental
determination of model parameters, van Genuchten’s (1981,1984,19843a)
contribution appears to be acknowledged first. Sillman ct al.(1987) investigated

the longitudinal dispersion in anisotropic porous media in the laboratory.



36
Bachmat et al.(1988) developed a theoretical technique for the evaluation of
aquifer parameters using a single-well tracer test. Mukhapadhyay (1988)
presented an automated computation procedure for paramecters for leaky
aquifers. Rowe ct al.(1988) worked on the laboratory determination df diffusion
and dispersion coefficients of contaminants using undisturbed clay soils. Very
few works have reported on the correlation between ficld vand laboratory values
of different model parameters. Taylor et al.(1987) failed to establish any reliable

correlation between ficld and laboratory values of such parameters.

Lambert (1967) presented the functional relationship between sorption in
soil and chemical structure. Briggs (1969) worked on sorption of herbicides by
. soil. Hance (1969) presented an cmpirical relationship between chemical
structure and the sorption of some herbicides. Bailey and White (1970) reported
their studies on the influence of different factors on adsorption, desorption and
movement of pesticides in soil. Briggs (1970) presentcd a relationship between
soil sorption of o'rg-anic> chéinicals and their octanol/water partition coefficients.
Chiou et al. (1977) worked on partition cocfficient and bioaccumulation of
organic chemicals. Kirkhoff et al. (1979) presented adsorption isotherms for a
series of hydrophobic compounds. Kirkhoff (1981) worked on semi-empirical
estimation of sorption of hydrophobic pollutants on natural sediments. A
number of studies on adsorption were also reported ( Gupta, 1974, Lin
(l977.l977a), Travis,1978, Fu ct al., 1983, Gupta and Bhattacharya, 1983, Rao
and Jessup, 1983)). Recent studics on adsorption were reported by Curtis et al.
(1986), Elabd et al. (1986), Kinniburgh (1986), Mackay ct al.,(1986), Borden
and Bedient (1987) and Weber and Miller (1988).

A number of investigators have considered the cffect of solute concentration
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and composition on aquifer propertics. McNeal and Coleman (1966), McNeal
(1968) and McNeal et al.(1966,196R) presented their cxperimental findings on
the effects of solute composition and characteristics on hydraulic conducivity.
Abu-Sharar et al.(1987) presented a study on the rcduction of hydraulic
conductivity in relation to clay dispersion and disaggregation. Brown and
Thomas (1987) cxplained a mechanism by which organic liquids incrcase the
hydraulic conductivity of compacted clay materials. Chen ct al.(1987) studied
the effects of organic compounds on the swelling and flocculation of Upton

Montmorillonite. These studies were carried out in the field of soil science.

The study of the effects of solute aggressiveness ( McCandless et al.,1987)
on the properties of porous media rclated to solute transport originated from the
work of Anderson (1982). When comparcd to water, clay liners exhibited an
increase of permeability by a factor of one million. Brown and Thomas (1984)
presented a study showing the increase in hydraulic conductivity of clays to
petroleum products and organic solvents. Later, the U.S. Environmental
Protection Agency initiated and supported a number of rescarch projects in this
direction (Brown and Anderson, 1983; McCandless et al., 1987; Brown, 1988;
Miller , 1988). These studies clearly indicatec the significance of solute
aggressiveness and the nced to incorporatc this phenomena in future solute

transport studies.

2.3 IDENTIFICATION OF UNRESOLVED PROBLEMS

Groundwater, which is ubiquitous in the crust of the Earth, scrves not only
as a widely distributed source of watcr but as a host and transporting agent for

contaminants. Although rescarch continues and numcrous works have been
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reported in the related literature, scientific understanding of the chemistry and
transport of contaminants in groundwater is inadequate to reliably predict the

fate and behavior of the contaminants.

Since the problem is an interdisciplinary one, the available extensive
literature is quite scattered. There cxists a need for a systematic inventory of
available theoretical and experimental works (van Genuchten, 1988).
Furthermore, research is nceded on the effects of chemical reactions on

transport and dispersion of contaminants by groundwater and the quantification

of flow in fracture media.

There exists a number of important areas which need further research to

predict the fate and the behavior of contaminants in the subsurface system.

Some of them are;

I. Most available models are derived to simulate idecalized
(labbrétory-scéle) conditions and often do not apply to
undisturbed ficld systems because of macropore flows and/or
large scale spatial variability effects. Additional work to derive
ficld-scale models is esscntial if we are to address the long term

problem of soil and groundwater pollution (van Genuchten,

1988).

2. This literature survey amply demonstrates that there cxists a
need to derive a corrclation between ficld and laboratory values
of the various parameters used as input to solute transport
models, particularly those for hydrodynamic dispersion and

hydraulic conducivity. Few works have been done in this arca



and no reliable correlation is reported. A successful study in this
area would result in a rcliable correlation between field and
laboratory values of such parameters and would ecliminate the

need for extensive ficld cxperiments.

Continued investigation of the geochemistry of contaminant
reactions in both saturated and unsaturated subsurface
environment is necessary. Certain organic contaminants appcar
to be particularly persistent in groundwater and arc hazardous
at low concentrations. Many organic rcactions arc biologically
controlled. At present, the rolc of microorganisms in solute
transport in the subsurface system is poorly understood. Only a
limited number of situations and organic compounds have been
investigated ( Fries and Marrow,1984, Hankin and Sawhncy,
1984, Jury et al, 1983, Rapaport, 1985, Scott et al., 1983,
USEPA (1985,1986)). Certain biological reactions might be

enhanced and, thercby, accelerate biodegradation of the

contaminants.

Retention time of water in aquifers may be exceedingly long
and almost no studics on long-term transformations of the more

biologically reacting materials in aquifer systems arc available

(McCarthy et al., 1981).

Within such long-term time frames, chemical and biological
processes may transform tracc organic compounds into
materials that are potentially hazardous, the processes involved

have not been clearly elucidated.
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More information on the relative roles of chemical and
biological factors and on the effects of aquifer materials and
environments on reaction rates is certainly nceded if the long-

term fate of trace organic materials in aquifer systems is to be

well understood.

The ultimate fate of organic compounds in the subsurface
system depends greatly upon their biodegradibility. Available
evidence indicates that there is a minimum concentration to
which a single organic material can be decomposed under steady
state conditions. Thus, concentration is a function of growth
and decay coefficients of the microorganisms, which in turn are
functions of environmental variables that includc i) temperature,
i) pH, iii) bacterial species, and iv) avai]ablc_: clectron acceplors.
An cxtensive study of the effects of such environmental
\./ali'iables 6n the ultimate fate and movement of organic
materials that enters the subsurface environment is still

incomplete and should reccive the attention of researchers.

There fs ample evidencc that trace organic contaminants
interact with soil solids and micro-organisms during artificial
recharge. Sorption retards solute transport, whereas both
sorption and dispersion attenuates concentration fluctuations.
Long solute residence time due to sorption coupled with low
hydraulic velocities , together with the high specific surface area
of porous medium, affords unusual opportunities for microbial

growth and biodegradation.
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Degradation rate, whether chemical or biological, is highly
dependent on molecular structure and environmental conditions.
At present, our ability to predict degradation rate is largely
unsatisfactory. In-situ expcriments or appropriate laboratory
models are needed to assess the likelihood of such degradations.
Accurate and efficient modeling of subsurface biological

proccesses is a growing arca of rescarch today.

Although considerable cffort has becen expcnded to determine
aquifer parameters (permcability and dispersion) experimentally,
most studies are made under ideal laboratory conditions and
using simplified assumptions. Few studies have been reported in
literature which consider the cffects of different factors such as
contaminant concentration and chemical propertiecs. Some
organic chemicals contained in industrial impoundments were
found to increase the pcrmeability of clay liners destructively,
leading to greater leakage from the impoundments. It has also
been reported in literature that the permeability of sedimented
muds in pond system is controlled by the presence of chemicals
in the voids of the materials and that pcrmeability fluctuates
with changes in temperature and the chemical concentration of
the pond water: Further, the transport of solutc in groundwater
is complicated by the effects of low or high permeability lenses
due to advection and hydrodynamic dispersion processes which
are strongly dependent on groundwater velocitics and which are,

in turn, influenced by permeability changes.
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Because permeability is a function of thc medium void
ratio and fluid viscosity, any changes in thesc two properties
will change the permeability and, in turn, will affect the
transport process. A study of the chemical and biological
reactions on the permeability of aquifer materials would be a
valuable contribution which would help in modeling solute
transport in groundwater. A study of the effects of the
environmental variables ( temperature, pH,Bio Species ) and the
concentration of contaminants on aquifer properties such as
permeability and dispersion, would yield some understanding of

the existing discrepancies between ficld and laboratory values of

such parameters.

A variety of solute transport modecls are presently available.
Although a few comparison has been carried out ( USEPA,
1988), a systematic comparison of all cxisting models and the
advanced solution techniques would undoubtedly contribute to

the development of a more accurate, efficient and reliable

model.

Many solute transport models reported in the'litcrature do not
consider all the probable proccsses involved. In particular, very
few models are available which considercd biological processes
in their formulation. An efficient model, including the biological

processes, iS necessary.

Further rescarch is nceded to obtain a better understanding of

rcaction rates in the subsurface environment for the coupling
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chemical reactions into thc transport formulation of the

processes.

43



Chapter - ll
MODELING OF GROUNDWATER FLOW AND
CONTAMINANT TRANSPORT IN POROUS MEDIA



Chapter - i
MODELING OF GROUNDWATER FLOW
AND CONTAMINANT TRANSPORT

3.1 GROUNDWATER CONTAMINATION

3.1.1 Definition:

Groundwater contamination may be dcfined as the addition of clements,
compounds and/or pathogens to water that -alters its composition to make it
unsuitable for domestic consumption and may be hazardous for the desired

purpose.

3.1.2 Sources of Groundwater Contamination:
There are three main sources of groundwater contamination:

1. Groundwater contamination due to natural processes:
a) Mineralization resulting from lcaching

b) Evapotranspiration which incrcascs concentration of salts in the

remaining water

2. Groundwater contamination due (o man’s waste-disposal practices.
a) Individual sewage disposal systems
b) Land disposals of solid wastcs

¢) Collection,disposal and trcatment of municipal wastcwater
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d) Industrial and other wastewater impoundments

¢) Land spreading of sludge

f) Brine disposal associated with the petrolcum industry

g) Disposal of mine wastcs

h) Dccp-weﬂ disposal of liquid wastes

i) Disposal of animal fecdlot wastes

) Disposal of high and low-level radioactive wastcs resulting from a

varicty of activitics

3.Groundwater contamination due to human activities but unrelated to waste
dispesal practices:

a) Accidental spills and Icaks

b) Agricultural activitics

¢) Mining

d) Higﬁway de-icing salts |

e) Atmospheric contaminants and acid rains

f) Surface water

g) Improperly planned groundwater development leading to saltwater

intrusion.

h) Improper well construction and maintenance.
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3.1.3 Applications

The practical applications of dispersion and diffusion phcnomena in porous

media are as follows:

1. Pollution/Contamination Studics in Groundwater
2. Aquifer Management and Reclamation

3. Salt Intrusion Problems in Coastal Aquifers

4. In situ Study of the Characteristics of an Aquifer
5. Oil Recovery

6. Landfill Investigations
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3.2 CLASSIFICATION OF SOLUTES/PERMEANTS

A. Conscrvative or Nonrcacting Solutes
B. Nonconservative or Reactive Soluics

C. Aggressive Solutes

The details of (A) and (B) is available in many standard books on solute

transport. The aggressivencss of solutc is a new fronticr that nced to be

cxplored.

3.2.1 Aggressive Solutes

Aggressive solutes may be defined as those solutes which cause a change in
the fundamental properties of the porous media when flow of such solutes take
place through the medium. A number of solutes cxhibiting such property are

reported in the related literature. They may be organic or inorganic liquids.

In the context of solute transport in porous media, the cffects of such
aggressiveness of solutes on the permeability or the hydraulic conductivity arc of

vital importance. The above definition is related to porous media only.
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3.2.2 Solute Aggressiveness

Definition: Solute Aggressiveness may be defined as thosc properties of a
solute or permeant which may cause significant change in physical, chemical
and biological properties of thc media through which transport of such solutecs
takes place. It involves a number of mechanisms depending on different factors

which are discribed in the following subscctions.

3.2.3 Factors Influencing Solute Aggressiveness

The flow and transport of solutes through porous media , being a complex
natural phenomena, is influenced by numcrous factors. Among them, the
following factors may be considered as of much awaited importance especially

when solute aggressiveness is concerncd.

1. Solute Concentration
2. Solute Composition

3. Soil type and Composition

3.2.4 Mechanisms Involved

According to the potential investigators from the ficld of Soil science as well
as hydrogeology, the following mecchanisms are of primary importance in the

study of solute aggressiveness in porous media.
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1. Clay swelling

2. Clay dispersion
3. Flocculation and/or deflocculation

4. Formation of cracks

Considering the cffects of different mechanisms involved with the solute
aggressiveness on porous media, it can be concluded that the dramatic changes
of hydraulic conductivity of porous media arc closely related to the change in

porosity of the media (Brawn (1988)).

For example, swelling of clays cffccts the grain size distribution of the media
thereby changing the effective porosity. Swelling of clay particles depends on the

solute concentration ( Chen (1987)).

Cléy disperﬁion is assumed to cause blocking of fluid conducting pores, but
in laboratory cxperiments ( Papusky et.al.(1979)) it was found that eventually it
leads to loss of clay in the effluent and to an increase in hydraulic conductivity.
If the finer particles are disposcd from the sides of the channcls of connecting

pores, the porosily is increased, thereby causing an increasc in hydraulic

conductivity.

Flocculation and deflocculation both change the porosily, the increase in the
former increascs porosity and the incrcase in the later decreases porosity.

Flocculation is also found to be a function of solute concentration (Chen

(1987)).
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Cracking of thc medium duc to shrinkage crecates channels which

contributes to effective porosity of the system and changes the hydraulic

conductivity.

From the above discussion, it may be concluded that it may not be critical
to study the phenomena of solute aggressivencss in terms of porosity changes
which ultimately results in an associated change in a measurable property

namely the hydraulic conductivity.

Another advantage of using porosity change as a measure of solutc
aggressivencss is that the porosity is a macroscopic variable of the medium,

which can be modelled using continuum approach.
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33 MATHEMATICAL EVALUATION OF FACTORS AFFECTING
HYDRAULIC CONDUCTIVITY

Hydraulic conductivity is rclated to the fluid and the medium properties as

K = X8 (N

v

where
K = hydraulic conductivity
k = the intrinsic permeability of the medium
g = acceleration due to gravity and

v = Kkinematic viscosity of the fluid which is very sensitive to pressure

and temperature.

From the above equation, it is clear that K is a function of both the medium
and the fluid propertics ( as k for the medium and v for the fluid, g being

constant). The solute concentration will definitely change the value of v.

The following is a carcful ecxamination of the cffects of k and v on the

hydraulic conductivity, K .

a) Effect of v

Let Ky, K,vgandv be the hydraulic conductivity and the kinematic

viscocity at two concentration levels C° andC (C> C,) respectively.

If one considers the common casc of Brinc ( NacCl solution ) , for which

Hassanizadch and Leinje (1988) have given the empirical rclation between solute



mass fraction, density and viscosity.

Yo+ {(P-Pp)

P = Pt

where  pand p, are the fluid densities at

o and o, solute mass
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{ractions

respectively, y = 0.6923 for brinc § = 10" and‘(P—PO) is the thermodynamic

pressure. For isothermal condition, wec have

.L = g™
Po

The fluid viscosity of brine is
i = gt +m(e))

where m(e) = 1.850 —4.10”+44.50°

Using the relation v = % , We have

Ly _ 1+m(w)

v
VO

Since

K

v
But 7" < 1.0 and <> 110 for brinc where C>C,.

0

(2)

(b)

©

(d

(c)
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Equation (c) indicates that an incrcasc in solutc concentration causes a
decrease in hydraulic conductivity which is opposite to the phenomemon of

solutc aggressivencss of brine i.c. increase of K with concentration.

Therefore, the increase in hydraulic conductivity is certainly associated with
the increasc in the intrinsic pcrmeability of the medium. Furthermore, the effect
of v on hydraulic conductivity is not so significant ( figurc-3.1 ) unless the

temperaturc and pressure play important role.
b) Effect of x on hydraulic Conductivity

The intrinsic permeability «, debcnds on the medium propertics, namely
i) porosity (n)
it) specific surface S=1{(n)
iif) Tortuosity f(n) and

iv) the shape factor m .

The ranges of tortuosity and the shapc factor arc reported to be
0.56 <tortuosity <0.80 and 0.5<m <0.6667 ( Bear,1972) respectively. The worst
éémbination of the producbt of iox'tuosity and the shape factor ( i.e. maximum
tortuosity times maximum shape factor = 0.8(0.6667) = 0.53 and minimum
tortuosity times minimum m = 0.56(0.5)= 0.28 ) can causc a maximum
change in x of about 2 times which is much lower than the change reported in

the literature ( upto 180 times, Frenkel ct.al.(1978), Appendix-A2).

It can be concluded from the above analyscs that cven in the cxtreme cases,
the two other factors, namely the porosity and the specific surface change with a

significant change in the intrinsic permeability.
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* Figure-3.1 : Effect of solute concentration on viscosity, density, and hydraulic

conductivity of Brine
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3.3.1 Relation Between Hydraulic Conductivity and Porosity

The hydraulic conductivity of porous media pertains to the case with which
a fluid, termed as permeant or solute, passes through the porous materials. It
depends on the properties of both porous medium and the solute. The property
of the medium which governs the flow is the size of the pores and voids. The
governing solute propertics are viscosity, the spccific weight ana the
aggressiveness in case of aggressive solutes. Viscosity controls the shear
resistance and the specific weight controls the driving forces of the fluid. The
effect of solute aggressiveness is to cause a change in medium properties, thereby

changing the hydraulic conductivity.

Permeability, sometimes refered to as intrinsic permeability, on the other
hand, is- independent of fluid properties like viscosity but depends on the

medium properties as well as solute aggressiveness.

The relationship betwcen hydraulic conductivity and permeability is

expressed mathematically as ;
= K& ' (D
v

"~ K : hydraulic conductivity .
K : permeability depends
: on size and shape of the pores in soil
:.size and shape of soil are influenced by the interaction between soil
and percolating solution. |

g : gravitational constant
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v : kinematic viscosity = 13
p

To define x as a function of porosity, a relationship that was presented by
Kozeny and later developed by Carmen is used . The relationship is based on

Poiseulle’s law and has been frequently applicd in industrial filtration.

For continuous viscous flow through unconsolidated and unstructured
granular media in which the pores are not too large, uniform size, evenly
distributed and not subject to solutc aggressiveness cffects like swelling,

flocculation, cracking, shrinkage etc., thc Kozeny-Carmen cquation is

3

_ n
k= 2
mt’S, (1 ~n)’ @

m empirical factor ‘m’ represents shape and size of particles, 7
represents the total pore fraction of the medium ,

t . represents the tortuosity of the flow path, which is a measure not

- only of the length of path, but also of thc pore-cross-scction involves
in flow, it enters as a quadratic function,

S, represents the specific surface of the soil particles

S specific surface of the flow bed ( solution exposed surface area after

packing per cm? of flow bed and is not dircctly measurablc)

From the above definition of S , it follows that

S = S,(1—-m) 3)
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Then

(4)

The ratio -;l implicit in equation (4) is equal to the ratio of pore volume

over surface per unit volume of flow bed which accounts for possible

noncircularity of pores. Product * mt* is known as Kozeny- Carmen Constant.

Because the shape, tortuosity and the surface of pores are clearly
interdependent characteristics of the flow path, the product * mt’S? * can be

contracted to F* which can be later refered to as * flow matrix factor * which

typifies the morphology and onsuing resistivity of the flow path. Then

k=L | (5)

when F? = mt’S?
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3.4 RELATION BETWEEN HYDRAULIC CONDUCTIVITY AND
SOLUTE AGGRESSIVENESS

Literature survey amply demonstrates the fact that the hydraulic
conductivity of porous media depends on the concentration and composition of
aggressive permeants. These aggressive solutes causc changes in the morphology

and resistivity of the flow path through different mechanisms like swelling,

flocculation-deflocculation, cracking, shrinkage etc.

In the following derivation of the rclationship between the hydraulic

conductivity and solute aggressiveness, recognition will be given to the fact that

the aggressiveness of solutes may cause a change in porosity or more spccifically

in effective porosity through different mechanism which, ultimately cxhibits a

dramatic change in the hydraulic conductivity of the soil.

If it is assumed that subtraction of the change of porosity duc to solute

aggressiveness from the total porosity yiclds the porosity that permits

unhindered flow , then

« = (n—Any’
mt’Si(1 —(n - An))’

(6)

where (n—An ) is the effective porosity .

If a soil is percolated with an aggressive solutc of two different

concentrations, i and j , we can write from cquation (5)
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—) )

i o 4
T

where
7, = the effective porosity at concentration i
n; = the effective porosity at concentration j
K, = permeability at concentration i

x; = permeability at concentration j

F? = mt’sS? = mt’S (1 —n,)? (®)

F? = mt’S? = mt’S %1 —n)’ ©9)

J

: F. ' . .
The ratios A3 and —FA denote factors by which the porosity and the flow matrix

i i

change when the solute concentration is changed from i to j .

For hydraulic conductivity, we have from equation (1)

K, = <& | (10)
vi

K, = -2 . (11)
A"

therefore from cquatidn (10) and (11)

K. K. V.
—L = Zidy (12)
Kj KV .
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As the solute aggressiveness changes with the concentration, there should be

a resulting change in tortuosity and also in pore surface. As defined earlier,
F? = mS,t’(1-n)’ (13)
If we express t* = f,(m) ,and (1—-7)* = f,(m) then,

F? = mS,f()f,m) (14
Or F? = (mS,)F(n)
where F(n) =f(m)f,(n)

If we study the behavior of F(n), qualitatively considering the phenomena

involved in f(m) and f(n) then it is ecvident from figure-3.2 that
f,(n) decreases as n increases in the realistic range of n for a porous media i.e.

0<7q<10.

On the otherhand, f,(n) can be dcfined as a function of m satisfying the

tortuosity conditions for two extreme conditions ,namely
iy at m = 0 , the tortuosity is undefined

ii) at n = 1.0 , the tortuosity value is unity, as in the case of pure fluid

flow.
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A convenient qualitative functional representation of f,(n) satisfying the

above two conditions is

fM = - forr > 0. (15)
n

The qualitative variation of f,(n) is shown in figure-3.3 for different values of r.

Based on the above definitions of f,(n) and f,(n), the qualitative nature of

F(n) is shown in the figure-3.4. Under these condition, we have from (14) and

(15),

F?= mSo-nl-r-(l —n)? | (16)

and

Sy -
F?= mSo;-:(l ~n)’ (17)

If we take the ratio of equations (16) and (17)

- ﬂl: (l _ni)z

(18)
n (1—n)

F- 2
=z
Fi

Then, we have from (7) and .(18),

~

5o (dom
i3 Tlir (1 "ﬂ,-)z

K
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o a-ny’
K; ﬂisﬂ (l _Tli)z

(19)

The above equation expresses the relation between the relative permeability and

the porosity for aggressive solutes. Figure-3.5 is obtained by solving the above

. . . . K,
equation for the porosity factor L} for a given value of — . Newton-Rapson
i K,

method is used to solve this nonlinear cqation ( Appendix-B2 ).
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Figure-3.2 : Porosity and spccific surf: ace relationship in porous media
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Figure-3.3a : Porosity and tortuosity rclationship in porous media ( for r =

0.25, 0.50 and 1.0)
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Figure-3.3b : Porosity and tortuosity relationship in porous mcdia ( for r =

1.00, 2.00 and 3.0)
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Figure-3.5a: Porosity and permeability relationship in porous mcdia satisfying

Kozeney-Carman equation ( for initial porosity = 0.40)
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Figure-3.5b: Porosity and permeability relationship in porous media satisfying

Kozeney-Carman equation ( for initial porosity = 0.20)
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An alternative approach to eliminate the ratio of flow matrix factors ,specially
in case when clay swelling is dominant, is to assume that the resultant changes
are proportional to the effective porosity changes in the following general form:
F, ? s .
(=] =2 - (20)
F; ut ‘
where s’ is any exponent the value of which depends on the degree of

aggressiveness caused by the permeants.

Under this assumption and from (7) and (20),

T
5 F _nf @
<~ 5 T3l
] Tli nj Fi
LR |
i

Substitution of the above proportionality rclation (20) into (21), we obtain
69
K. . .
ey (22)
K T
Considering the cquations abb\(é , we may conclude that the permeabilities are

proportional to the cffective porositics clevated to a power , say ‘p” where p =

(3-s). To dctermine the range of ‘P, consider the following four cases;

Case -1 : s = 0 which indicates that the net effect of porosity change
on the flow matrix factor, F ,is negligible, then p = 3 in

cquation (22).

Casc -1l :s = 3, for which p = 0 which indicates that the net effect of



Case -I11
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porosity change on permeability is ncgligible i.c. the case of

non-aggressive solutes.

:s < 0,say-I1, for whichp > 3 and

F,’ ,
or [§ =[]

which indicates that the flow matrix factor is inversely

proportional to porosity. This is opposite to the assumption

made carlier pertaining to soil change duc to swelling .

Case-IV:s > 3 » say 4, for which p < 0 i.e p = -1 from equation (22),

which indicates that the permcability is inverscly proportional to porosity .

K M
— =(=)
X; m;
or
S}
Ko

Situation 1V above is clearly unrealistic in any soil model, while case 111 is

.incompatible for a realistic soil model, then p should be in the range0 < p <3



72
When 0 < p < 3, it could be construed to indicate that F remains ncither
constant, nor changes by a factor causing x to rcmain constant when

concentration is changed from i to j in the percolating sequence.

Summarizing, we have

K _n'T(1-n)’

A= 2 W 19
K; T]i:“r (l _71,-)2 ( )
Or
K.
Tcl = [_] (23)
i
From the relation,
K, K,
i = __.(_!.) (12)
K, KV
we have
K. m;
L =(_1. (24)
ey n])

where 0 <p<3.
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dominated case
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~—_forr > 0. (25)

Equations (24 and 25) describe the relative hydraulic conductivity of a soil
which is first percolated with a solution of concentration i and subsequently
with another concentration j , differing mainly in aggressiveness it
causes.Therefore, these equations express the relationship between the hydraulic
conductivity and the solute aggressivencss in terms of cffective porosity. These

equations may be used to evaluate the additional terms appearing in the flow

and the transport equations ( as given by equ_ziﬁons (26) and (42), respectively )

for aggressive solutes namely;

an' - on
G, 5,

The above equations are also conformable with the Kozeny-Carmen
equation when the viscosity and the density. effects as well as the solute
aggressiveness is neglected i.c. for V=V, and K,=K;or n,=n, ,from equations
(24) and (25),

| S

= I'or K;=K,=K for non-aggressive solutes or pcrmeants.
; ,

-

It is intcresting to observe that the naturc of relative pcrmeability
variations in both cquations arc similar although the assumptions for the flow
matrix factors are contradictory. This similarity supports the finding that the

combined cffect of flow matrix factors on the relative permeability and porosity
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is insignificant. Thus p = 3 and the expression is very simple. It may be also
true that the interaction of different mechanisms may role out the effect of the

flow matrix factor.

Equations (24) and (25) is applicable to the soil models which satisfy
Kozeny-Carmen equation. If the intrinsic permeability is cxpressed as a function
of effective grain diameter, expressions are required to definc effective grain
diameter, solute concentration and porosity relationship. Since no such
relationship exists, one way to dcal with this problem is to solve the governing
equations for concentration-dependent parameters simultancously, neglecting the

heterogeneity due to porosity change.
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3.5 MODELING OF AGGRESSIVE SOLUTE TRANSPORT

The major factor to be considered in modeling aggressive solute transport in
porous media is that any change in the propertics of the media induced by the

solute percolation should be taken into account properly.

For example, in the modeling of solute transport in porous media, for both
conservative and nonconservative solutes, the medium properties like porosity,
hydraulic conductivity , hydrodynamic dispersion is assumed to be independent
of solute concentrations which makes the governing cquations linear. But in the
case of aggressive solute transport, the resulting cqﬁaiions arc nonlinear due to

the change of medium properties that are affccted by solutc concentration.

It should also be noted that thesc concentrétioﬁ-dcpendcnt parameters are
completely different from the dénsity—dcpcndcnt nonlinear problems of solute
transport phenomena. Beéause, in the latter -césc,th:e property changes in the
medium is not takch into considcration. Furthermore, the simulation or the
prediction modcl of aggressive solute transport requires the solution of a coupled

system of groundwater flow and.the transport equations.

Secondly, the validity of the assumptions made in the case of non-aggressive
solute transport problems arc questionable in the casc of aggressive solutes.

Some of these are discussed below.

I. assumption of constant porosity n in the formulation is not
valid since its change causcs changes in the modecl parameters.

" 2. Any change in medium properties results in losscs of



homogeneity in thc case of concentration-dcpecndent model
paramecters.

the assumptions made at low concentrations are not applicable
because the solute aggressiveness may be significant at high
concentrations.

the condition of Aincqmpressiblc unsteady flow may cxist when
ap

a0 = 0 and q.gradp = 0 in case of a nondeformable porous

mcdia. When the solute is aggressive, (%—Tt‘) component along

S.a.

with the term related to induced heterogencity in the flow
equation in,troduces the concept of incompressible unsteady flow
situation for a nondeformable media. .

the solution algorithm needs to be capable of solving
simultaneously, the groundwater flow cquation and the
transport equétion ( both developed ‘for variable porosity and

considering solute aggressiveness).
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Figure-3.7 : Summary of basic concepts of modeling scicntific problems
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3.6 FORMULATION OF THE GOVERNING EQUATIONS

The formulation of the governing cquations for aggressive solute transport
problems needs careful examination of different conventional practices and
assumptions for solute transport problems. As mentioned earlier, the aggressive
solutes are those solutes( organic and/or inorganic salts) which changes the
property of the media when flow of such solutes take place in any media. The
most fundamental property of spccial interest is the hydraulic conductivity of

the media, on which significant change is reported in the literature.

Looking at different factors influencing hydraulic conductivity or the
permcabiiity of the media, and the related mechanisms of solute aggressiveness

on the media, the change in medium porosity secems to be considered first.

The modlﬁcatlon of the govermng equations proposcd here are based on the

followmg cons:deratxons

- 1) Formulatlons should be done for 2 vanable poroqlty, thereby a
heterogeneous medlum | _

ii) porositly change wﬂl bc taken into consideration in the process
of averagmg over the Representative Elementary Volume (
REV). -

iif) The formulation is based on the procedure followed by Bear
(1972) and Konikow and Grove (1977).

'iv)  Detail derivation is not repeated here, instead, the importance

of different terms are discussed in the light of present

literature.
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3.6.1 Groundwater Flow Equation

The familiar form of the continuity equation is :

9 or Oy _ 30w
o PRiae) T ot

8, . Sh,_ _dp . on
o T PRiar) T TP | 20

The conventional practices to evaluate the right hand side of this equation are:

i. Assuming nondeformable media andfor incompressible fluid in
which case the right hand side becomes zero ; resulting with
incompressible unsteady flow condition i.e steady head

distribution only.

2. To relate —‘29— and on

3 Ty with deformation to obtain storage

coefficient S = p’gla(1-n)+Bn)] ( Appendix-B3 ) and the term

oh
at

3. Treating n as constant.

Bear (1972) introduced two types of porosity, namely;

a) original porosity - formed during the formation of the medium
b) induced porosity - induced later and duc to geophysical changes

and/or some chemical reactions.
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Bear (1972) did not mention the later type of porosity change that is due to

solute aggressiveness. If thc porosity induced by solute aggressiveness is

considered , it may not be sufficient to relate %—Tt] with the dcformation of the

media. Because the mechanisms of solute aggressivencss i.c. swelling, dispersion,
shrinkage, flocculation or deflocculation may induce porosity without any
appreciable deformatién. Furthermore, the induced porosity due to solute
aggrgssivencss being a function of solute concentration, is timc dcpendent in
transient transport problems. In other words, the induced heterogencity is

transient as long as the concentration distribution remains transicnt. Thercfore,

. it appears appropriate to split the term Z_Tt] into two components,

2) (L)

=" change of porosity with deformation of the media
_def .

b) (% ) = change due to solute aggressivencss without deformation.
'% 52 ’ '

It should be noted here that %— is assumed to be independent of solute

aggressiveness since no such information is available yet. Since any change in

solute concentration and/or medium deformation causcs change in p, %‘Z— may

be written as two components,

D (%% = change of density with deformation of the media
def
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2) (-‘Z—‘Z = change of p duc to solute concentration

Since (%—p) has no significant cffcct on groundwater flow, it is usually

conc.

neglected.

The justification of the above analogy is discusscd mathematically with

reference to the groundwater flow equation.

Assume first that the change of n is only related to deformation or

compressibility of the medium and the fluid. Then the groundwater flow

equation becomes

2
0%,

£
i ox;

dh

=gll 27).
(PKyz0) = S @7)
where the change of i due to deformation is considered in S. Therefore , this

equation cannot describe the accurate flow phenomena of aggressive solutes.

Secondly, if ~we assume homogeneous incompressible fluid and
nondeformable media , then S;Q, which reduces the flow cquation (27) into

d oh, _

It is interesting to note that in above case, the unsteady flow docs not exist. But
the porosity change due to solute aggressivencss ,when not associated with

deformation, makes the flow ficld unsteady even in the case of incompressible

fluid and media. Mathematically,



0 op on ap
+p(=h)  + (2=
axl( i3 x) =n(=- at) p( )dcr p( 5 ) n( Fn )conc
d oh on ap
— = + o(— e
or % (p K"a ) [n p( 3 )M] (35, (e )Cmc

For low solute concentration, (—a—‘-)—) becomes insignificant and we get,

Conce

0 oh

-a-ii-(P K;ia—xi)

at (
when S =0 and K; depends on time, equation (31) reduces to

9 ok
ox.

(PK; ax) (7
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29

(30)

(31

(32)

- The equation (32) aboVe clearly indicates the cxistcnce of incompressible

: Unsteady flow for the case of éggrcssivc solutc.transport problems.

If the solute aggresswcness is consxdcrcd to be an irreversible process, then

the pseudotransxent or. pscudo-unstcady mcompressxble flow cxists i.e. porosity

change for the first arival of thC_'. §gllltc is to be considered in casc of irreversible

aggressiveness. In this case the transicnt bchavior of the medium propertics

follows the tracer movement.
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3.6.2 General Equation of Hydrodynamic Dispersion

The equation describing the three-dimensional Transport and dispersion of a
dissolved solute in the flowing groundwater can be derived from the principle of
conservation of mass ( continuity equation). The gencral equation presented

here is derived on the basis of the developments of Bear (1972) and Konikow

(1977). -

Since the solutc aggressivencss appears to introduce a new concept of
incompressible unsteady flow, the modeling of such solute transport problem
needs careful formulation of the cquation of hydrodynamic dispersion. In

addition to the prévious concepts, the new concept of solutc aggressiveness is

emphasized here.

From the mass conservation cquation of a solute |, averagmg over the void
space of a REV , we get from Bear (1972) and Komkow and Grove (1977),

oC

" ox;

19(MmC) _
1 ot

a(TIUo) Dij oC a(T]Uo)
3 2 (v~ ,
X; U0 0% Ton 0%, Ox,

1

(D)

+M 37)

where ‘M’ reprcsents additionaiftg_rms if any .

From the third and fourth terms of the above equation , we have i = constant
for the aggressive solutes which causes a change in porosity of the media (
Brawn 1988).

Expanding

Cv; mUy) _ Cv; = oy oy,
' =0 W * 38
nU, ox TIUO{ oaxi L Ox; ) (3%)

1
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From the conceptual definition of porous media in context of applicability of
continuum approach ( Bear (1982)), U, = Constant , cquation (38) reduces to

- Cv; d(mUy) _ Cv, ¢

on
ny, 0% n {axi} 39)

Similarly , we get

Dy oC Uy _ D; oC on

(40)
nU, 0z, 0%, M 0%, 0%
Substitution of equation (39) and (40) into (37) gives
1m0 . 3 0. Cy _ O cyy - &ion , DyaCon @&1)
n ot ox,~ "ox, ox. - n ox, M 0x, Ox;

" Expanding the first term and rearranging ,’we get

C _ 2
ot - ox

5C. Cv,oqn , Dyecon  Can
D22y - Z(cv) - =491 L Zoeom LN,y 42
i( . 6xj) 0%, - K n 0x n ox; x, m ot (42)

- Or in vector form ;

—0(,3—(5 =div(D.gradC) —div(CV) — —C;Y-,gradn + -Tl‘-DgradC.gradn - %%Tt]— + M(422)
The ccjuéiions (42 and 42a) réprcscnt the gencral cquation of hydrodynamic
dispcrsidn in flowing groundwater considering the additional process of solute

aggressiveness.
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3.7 MATHEMATICAL TREATMENT OF SOLUTE AGGRESSIVENESS

Careful observation of the gencral cquation of hydrodynamic dispersion
presented above clearly identifies the threc additional terms compared to the
conventional form. We can define a single parameter to cxpress the three terms

together, namely,

v dn _ D5 aC an

S, = ‘6x C axj 0%, E} (43)

a

1
n
where S, is the aggressiveness factor of solute in the transport phenomena.

From the above definition, S, , depends on the medium heterogencity and

the transient behavior of the medium properties which is in agreement with the

recent literature related to solute aggressiveness.

We can further simplify thc expression for S, if we consider the terms

aC

0%,
T’ and g;‘— -to be small enough to neglect their product. S, then becomes

(gL + 20

S =
'6x ot

a

1y (44)
N

With the above definition of S, , the general cquation of hydrodynamic

dispersion (42,43) becomes

iC _ 2,
ot a. "ax

)—-——(Cv)—SC+M @)
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The value of S, can be evaluated at any point or time if the velocity ficld

and the porosity distribution is known.



3.8 SALIENT FEATURES OF THE FORMULATION

Dropping the term "M’ for the time bcing, the equations are;

2
. 9%

oC

ch oh an
=) = S + p(ZL
ke e o
_ 0.8, _ 8 .
_— = axi ( i aXi ) axi (CVi) S aC

ot

I. The above equations take into account the variation of porosity

of the medium duc to both deformation and solute

" aggressiveness.

2. The existing models for hetcrogeneous medium requires that
'--f::-me_di_um heterogeneity data be constant input paramecters and
- do“‘}'.hot' Jincorporate the heterogeneity induced by solute
ﬂég@es’sivcness. But in the present formulation,any type of

. medium. heterogeneity can be incorporated as thc model

.. parameters: and can be considered to be transient or

: pséﬁdotransielit. -

3. These equations become conventional cquations when the
- variation of porosity is dropped as in the casc of non-aggressive

solutes.

4. As a normal practice, other terms that arc connccted to

different processes can be casily included in the transport

equation.
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€))

(45)



Unlike the conventional practice of coupling the two equations
by density or viscosity terms, they can be coupled by the

porosity term and the permeability term since K = (C).

Since aggressive solutes change the permeability of the medium,
and since K is a function of concentration ,C, the system is

nonlinear which needs to be solved simultaneously.

The mathematical definition of the factor S, is in full

agreement with the nature of aggressive solutes as

mentioned in the related litcrature.
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Chapter 1V
SOLUTION OF THE GOVERNING EQUATIONS

4.1 SOLUTION METHODOLOGY

Solution of the diffcrcntiz;ll equations governing any physical system and/or
phenomenon, is to find thc unknown function that satisfy the governing
equation with the associated boundary and initial conditions. There are many
alternative methods for solving such problems. The widc spectrum of these

methods can be broadly classified as analytical and numerical.

Some of the important methods are :
i. Analyﬁéél Methods
a) Separation of variablcs ‘_
b) Similarity solution§ e ‘
nc) C"omple_x variable tcchhiqtjes
d) Foﬁficr and Lé‘pla'ce‘ t?érisfdﬁnations
e) Green functions _ LR
f Ré‘guiar and s‘ingu‘lar' p.er‘t;ir..liétiohs
g) Power scrics.
2. Numerical Methods
a) Finite Diﬂ"ércncc Mcthods

b) Finite Element Methods

¢) Methods of characteristics.

Various finite clement approaches are listed in figure - 4.1.
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Figure- 4.1 : Summary of solution mcthods for Diffcrential cquations _
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4.2 ANALYTICAL METHODS

For a number of problems involving lincar or quasi-linear cquations and
regions of simplc or rcgular geometry, it is possible to obtain cxact solutions by
analytical mcihods. This is often accomplished by a separation of variables or
by applying a transformation that makes the variables separable and leads to a
similarity solution. Occasionally, the complex-variable technique, the Green's
function approach or a Laplace or fouricr transformation of the differential

equation leads to an exact solution. .

For non-linear problems with regions of rcgular geometry, very few
analytical solutions exist and thesc arc usually approximatc solutions obtained
by using perturbation or power serics mcthod Because regular and singular
perturbation methods are applicable primarily when. fhc non-lincar terms in the
equation are small in companson to the hncar terms ‘their usefulness is limited.
The power scries mcthod is powerful and has bccn cmploycd with some success,
but because the. mcthod require cvaluatlon of a coefﬁc:cnt for cach term in the
serics, it is relatwely tedxous.» Also, it 1s dxff' cult if not lmpo«lble, to

demonstrate that thc powcr series convcrgcs to thc corrcct solution.

In strict scnsc, almost all thc physical systems arc governed by complex non-
linear partial differential equations. Problems involving such complex system of
non-linear partial differcntial equations are ‘gcncrally intractable analytically.
For such problems, vthe use of numecrical mecthods to obtain approximate

solutions is advantagcous.
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4.3 NUMERICAL METHODS

The emphasis on solving analytically intractablc problems of complex nature
to the stage of gencrating numecrical results is dcliberate. Bcecause, this
underlines the common belicf that computation is the total process of problem
formulation, mathematical analysis, algorithm development, and the execution

of a computer program to obtain the rcsults.

A number of numerical tcchniques,as mentioncd earlicr, arc available.
Some of them are very straight forward and do not require the knowledge of
advanced mathcmatics. The advanced techniques nced sound background in

advanced mathcmatics.

Advantages and Disadvantages of Different Numerical Techniques:
1. Finite difference Method

Finite»' difference method is the most popular numerical approach for

S smula’uon of : largc qystems Thcre are scvcml practical reasons for this

"?:populanty lete dlfference mcthods arc conccptually straightforward. The

fundamental concepts are readily understood and do not require advanced
trammg in apphed mathematlcs Morcover, duc to their extensive history, they
boast a f rm theorctical foundation. In aclclmon, bccauqc of the form and
algebraic -simplicity of the ecquations arising from differcnce approximations,
several clever algorithms have been developed for their solution cfficicntly.
Finite diffcrcnce method is most suitable for problcmé with simple or rcgular
gebr}létry. The method becomes complicated and incfficicnt when the problem is

non-lincar with irrcgular domain. The scrious drawback of finite difference
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method is that it becomes very difficult to deveclop a gencral purpose computer

code for a class of problems with various type of boundary conditions. Most of

the formulations are problem oricnted.

2. Finite Element Methods:

The application of the finitc clement method to subsurface problems
followed two distinctly different paths. Two basic types of formulations are
generally used :

i) formulation based on variational principles

ii) formulation based on the concept of weighted residuals.

" The cxistence of an'Ehler—Lagrange cquat'ion' corresponding to the governing
cquation follows as a necessary condition for the solution of a variational

problem.

Unfortunately the converse is not true, that is, the existence of a differential
equation does not guarantee the existence of an é_cjuivalcnt variational principle.

The method of weighted residuals is 4 means to obtain an approximate
solution to a differential cqua.tion-»{'or which the Euler-Lagrange equation may

or may not exist.

It does this by requiring that the crror between the approximate solution

and the truc solution be orthogonal to the functions uscd in the approximation.
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4.4 METHODS OF WEIGHTED RESIDUALS

To illustrate the basic concepts of the Mcthods of Weighted Residuals

(MWR), let us consider a diffcrential cquation of the form
L) =finQ

where, Q is a bounded domain, L is the diffcrential operator, which acts on the

unknown function u to gererate the unknown forcing function.

In finite clements, u is approximated by {i(x,y,zZ) which is made up of linear
combination of suitable functions (basis/ shape functions) satisfying the cssential

- boundary conditions of the boundary valuc problem involving unknown

* .. coefficients. Then,

YD) RuRyz) = Y UNGRY2)
SR o EATEREEN i=1

corresponds to thc numbcr of dcgrecs of frecdom for cach clement in the spatial

F?Q.f._“,a.m Q.

Because of the approxxmatlon involved, i.c. ((x,y,2) = u(x,y.z), substitution
. of ﬁ(x,y,z) in thc differential equation L(u) - f = 0, docs not satisfy it and we

-~ have a r_esxdu_al R(x,y,2) where

R(x,y2) = L) - f inQ
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R(x,y,7) should ideally be zero ceverywhere in Q.. In the methods of weighted
resuduals, the unknown coefficients in describing i(x) are obtained by setting

the integral of the weighted residual R(x).W(x) to zcro, i.c

ij(x,y,z)Wi(x,y,z)dQ = ()
where Wi(x,y,2) is a certain weighting function.

The three popular mcthods of weighted resuduals arc the results of the

choice of particular weighing function W(x,v,z). These are

i) when Wi(xy.z) = N(x.¥.2), we have the Galerkin Method.

i) when W(x,y,z) = | over a subdomain of Q. we have the subdomain
Collncation Mcthod

i) when W(xy,z) = X=X Ny—¥)z- z), we have the Collocation Methad.
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4.4.1 Collocation FEM Method

In collocation mcthod, & is the Dirac delta function. Thus the weighted

residual equation in the collocation method takes the form
[ REy2)¥(x = %)y ~y Nz —2)dQ (a)

using the property of the delta function, this equation (a) reduces to

‘At == -y = .
R(x.y ‘Zﬂxa-.vi-"a 0 fori 1.2....M
where M is the number of collocation points in an element.

Substituting the approximation of {i(x.v.7) in R { x.v.7 ) we have

k
D ULNGxyzn-f], . =0 fori=1.22....M
i- ! [P bl |
3 ULN(S,¥,.7) =T, = 0 for i=1.2.3.....M
b

The cvaluation of the above equation at M collocation points resulls with M
algebraic- equations. Solution  of these M equations vields the unknown
cocfficients U, defining U(xy,z). In otherwords, U, is the approximate

numecrical solution of the differential equation L{u) = [.

The collocation approach, when applied to a descritized mesh, provides the

advantage of Finite Element method with following additional attractive

fecatures.

i) collocation methodology, applicd in conjunction with finite clements,
offers an approach thatis o7

a) conceptually simple
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b) mathematically straight forward and
c) preserves the fundamental advantages of the finite clement
methaod.
if)  collocation methods do not require integration procedures in the
formulation of the approximating cquations
iif) The resulting matrix cquation cxhibits a cocfficient stucturc that may
be amcnable to cfficient solution using modern mcthods in matrix

algebra.

An apparent disadvantage to collocation methods is the predisposition to usc
basis functions of higher continuity. The most commonly used member of this

family of functions is the hermite cubic polynomials.

4.4.2 Number of Collocation Points

The number of collocation points to he used is very important. In fact the

number of collocation points depend on the number of degrees of freedom for

each node.

In problems with N, nodes and K degrees of frecdom per node, we have
N=(N)(K) total degrees of frecdom. To solve M algebraic cquations obtained
from M collocation points, M should be such that it cquals the total active
degrees of freedom (i.c the total degrees of freedom cxcluding the boundary
conditions ). In a rcgular subspace, such as rectangles, Hermitian clement
-having four degrees of frcedom per node is dictated by the nced to have the

same number of unknowns as the cquations.



4.5 COLLOCATION FINITE ELEMENT FORMULATIONS.

4.5.1 One-dimensional Groundwater Flow Equation

0 oh ch
—(K, ~—)-S— - =0
ox (K, ox )=S ot £
o’h JK, ¢h ch
R . UL UL R
K ox? 0x 0% S at (=0

Using the following approximations,

where,

7] R
PR e

R, = INGK,

i-1
ND
h = i;Njh_i
Npe
?=ZN£

h; = head at node “i*, when jis odd

first derivative of head at node i, when j is cven.

basis/shapc function for the interpolation of K at node ‘i".

N, = basis/shapc function for the interpolation of f at node i.

N; = the shape function for h,

N

pe --

ND

Number of nodes per clement

Number of nodes per clement times D.O.F per node.

101
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Since § = pgla(1-n) +nP], and aand B arc very small in magnitude, S can be

assumed to be independent of p and 7.

Now substituting the above approximations into the governing cquation and for

M collocation points in the clement . we obtain

a N o ML d D N
) KN =} Nh) = S=(3 Njh) = 5 Nif] =0
fN K ZN,h) + ax(iiK'N"") o (j_lelh,) S—= (;N,h,) i ofl,

N Np 3°N. Npe ONg  xp AN, ch,

K, Lh, + ‘ ih. = SYN.—L - ¥ N
[i‘lNKi 'i-zl ax? g & 0x Kj'EJI 0X k Zx T ot f F ‘]
T=12.... M

Writting the above in matrix notations, we have
ch
{[[A A, + [BIB,JI{H} — [C']{%f}"{F} by =0

. where

[A] = YNK,

L8] ;: ox !
Np GN.
(B = Y1



{H} = [h, hyoh

(2, _ 2y 3h, o
P T

......

In global form, the matrix cquation is
ch, _
([G){H)} — [CHZ) = (FY,

where

[G] = [[Al][AZ] + [BJ[Bz]]

4.5.2 One-dimensional Transport Equation

0 ¢C 0 ¢C
—(D - =—(V - SC=np==
6x( "‘ﬁx) ax( €~ 35, n at

2 o] ~ A -
C ¢D, 6C oV oC oC
DI~ + Zx0% _clx _y - = nZ=
o T ax o ax x| ¢ T M

Using the following approximations,
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Qx = Nich,Vi
i1
& =¥ne
=
§, = :Xi::NqIS,
n = ENH;U.
where, |

C, = concentration at node ‘", when j is odd

0 . . . ..
¥ = first derivative of concentration at node i, when j is even.

N, = basis/shape function for the interpolation of D at node “i'.
N, = basis/shapc function for the interpolation of V at node i'.
N, = basis/shape function for the interpolation of S, at node i.
N. = the shape function for C

N_. = Number of nodcs per clement

N

D Number of nodes per clement times D.O.F per node.

Now substituting the above approximations into the governing cquation and for

M collocation fmin]s in the clement , we obtain



[iN,,D

=123 ... M

[%N DNDaZNiC +’{:‘6NpiDN?5NiC _ey 8

& ii; oxt & ax ',21 éx 1 & 'JZ,
ND ND

i~

l\4{12,c1\1.sisi
]
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(ZNC) ¥ —(iDND,) QNC) - fNV, = (ZN

Z,Nici =

T{Zchini

Writting the above in matrix notations, we have

{[[AJA,] + [B,]B)]

where [A)] = fN

— [G,)B))

DII

Np 9'N.
Al = )
1Al =1 ox?
—_ N~ aNDI

[Bl ;:fl ox D'
IN.--
B =S

- [D

1][R|] -

(EJIRJKC}

= [FIR,){

= i-'c]\]mrll 3 (ZN C)]x|

oC
‘E}}X,



[C] = XNVivi

NcaN "
D] =y —X1v,
[ [] & ax 1

[E] = YN,

[FI] = gNnini
ND

[R,] = _;Nj

{C} =[C, Cporre.Cy["

oC. .9C, 6C, oC

= 1
{at} [611 ot ot

In global form, the matrix equation is

(GHC) = PHE ),

Where

Pl = [FIR]

[G] = [AJIA] + [BB,] — [C,IB;] — [DJR;] — [EJR]]

106
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4.5.3 Two-dimensional Groundwater Flow Equation

o oh 0 oh ch
—(K, =)+ —(K—)=S— + T
r.?x( "6x) oy -Vﬁy) at

Using the following approximations for the variables

Z

c

ﬁx = > NuKy
i=
A Npe
K va.iKyi
i=1
A ND
h = . Njhj
i~
Npe
t= NGf;

-
|

Substituting the above approximations in the governing differential equation, we

obtain for M collocation points

2

]

Nee ON,,  wp ON, Npe NDON Noe N, .\:96 ND@N
[2 K My +2 K ad by b IR ), iN,ﬂK Zh

N ﬂ
Z +i r'"‘l"l

where 1 = [,2....M , M is the number of collocation points to be used per

element.
Writing in matrix notations, we obtain

MAJB] + [CID,] + [AJB,] + [CIDJKH} = [A, ]{ﬂ} + {F} how




Where

8] - $
i=1 X

Np O°N
D] = ¥
-1 0X
NcaN.
Al= By
[ )'] i1 ay Ky,
ND GN.
B]=)—L
(B iZ:l oy

Npe
[C} = j} NK,,

&N,

D]=Y) —1L
(D] 2y

[A] = si}iNj

(F) = YN,
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_ . All these matrices are cvaluated at the collocation points in cach clement. The

final global matrix form, obtaincd after assembling the clement matrices, can be

written as




(CHH} = PHS) + (F) ),

where

[G] = [AJB,] + [CID,] + [AJB] + [CJD,]]

X131

109
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4.5.4 Two-dimensional Transport Equation

oV
0 (D oC 0 oC aC ¢
0x

oC éC
—=) + D—) -V — — L -V, — —C—!—SC- —
"6x) oy oy yay * 9x c ox (7y ay " ot

Using the following approximations for the variables

6:: = NiQNDlii
=1
Npe

b, = 3 NoD,,

A Npe

V= 2 NGV,
i=1

A N

W=§WW

A ND

& =¥nNe,
=1
Npe

§a = ; NsiS<x
=1

A Npe

=Y Nn,
i=1

Substituting the above approximations in the governing differential equation, we

obtain for M collocation points

Npe 8ND. ND 6Ni N np 9°N. Ny
1D} -+ D.Y—LC + VY—/2D ’C+ N
[ Ox sz_,l X Cx iﬂND' AL g .il ylZ f i yl




where | = 1,2....M , M is the number of collocation points to be uscd per

element.

Writing in matrix notations, we obtain

{IAdB,} + [CJADJ + [AJB] + [CD,] - [E]JB] - [E]B,] — [FJA,] -

[FJA] = [STAJHC) = [HIAH SN ),

Where
NcaN
A — Di
[A] }‘j 2D,
N ON
Bl=Yy—
[ x] & ax




[Ay] = f%p

& oy
ND 6Ni
BI= 2%
[C,] = fN.,. D,
D] = ND 52Nj
y: ]—Zl aZY
[E,] = }iNv, .
[F] T\i Vl V
[H] = ) N,

[Ad = N,

[s] = }TNq, .
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All these matrices are evaluated at the collocation points in cach clement. The

final global matrix form, obtained after asscmbling the clement matrices, can be

written as

H{IGHCY = [P]{—} Iu

where

A)
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[{P] = [H][A]

[G] = [IAJB] + [CID] + [A[IB] + [C]D,] - [EJB,] — [E]JB}] —
[FJAL] — [F A — [STAL ),
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4.6 TIME STEPPING SCHEME

Since the D.O.F éi and the matrices [G] and [P] ( for the transport equation )

and the vector {F} arc time dependent, they can be approximated by a

weighted average of their valucs before and after the small time interval At. The

A

time derivative

may be approximated by the forward finite difference

scheme as
aéj él'u-m B An
ot At : (D
and
& =08, + -0)¢, 2)
[G] = 0,[G],, .+ (1 —0,)[G], 3
[P] = OM[P]HM.'-(I _01\1)[1)]1 - 4
{F} = 0, {F},,,+(1 =0,){F}, &)
>whcre

0<0_<1— the degree of implicitness for éj and 0<0,<1— the degree of

implicitness for the matrices and vectors
Substituting (1)-(5) into the FEM cquations

OG5+ (1 =0 IGIHOACY,,  + (1 -0){C}] —

{C}I+Al - {C}l

[OpIPYp + (1= 0,0PIX At

1=0

[LHC}.. o = IMKCY,
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where

(L] = 00[GL e + (1 =0,)IG1} = ==L OyIPL, .+ (1 =0, )P]]

1
M] = ~ [(1=00(0[Gli,, + (1=0,)[G)} + [ 0[P}, +(1 ~0,)(PL]]
if 6, = 0, i.e. the coefficicnt Matrices arc assumed to be invariant in time, then

[L] = 0{G] - (7]

MI = ~ (1 -0)(G] ~ —L-{P]
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4.7 BASIS FUNCTIONS

4.7.1 Cubic Hermitian Bases in One-dimension

The typical finitc clement formulation involves the definition of the basis
function in a local coordinate system, and then formulation of the collocation

equations on an clement by clement basis.

For thc devclopment of anc-dimensional cubic Hermitian bascs for two
noded elements, a third order polynomial in £ is assumed. The four unknown
coefficients are determined by prescribing the values of the dependent variable
and its derivative at each of the two nodcs. These Cubic Hermitian basis

functions guarantce the continuity of the dependent variable and its first

derivatives and hencc are C' — continuous. The four basis functions can be

written as

PH®) = &1 +2)
H/® = &= DE+D)
PHE®) = S E+1(-E+2)

PH@®) = SE+1E-1)

for—1<E<I



©> COLLOCATION POINTS

( NCDE > < ) ——
\ 1 2 N\?DE

— ¢ +1

Figurc-4.2 : One-dimensional 2-noded clement-with two collocation

points

17



Cubic Hermitians
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Figurc-4.3 : Onc-dimensional Cubic Hermitian Basis Functions

118



119

where
FHE),

L -- degrecs of Hermitian Polynomial,
n - indicates the order of degrees of freedom, and

k -- the node numbers.

A typical onc-dimensional 2-noded clement with two collocation points and

the corresponding cubic hermitians are shown in figurc-4.2 and figurc-4.3

respectively.

4.7.2 Relationship Between the Local and Globhal Coordinate System

. A . . . .
In local coordinate system, C° is approximated over a cubic Hermitian

element as

A 2 (I 3
& = yICH® + —dfg—- H,(®)] 0

And in terms of global coordinate system, we have

A 2 2 o d kq 1
& = SICH ) + d—i H,'(x) )

To evaluate the rclationship between é°(§) and é°(x) under a given coordinate

transformation system (C,) which cxpresses x in term of Ei.ex = f(£), it is
necessary to transform each clement via a lincar rclationship between x and E.

For uncqual clement lengths this lincar C, yiclds a C° — contunuity only:

The lincar C; defined over an clement and using local node numbering can be
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written as

X T HTX
X(E) = +
t9 5 55
2 x2+xl
or £(x) = X —
&(x) Xz_xl( 5
X, +x
= A2L°(x_ 22 ) where AL® = x, — x,

From x(&), we have

dx _ AL
- dE

The general form of the piccewise Cubic Hermitian polynomials in global
coordinate system can be written as follows

o (X—X - )2
PHYR) = —— 2%, —R) + (X, — X, )] X, SXSX,
X T R

2
= (Xk+ l'x)

T3 —X)-2(%, X)) X SX=X,,,

(%4 1%y
= 0 Elsewhere.

3y ! (x"xk-l)z(x - Xy
CH = )
« (X) *x— Xk_l)z

X, SXEX,

(X, 1.'x)2.(x.._ X,

Lo —

K SXSKy 4y



= (0 Elsewhere.

For an element, which reduces to ,

_ 2
JHx) = ((X—X")7[2(X.“X)+(Xl — Xy

{ Bt}

Substituting x=1{(%) in the above cquation, we can easily prove that

SHX) = PHE)

Similarly , it can be shown that ,
PH(X) = FH',()

H"(X) 3y ® ALc

YR = HL B A

Now,

A 2 dC
CE) = kZ_;(CK H(®) + === H',(®))

at
or

&) = zcc HOGE) + Sk “;3 1'.(5)
or

CE) = C AL *H'(E)

or
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&@) = 3. HY + % HAX)
k=1

or

&) = &w
Thercfore é°(§) = é°(x) requires a necessary condition that
Ny, ="H(x) = *H(&)
and

AL®

N, =’H'(x) = ‘H'(®). >
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4.7.3 Cubic Hermitian Basis functions in Two-dimensions

C' - continuous two-dimensional cubic clement has four degrees of freedom

~ 2
per node i.e. C, %g—, a—c, A . Two-dimensional quadrilatcral clements with
0Xx 0y 0dxdy

4 nodes has a total of (4X4) 16 decgrees of frecdom and requires 16 shape

functions ( e.g. N,i = 1,2......16 ). These shape functions, which involves two

space variables, may be evaluated by the product of the one-dimensional

Hermitians written in x and y seperately.

. - A .
The form of approximate variable C over such an clement can be written as

-~ ~2
C N 331700 0C, 33,410 0C, 3. .01 0°C, 3.1
B )+ == == + —k By
C kZ,l[Ck Hk (X)B) ax Hk (X9Y) ay Hk (X1Y) axay % (X,Y) ]

where the summation is over the 4 nodes of the clement.

PHI™(x,y) - the two-dimensional Cubic Hermitian basis functions along the x
and y dircctions and

n,m = 0, 1 indicatcs the order of degrees of frecdom.

. . . A . . . .
The more gencralized two-dimensional form of C, which is casicr to code in

computer, can be wrirren as a unified N,
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where C, represents sixteen degrees of frecedom for an element, four per node (

¢C oC dC
ox’ dy’ 0xdy

).

Using the one-dimensional basis functions, we have the following two-

dimensional basis functions in € and { coordinate system:

= HI®)H(©
. = HEHQ
; = HIE®HQ

N
N
N
N, = *H,®)’H\(©)
N; = *H3(®)-'H(©)
N, = "Hy®-H)(O
N, = *Hy&)H}(Q)
s = "HYE)H(©)

N
N, = H3®).’HD
N
N

!

0 = "HYE)H(Q)
¢ = "H3E)HD)
N, = "H}EHYD)
N, = *Hj®).H(Q
N,, = *Hi¢)."HQ
N5 = *H]®).HYD)
N

!

w

« = HEMHO - - -

For-1<€<+1 and -1<{<+1
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And

C(4i-3) =G
oC

C(4i-2) = (—ax—)i
aC

Cean = (3;)1

_ . 9C
Ca = ( dyox ) )

A typical two-dimensional 4-noded clement with 4 collocation points and the

basis function, N, are shown in figurc-4.4 and figurc-4.5 respectively.
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C D COLLOCATION POINTS

Figure-4.4 : Two-dimensional-4-noded clements with four collocation

points
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H(£)(O)

1.0 7

0.67

NG FOR 4-NODED ELEWENT

Figure-4.5 : Two-dimensional Hermitian Basis functions derived from

onec-dimensional cubic hermitians ( figure-4.3 )
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4.8 SOLUTION ALGORITHM

In solving the coupled equations of groundwater flow and solute transport,
the nature of thc non-lincarity should be considered. In these equations (
Appendix-B1 ), the coefTicients are non-lincar functions of unknown variables.

An iterative solution scheme is thercfore indicated.

4.8.1 Steps in Iterative Scheme

. The iterative routine starts at a given time step with an
estimate of concentration distribution based on previous time

step ( i.e. initial values at the begining )

2. Evaluation of the concentration-dependent parameters in the

groundwater flow equation for the estimatcd concentration

distribution

3. Solution of the groundwater flow cquation for the nodal values

of head at the next time level

4. Computation of the nodal values of velocily, hydraulic
conductivity, porosity, dispersion cocfficicnt and the solute
aggressiveness  cocfficient  according to the appropriate

additional equations and the updated values of head gradient

- --3. Solution of - the--transport: cquation using the updated -

parameters obtained in step-4 to predict the new concentration

distribution
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6.The procedure ( step-3 to step-5 ) is repeated by cvaluating the
concentration-dependent parameters again with the updated
values of concentration distribution and solving thc governing

equations at the same time level

7. The cycle is repeated untill the convergence criteria is satisfied

The repeatative solution of the system constitutes the dominant
computational work in the overall algorithm. A Flow-Chart of this iterative

scheme is shown in figure-4.6.
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Figurc-4.6 : Flow chart for the solution algorithm
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Chapter V
NUMERICAL RESULTS AND DISCUSSIONS

3.1 INTRODUCTION

Computer programs are developed to solve the proposcd system of equations.
The Codcs have the provision to solve the governing cquations for a varicty of

combinations, namely

i) Groundwater flow equation only
ii) Transport Equation only

iii) Both cquations for

a) Non-coupled system

b) Coupled system

1. Non-Aggressive Solutes

2. Aggressive Solutcs

The Collocation Finite Element Method is used. A number of simple
problems ( figure-5.1 ) are solved to verify the accuracy of the numerical model.

A bricf discussions on diffcrent test problems arc given below.

5.2 VERIFICATION OF THE MODEL WITH ANALYTICAL SOLUTIONS

The predictions of the devcloped model was compared with a number of

problems having analytical solutions. Test run was also made for two simple
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problems previously solved by Smith (1985) using finite difference schemes.

Both the one-dimensional and the two-dimensional programmes solved the

problems with incrcased accuracy, supporting its superiority to finite difference

methods.

Once thc numerical model was tested, the following runs were made to

study the applicability of the madel.

a) Test Problem on Groundwater Flow

0 Jdh ch
— K.— = Se—o + 3
ax( 6x) Sat f O<x<L

With
Initial Condition

1(x,0) = H(x)

Boundary Condition

h(0,t) = Hyor H(t) for 0<t<t,
h(Ly=H,
b) Test Problem on Solute Transport

0 pdC,_ 9 —fc = n9C <
5P — - (VO - fC=nZl  0<x<L

With

Initial Condition

(5.1

(5.2)
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C(x,0) = C(x)

Boundary Condition ,
C(0,t) = Cyor C(t) for 0<t<{,

C(Lt) =C,

Case Al : Analytical solution for steady groundwater flow equation with constant

Kandf

L
- ;K Ix + H, (5.3)

L= Xy - = (5.4)

Case A2 : Analytical solution for steady groundwater flow equation with K = f

= f(x) = l-f—x i.c. heterogencous medium.
2 2 '
h(x) = (L:—")—(zln(l +0)=1) + Cr+ 2y + Hy + % (5.5)
dh (1 +x)In(t +x) + C,(1 +x) (5.6)

dx
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(H, - H,,—-}I —ﬁ;—':)i(zln(l +L)— 1)}

Case Bl : Analytical solution for steady Solute Transport equation with constant

D, V and f, and C(0)=1 and C(1)=0,

Cx) =ac™ +ae™ (5.7)
%—g- =amgc" +ame” (5.8)

m, = —— + —/V?+4D

2D 2D
A" 1 3
= - _L /vy
AT TS D
a, = c™
b e™
a, = c™
P M ™

Case B2 : Analytical solution for steady Solute Transport equation with D, V and

f as function of x i.e. heterogencous medium.

Defining D =V = —l- and f = 4+2x , we have ,
1+x (1 +x)?
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C(x) = beX( 3"‘;2) + b | (5.9)
dcC .3 23x+2 N
& = bl + e**(—(-—"g-‘-'”—)-)} ~ by (5.10)
. 9

' [2-¢M(3L+2)]
b, =1 2

 R-GL+2)]

The effects of % ratio on head distribution is shown in figurc-5.2. Figure-5.3

VL,

shows the solute movement patterns for different Peclet numbers ( )

The developed model was found to be capable of producing satisfactory results

compared (o the analytical solutions ( figure-5.4 and figure-5.5)

The solution of the unsteady groundwater flow and the transport cquations
also converged to the stcady analytical solutions for both homogeneous and

heterogeneous medium ( figure-5.4c, figure-5.4d, figure-5.5¢ and figure-5.5d ).

The two-dimensional model was verificd with a varicty of onc-dimensional
problems on two-dimensional space ( Mohsen (1987), Bhuiyan ct.al (1990)) and

was found capablc of producing satisfactory results.
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Problem Statement
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. .
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b [
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e E SR =
. §§ Two-Dimensional - ;§ .
. -::.g ‘- Problem Domain 5§ .
L4 89 . 80 [ 3
o [ ]
. Ne Fiux Bomndary .
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. 'S
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®

L )
. Plans .
.....000..0000000..0000000.0.0

Figure-5.1: Problem statement in onc-dimensional Analysis
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Figure-5.2: Effect of (f/K) ratio on Head Distribution ( Equation 5.3)
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Figure-5.4a: Comparison of numecrical and analytical solutions for steady

groundwater flow cquation (5.1) for homogencous medium (

constant K and f=0.0)
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Figure-5.4b: Comparison of numerical and analytical solutions for stcady solute

transport cquation (5.2) for homogencous medium ( constant D
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Figure-5.4c: Numerical solution of transicnt groundwatcer flow cquation (5.1) for

homogencous medium ( constant K and £=0.0)
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Figure-5.4d: Numerical solution of transicnt solute transport equation (5.2) for

homogeneous medium ( constant D and V, and f=0.0)



144

10

- Collocotion FEM

Head

- T T 1 T T T
00 .10 20 30 40 50 60 .70 .80 .90 1.00

Distance X

Figure-5.5a: Comparison of numerical and analytical solutions for steady
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53 NUMERICAL STUDY OF SOLUTE AGGRESSIVENESS
PHENOMENA

The developed model is applied to gencral cases illustrated in figure-3.1 and
figure-5.12a for onc and two-dimensional studies.  Different situations are

considered which will be described in the following sections.

5.3.1 One-dimensional Study

The two equations are coupled and solved simultancously for concentration-
dependent model parameters ( figure-3.6 and figure-5.8). Figure-5.7 shows the
propagation pattern of induced heterogencity in the medium for an arbitrary
lincar relationship between hydraulic conductivity and solute concentration (
K =K, + mC). The coupled system is then solved for aggressive and non-
aggressive case and the predicted values of the dependent variables and the
model paramcters are compared ( figures-5.9). The numerical study showed
significant changes in the head distribution pattern where the solufc is aggressive

( figure-5.9, figure-5.10 and figurc-5.11 ).

The cffect of solute aggressiveness on one-dimensional concentration profile

is found to be dependent on the magnitude of diffusion cocfficient at the steady

!

.. . VL .
state. This is because the ratio o known as Pcclet Number, remains

unchanged at the steady stale condition for onc-dimensional problems when the
diffusion coefficient is smaller compared to mechanical dispersion ( figure-5.9¢).
Comparison” of” head distribution patterns for “concentration  dependent

parameters and the constant parameter models clearly illustrated the existence
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of incompressible unsteady flow in porous media when the solute is aggressive (

figure-5.6d and figure-5.8d ).

The cffect of tortuosity function is illustrated in figure-5.11j and figure-5.11k

for different values of the exponent ‘t° in equation (19).
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Figure-5.11j: Effecct of r on ftransiecnt Hcad distribution for concentration-

dependent parameters
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5.3.2 Two-dimensional Study

The two dimensional test problems solved here arc the same problems used
by Mohsen (1987) and Bhuiyan ct. al.(1990). Theyv solved the problem for onc-
dimensional uniform velocity ficld only, thereby solving only the transport

equation ( figure-5.12a).

The numerical model predictions for coupled system is presented in
figures-5.13, 5.14, 5.15 and 5.17. The simultancous solution of the non-lincar
system  showed significant variations in the hecad and the concentration
distribution pattern ( ﬁgurcs;S'.IS ). The numerical study also showed the
existence of incompressible unsteady groundwater flow for aggressive solutes (
figure-5.19). The medium hctérogcncity induced due to solute aggressivencss
phcnomena is shown in figures-5.16a, 5.16b, 5.19¢ and 5.19d. An abritrary
lincar relationship between hydraulic conductivity and the solute concentration
was used in two-dimensional simulation also. Any tyvpe of hydraulic
conductivity-concentration relationship can be used in the model by modifying -

the function subroutine only.
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Problem Statement
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Figure-5.12a: Problem statement in Two-dimensional Analysis
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Figure-5.12b:Two-dimensional mesh for virtually onc-dimensional Analysis
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Figure-5.12c: Two-dimensional mesh for Two-dimensional Analysis
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results
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Figure-5.13b: Constant paramcter slcady concentration distribution in two-
dimensional space for virtually onc-dimensional problem (

Numerical results matching the analytical onc) .-
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5.4 RESULTS AND DISCUSSIONS

The computer code is found to produce very satisfactory results for a varicty of

test problems. The results arc presented in the carlicr sections.

The magnitude of the ratc of change of porosity term in the solute
aggressivencss factor has larger valuc at the initial stage of the transient

problem and decreascs gradually as the system approaches steady state.

The effect of the solute aggressiveness factor ultimately becomes an induced
hetcrogeneity factor as the steady state condition is rcached for the transport

cquation, leaving a completely different heterogencous medium.

When the concentration-dependent model parameters are  considered  (
figure-5.6d and figurc-5.8d, i.c. aggressive solutes ), the incompressible unstcady
flow exisis as long as the transport cquation remains transient, irrespective of

the rate of change of porosity in the solute aggressivencss lactor.

The distribution of stcady state variables is the same for concentration
dependent paramecters and the aggressive case, since the transient part of the

aggressivencss factors cxists only during the transicent state.

The medium characteristics satisfying the Kozeny-Carmen cquation , which
relates the intrinsic permeability to the cffective porosity, nceds to be

investigated considering the aggressivencess factor.

When the medium intrinsic permeability is related to cffective particle diamcter,
the .couplcd system nceds lo he solved simuliancously considering the

concentration-dependent paramcters when appropriate.
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The simultancous solution of the system of cquations for concentration

dependent model parameters yiclds

i) a heterogencous medium when the medium is initially

homogeneous

i) a medium with increased heterogencity since the aggressive
solutes introduces additional hetcrogencity.

ili) a homogencous medium with completely different medium
propertics when the stcady statc concentration distribution is
uniform ( depending on—_downstrc.am boundary conditions and/or

the magnitude of the model paramcters ).

The numerical results also demonstrated that the significance of the solute
aggressiveness phenomena depends on the degree of aggressivencss exhibited by
the permeant. The solute aggrcésivcncss factor is a timec-dependent parameter
which complicates the transient solution procedure of the governing equations.
A comparative study indicated significant differences in the predicted values at -
£he earlier stage due to the above mentioned reasons. The d'il“ ferences, however,
decreases with time ( figures-5.11c-11i). The induced hetcrogencity ‘in modcl
parametcrs was appcarcd to bc important. The transicnt bchavior of the
dependent variables also suggcstcd the insigniﬁcanhcc of time variance of porosity

for long term transient problems.
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5.5 SALIENT FEATURES OF THE MODEL

I. The proposed model is developed cmphasizing the need of
simultancous solution of thc groundwater flow and transport
equations since thcse two processes are coupled in the natural

system.

2. A very few modcels have been reported and most of them arc
developed for the concentration-independent modcel parameters. A

varicty of concentration dependent model parameter is considered

here.

3. The majority of the cxisting modcls consider only lincar systems with
respect to model parameters, but in this study, a nonlinear system is

derived from the basic concept for aggressive solutes.

4. Th.c solution techniques used in the available modcls are the finite -
difference schemes which gives step function type discontinuous
velocity ficld, not conformable to hetcrogencous medium and/ or
variable parzimctcr problems. In the present work, a continuous
velocity ficld is guarﬁtccd by using highcr order polynomials and

more than onc degree of frecdom per node.

5. The algorithm used avoids numecrical differentiation which inherent

uncertainty and difficultics. It is avoided imposing C' continuity

condition in the collocation finite clement formulation.

6. The developed model is capable of dealing with any type of medium
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heterogencity

7. 1t provides cleven different options for thc user as cxplained in

Appendix-D.

8. Nonlincar variations of the medium propertics as well as thc model

parameters were considered using the cubic hermitian interpolation

functions.

9. The pscoudonormalized form of the cquations guarantced the same

10.

1.

13.

14.

rcal time corresponding to the normalized time for the both

equations and also provided additional computational advantagc.

Only the controlling— paramecters arc required to be changed to solve

different problems.

Data input is madc to be possible minimum sincc the grid is

gencrated automatically inside the main programme ( Appendix-E ).

It is capable of handling different type of boundary and initial

conditions for the two governing diffcrential conditions

In case of concentration-dependent model parameters, only the

respective functional relationship is required to be modified.

Steady state rcsults can be obtained directly using minimum

computational cfforts.
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5.6 LIMITATIONS OF THE THEORETICAL DEVELOPMENT

6.

. The experimental verification nceds sophisticated sct ups and long time

obscrvation since uncertainty is the inherent problem in the study of

any phenomena in porous media.

. Since no study has been reported in the litcrature describing the solute

aggressivencss phenomecna, only the significance of the process can

be cvaluated by numerical experiments.

. This formulation is not dircctly applicable to immiscible andjor multi-

phasc flow and transport. Howcver, similar type of formulation

would be possible for such cases.

- Any change in the microscopic level is not considered in the

formulation since it is carricd out at macroscopic level as is the

usual practice.

- If extensive studics on different phenomena suggests the significance of

any change in the microscopic level , microscopic formulation,

would yield better representation of the system.

The use of the proposed formulation may be considered as the
approximation of the lumped microscopic changes interms of

macroscopic variables.

. If the intcractions between the various factors results with .no change

in porosity, the governing cquations reduces to the conventional

cquations, but the existence of concentration-dependent permeability
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strongly suggests the nced for simultancous solution of the two
governing cquations along with the additional cquations. It also
indicates the existence of unsteady incompressible flow condition as

the head distribution in this casc is transicnt.

8. The applicability of the proposed formulation dcpends on the

predominant aggressive mechanism involved.

9. Evaluation of the cffect and/or the significance of this phenomena

1.

would decide the span of application of the proposed formulation as

well as that of the i:()nvcntional onec.

The results of the _numerical cxperiments would also suggest the
need and/or the dircctions of cxperimentations. A comprchensive

numerical cxperiment might save some cxperimental cffort.

The microbial growth kinctics is not incorporated in these model.
Recent studies have amply demonstrated the remarkable effect of -
Microbial growth on flow dynamics and contaminant movement in
natural systcfns ( Taylor ctal. (1990a,1990b,1990c,1990d)).
Importance 6f modcling natural system incorporating microbial

growth kinctics is also cmphasized by Khondaker ct.al. (1990).
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Chapter VI
CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The study of solutc transport in porous media related to groundwater
contamination in particular is in the midst of an cxciting period of growth and
challenge. A review of literature published during the last two decades has
revealed progress in many arcas. Investigators have uncovered a number of
inadequacies with our cxistiné-ﬁcicnliﬁc undcrstanding of subsurface transport
models, furthermore, they have made significant strides toward achiceving a

better understanding of these in;port:mt phcnomena.

Some new rescarch arcas such as biodcgration modcling, transport in
fractured media, immiscible transport. solute cffects on medium properties, and
inverse techniques for the optimal cstimation of the model paramecters, arc just
cmerging. Rescarchers from a wide varicly of disciplines have been involved in

these investigations.

As this literature review amply demonstrates, the advancements in scicntific
understanding of the varicty of processes which affect the transport and
persistance of contaminants in the subsurface environment illustrate the
complexity of the subsurface transport processes. Proper trecatment of this
complexity demands incrcasing specialization in the arca of gmundwatcf

contamination studics.

Indeed, no individual can claim to have an in-depth understanding of all

phcnomena. Enormous growth has occurred during the last two decades in
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experimental, analytical, and numerical modcling dirccted toward a large array
of problems. These are reported in an overwhelming number of journals from
different disciplines. The necessity of interdisciplinary cooperation among
investigators is cssential for the future advancements in our ability to deal with

groundwater contamination problems.

Another gencral observation to be gleaned from this review is that
investigators in a varicty of-disciplines have come to the rcalization that
controlicd ficld cxperimentation is necessary for the verification, future

devclopment and calibration of modeling approaches.

The objective of the present work is two-fold, namely;

a) a systematic review and critical analyses of the developments of
rescarch in this arca to summarizc the rescarch trends and the

associated forthcoming challenges

b) Modcling of the coupled process of groundwater flow and- solute-
transport emphasizing on the clfects of solutce aggressiveness on the

fundamental propertics of porous media.

The salicnt featurcs of the present work is summarized below:

I. An cxtensive litcrature survey furnished the idea of the present status
of the research activitics in the broad spectrum of groundwater

contamination.

2. The unresolved problems arc identificd for future rescarch and the

potential directions arc indicated
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3. An inventory of the available modcls is presented

4. Solute aggressiveness phenomena is identified as one of the important

aspects of flow and transport modcling in porous media and

investigated thcorcfically.

5. A mathematical represcntation of solute aggressivencss phenomena is

proposed.

6. A modificd system of nonlincar cquations governing the flow and

transport of the aggressive solutes are derived .

7. A solution algorithm is proposcd to solve the system of nonlincar

cquations simultancously.

8. A numcrical model is developed implementing the proposed algorithm

using advanced technique of collocation finite clement.

9. The developed numerical model is capable of solving the natural-

coupled system of flow and transport in porous mcdia for different

combinations

The following conclusions can be made from the numerical studics.

a) Solutc aggressiveness phenomena changes the medium propertics introducing
additional hecterogencity, which is considered to be a major cause of
uncertainty and failure in achicving any rcliable relationship between the

ficld and the laboratory values of the model parameters.

b) Induced heterogencity appears to be significant
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c) As thc solutc movement remains ftransient, groundwater flow remains

transicnt as well.

d) Incompressible, unsteady flow condition cxists because of heterogeneity that

is induced by the time dependency of the model parameters

¢) The cffect of heterogeneity duc to the change in medium porosity is larger at

the carlier stage and insignificant at the latter stage.

f) The significance of the overall effect of solute aggressiveness depends on the

degree of aggressivencss exhibited by the permeant.

g) The effect of solute aggressivencss on solutc movement patlern depends on

the extent of change in Peclet number.

h) In long term transient problems, the cffect of intrinsic permeability expression

appcars to be insignificant.

i) The existence of solute aggressivencss phenomena requires simultancous

“solution of the governing cquations.
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RECOMMENDATIONS

The study of solute aggressiveness phenomena, being a new frontier, needs
further comprchensive investigation. The primary effect of solute aggressivencess
is the introduction of hctcrogc;lcity in the medium. The variations in medium
propertics like hydraulic conductivity and porosity certainly affects the flow

dynamics and thc movement of chemicals as well through the porous media.

The mathematical model proposed here considered an  idealized and
conceptual porous medium, obviously quite different from the natural system.
The natural system containis organic materials and various mincrals.
Furthermore, there may be biological rcactions because of the presence of
organic matters and the m-icmorgnnimns in the natural system. The
experimental study has amply demonstrated the remarkable effects of microbial
growth on the flow dynamics and thc movement of contaminants in the porous

media. Recent studics reported a 5,000 times reduction in hvdraulic conductivity

in sand columns. One way to deal with the problem of microbial grosth in the

natural system and/or thc movement of organic chemicals in the subsurface
environment is to incorporate the microbial growth kinctics in the development

of the mathematical modcls for the systems.

The variations of the model parameters considered here were based on the
study of idealized laboratory systems. The comprchensive cxperimental
investigations should be made in the ficld of a representative size. From the
tracer tests in the ficld, onc can cvaluate the instantancous velocity and the
effective porosity simultancously. Determination of cffective porosity and its
variations due {o solute naturc and/or concentration, would certainly provide a

better understanding of the solute aggressive phenomena.



212

The flow cncountered in the natural system is rarcly saturated, and the
medium considered could be anisotropic. The unsaturated flow and/or the
medium anisotropy makes the problem much more complicated. However, all
these factors arc nceded to be studicd in order to understand the physical
phenomena properly and to predict the flow dynamics and thc movement of

chemicals in the natural systems accurately and cffectively.

Simulation modeis are not truly predictive tools in a classic scientific sensc.
The use of mathematical models to simulatc the behavior of any complex
natural system lics somewhere between science and art. The study of such
natural systems is a ncvcr-cn(iing activity and improvements arc continuously

being made as morc understanding and information become available.



APPENDIX - A1
Inventory of Solute Transport Models
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APPENDIX - A2
HYDRAULIC CONDUCTIVITY VARIATIONS WITH SOLUTE
CONCENTRATION
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Figure-A2.1: Effecct of Clay content and solutc concentration on  soil

Hydraulic.conductivity ( Frenkel ct.al. (197R)).
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Figure-A2.2a: Effect of solutc concentration on soil Hydraulic

conductivity for 8% Clay content ( Frenkel ct.al. (1978)).
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Figure-A2.2b: Effcct of solute concentration on soil Hydraulic

- conductivity for 10% Clay content ( Frenkel ct.al. (1978)).
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Figure-A2.2c: Effect of solute concentration on soil Hydraulic

conductivity-for 15% Clay content ( Frenkel ct.al. (1978)). -
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Figure-A2.2d: Effecct of solute concentration on  soil  Hydraulic

conductivity for 18% Clayv content ( Frenkel ct.al. (1978)). .



APPENDIX - B1
SYSTEM OF GOVERNING EQUATIONS
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GOVERNING EQUATIONS AND ADDITIONAL CONDITIONS

I. Groundwater Flow Equation :

¢ Jh ch on
ox, (PK; (‘3xi) S it n( ot - Gl

I1. Boundary Conditions for Flow Equation

l11. Initial Conditions for Flow Equation

IV. Transport Equation:

oC 0 oC J
= —(Dﬁ'-.—") =
At Ox, X, X,

(Cv) - 8,C (45)

V. Boundary Conditions for Transport Equation

VI Initial Conditions for Transport Equation

VIL. Additional Equations.

a) p = f(C)
b) v = f(C)
c) Kii = f(C)
(l) Kl Vl'l( T, 3'r(l'“ul)7 (25)
Ky Vi My (1- W;Y
o ax C dx; ox ct '
g = 1, 0n , O
or S, = —{v. + =} (44)
R "o oL
K. g
f) Darcy Equation v, = -—l—f—l-]-
T'l V_{;X

gD, =D, +aV



APPENDIX - B2
Newton-Raphson Method
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T K. Y
Determination of from n, —2L and ——
nH 1 t K v
1 til

by Newton-Raphson Method _

KH—] =( vt )(n[-f-] BR (l-n[)z
\

Kz 11 LA (l-n.. 1)2

K
LetX = —ut y =T p = M gpq A =L phen,

n
Kt L8 = Vg LA

X = Ry““iA___l)_z_ _

(A-Y)
fY) = R'Y*"MA-1)* - X(A-Y) =0 (1
And f(Y) = R"G+R)Y"FA—1)* + 2X(A-Y) = 0 2

The Newton-Raphson iterative scheme for the equations (1) and (2) is

_ qw) o)
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DERIVATION OF EXPRESSION FOR ‘S’



DERIVATION OF EXPRESSION FOR

From the groundwater flow equation (30),
0 on 8;;
Z = [pZL 4+ nib
ot PWaer = [P0 + el

an ap 9p dp

B op Bt MLy Bp Bt

—[{p 3p ap} F 22
Defining the coefficient of aqui?e}' compressibility o as

1 9V,
vV, 00 -

"where
V, = the bulk volume of porous medium

o = is the effective stress

231
Y

(D

Assuming V, as the volume of solids in V, and 7 as porosity, we have,

V. =(1-7n)V,
But V_is constant, therefore

8V a
= (1 —n) s a" =0
Dividing both sides by (1 —n)V,, we get

LA /S |
V, do (Im) 60 .

> therefore ,
oo o

1 on
() G0
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From o; =0o + p ,we get do = —dp for constant total stress o due to

overburden load. Therefore

-1 o
(Im) op  _
which gives
on _ _
ap ol —mn)

Defining the coefficient of compressibility of water f as,

so 1 _1dp
V, d “pop
or—g—g-=]3p

Substituting (a) and (b) into (I), we get

2Py = [pa(i-n) + Brpt L2

= pla(-n) + pniL

Now, p = z+ pgh for plane flow, therefore,

9 _ .00
ac PP

Substituting (d) into (c), we have
d 2 oh
— = - + —_—
7t PMaer= Pgla(l-m) + Pl
Finally, defining S = p’ga(1-n) + Bn] ,we obtain

oh

a = e——
’a—t'(Pﬂ)dc; S ot

(2)

(b)

©

(d)



APPENDIX - C
NORMALIZATION OF THE GOVERNING EQUATIONS



234
INTRODUCTION

The simultancous solution of the groundwater flow and the solute transport
equations requirc a conformable non-dimensionalization of thc variables, since
the output of onc equation is used in the other onc at any time level. It is
thercfore a nccessary condition for non-dimensionalization that it guarfantccs
the same real time corresponding to the normalized time for both cquations.
This non-dimensionalized form is obviously different from the widely used oncs,
where the normalized time expr—c_ssions contains the model paramecters. To assure
samc rcal time corresponding to any normalized time for both cquations, the
normalized time expression is kept independent of model parameters since their
values are different. In fact a pscudo-normalized form is used which appeared o

be computationally advantageous.

The Governing Equations in Primitive Variables

I. Groundwater Flow Equation

d p 8H, _0H . on
. = + p=—=
3%, iax,) T ST Pt

Where
Ky = pKy

S = pgla(l-n) +np]



Non-dimensionalization

. . X;
Defining new variables as x, = —L-‘-, wc have

1 0 p 8H, _ 0H _ oy
o, i) T SaT P

Multiplying by L?, it follows

0 ,5 OH 20H 2 0
—_—{(K.—) = — —
o, K; (')x,.) SL T pL 3
. I: at I -
utting TG T and

OH _0H o _ H 1,
aT 8t aT ot L2

on _on ot _ a_n(_l_)
JT ot oT ot " 12

and finally, we have ,

0 ¢ BH, _(BH . an
(R, 5y = s L+ p L
o iax) TS5 TP

235

(A)
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2. Solute Transport Equation

d ,a dC 0 on _oC
D, - V.C) — Cot n=x=
ax, Diax) T ax O T Cor Nt
Where
D; = nD;
vV, = nv; .

Non-dimenstonalization

. . X C
Decfining new variables as x, ="—L, ¢ = —=—
! L C
o

I & ,A Oc

— (D =
L? ox; - Yox

F 1 an oc
)= VO~ =gy

Multiplying by L? it follows

Jd ,a dc 0 2 aT] 2. 0c
—(D. =)y - L (VLe) - L% = 3 C
v, gy T gy ik T Legy = Loy
. T ot ]
Putting t = — 2. = —_ and
utting R iy an
B _ e _de 1,
aT  ét oT ot " 12
M _ o _om1,
T ét aT ot "2
and finally, we have ,
o, Oc, . @ on dc. .. ..
—(D;==) = =—(V.Lc) — c=+ = = B
axi( i ax,.) x (ViLe) — c=4 = 1= (B)
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Keeping H in its primitive form, the solution of cquation (A) with H' continuity

condition yiclds —aa—;{- and using this gradicnt value dircctly in Darcy cquation
i

gives V.Lp. This valuc is computed as V_, in thc computer code which is to be

used in the transport equation where we nced V.L in the advection term.

For the evaluation of D = «'V" with n = 1, we have

ﬁ=nD=nVa'= —V

s

To avoid L, we can define a ='..=1%— and for constant p; o = % which gives
P

15=aV

xt
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DESCRIPTION OF THE MODEL CONTROLLING PARAMETERS
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CONTROLLING PARAMETERS FOR COMPUTER PROGRAMS

INDEX
= 0 Means Stcady-Statec Condition,
Otherwisc Unstcady
IGT -
= | Means GWI;-'Equation,
= 2 TRANS. Equation,
= 0 Means Both I::quations
1C
= 0 Not Coupled,
otherwise Coupled
JAGGR

= ( Concentration-indcpendent Parameters,

= | Concentration-dependent  Paramcters  but  without

aggressiveness factor,

= 2 Concentration-dependent and Aggressive Casc of Transport.
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COMBINATIONS OF CONTROLLING PARAMETERS

TEST PROBLEM 01

INDEX =0
IGT=1 -
IC =0

IAGGR =0

Solves the GWF Equation in Steady-State Condition

TEST PROBLEM 02

INDEX =1

IGT=1 -
IC =0 .
IAGGR =0 -

Solves the GWF Equation in Unstcady-State Condition

TEST PROBLEM 03

INDEX =0
IGT=2
IC =90
IAGGR =0

Solves the Transport Equation in Steady-State Condition

TEST PROBLEM 04
INDEX =1
IGT=2

IC=20
IAGGR =0

Solves the Transport Equation in Unsteady-State Condition

TEST PROBLEM 05

INDEX =0
IGT=0
IC =20
IAGGR =0

Solves the Both Equation in Stcady-State Condition scperately.
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TEST PROBLEM 06

INDEX =1
IGT=0
IC=0
IAGGR =10

Solves the Both Equation in Unsteady-State Condition scperatcly

TEST PROBLEM 07

INDEX =0
IGT=0
IC = 1|
IAGGR =0

Solves the Both Equation in Stcady-State Condition and coupled.

TEST PROBLEM 08 -

INDEX =1
IGT=0 -
IC =1

IAGGR =0

Solves the Both Equation in Unsteady-State Condition  and
coupled

TEST PROBLEM 09

INDEX =1
IGT=0
IC =1
IAGGR =1

Solves the Both Equation in Unstecady-State Condition and
coupled and concentration-depcndent  parameters  without
aggressivencess factor.

TEST PROBLEM 10

INDEX =1
IGT=0

IC =1
IAGGR =2

Solves the Both Equation in Unstcady-Statc Condition and
coupled and  concentration-dependent  paramcters  with
aggressiveness factor.
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TEST PROBLEM 11

INDEX =0
IGT=0
IC=1
IAGGR = 1/2

Solves thc Both Equation in Statc Condition and coupled and
concentration-dependent parameters with / without aggressivencss
factor.

(1
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SAMPLE DATA INPUT



DESCRIPTION OF INPUT PARAMETERS FOR COMPUTER

ALFA
CB
DC
DELT
FDC
FGW
HO

HB
IAGGR
IBCI
[BC2

PROGRAMS

Dispersivily

Specificd Boundz;ry Values of Concentration

Dispersion Cocfficient

Time Step

Source Term in Transport Equation

Source Term in Groundwater Flow (GWTF) Equation
Initial Head Dis_t_ribution

Specificd Bnund;u'y Valucs of Hcad

Maodecl Controlling Paramecter as Decfined in Appendix-D
Degree of Frecdom prescribed at u/s boundary ( for 1D)

Decgree of Freedom prescribed at d/s boundary (for 1D )

IBOUND(D) ith Node on the Prescribed Boundary

IC

IDCT
IDCTYP
IDIM

IC
IGWT
IGWTYP
INDEX
IPLOT
IPR
IPRC
IRUN

Modecl Controlling Paramcter as Defined in Appendix-D
Initial condition type for Transport equation

0 for Constant Transport Paramcters, Othcrivisc f(x)
Problem Domain Dimension

Moadel Controlling Parameter as Defined in Appendix-D
Initial condition type for GWF cquation |

0 for Constant GWF Paramecters, Otherwise f(x)

-Model Controlling Parameter as Defined in Appendix-D

Plotting Data Generation Pointer
Print Control Pointer( 0 for all calculations)
Print Interval in time steps for transicnt problems

Run Identification Number

243



ITMAX
M
MDOF(I)
NBOUND
NDOF
NNO
NPE
NUMT
NX

NY

PERO
PORO
PPO

REX
RFAC

THETA
THETM
TITLE
TOL
VEL
XMAX
XMIN
XX
YMAX
YMIN

Maximum Number of Iterations Allowed
Number of Collocation Points per clement
Degrees of Freedom specilicd on IBOUND(I)
Number of Nodes on the Prescribed Boundary
Number of Degrees of Freedom per Node
Ratio of Kincmatic Viscosity

Number of Nodc_:s per Element

Maximum number of time steps to be simulated
Number of Divisions in x-dircction

Number of Divisons in y-dircction

Initial Hydraulic Conductivity

Initial Porosity )

Fluid Density Ratio

Valuc of Exponent '’ in Equation (19)

- Relaxation Factor for Aggressive term

Storativity

Implicitness factor for Variablcs
Implicitness factor for Matrices
Problem Dcscription

Tolerance Limit fofCon\'crgcncc
Groundwater Velocily

Maximum Valuc of x in the Domain
Minimum Valuc of X in the Domain
Collocation Point Factor

Maximum Value of y in the Domain

Minimum Valuc of y in the Domain
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SAMPLE DATA INPUT FOR THE COMPUTER PROGRAM

4
5
6
7
8
9

10 fto 10+ NBOUND-1
10+ NBOUND

10+ NBOUND + 1 to

10 + 2'NBOUND +1

10 + 2'NBOUND + 2
10 + 2°NBOUND + 3

TITLE(20A4)

IRUN, INDEX, IGT(315) TOL(E10.4) IDIM, IPR(2I5)
S, ALFA(2E10.4), ITMAX, IAGGR(2I5)

THETA, THETM, DELT(3E10.4), NUMT, NPE, IBC1, IBC2
IC; - IPLOT(615) :

RFAC, REX(2E10.4)

XX(E10.4)

IGWTYP(I5)

POR0, PER0, FGW, PPO(4E10.4)

IGWT(15)

HO(E10.4)

IBOUND(I)(I5),  HB(I)(E10.4), MDOF(){I5)
IDCT(15)

IBOUND(I)(15), CB(I)(E10.4), MDOF()(I5)

IDCTYP(I5)
DC, VEL, FDC, NNO(4E10.4)

All  real variables are double precision



APPENDIX-F
EXPERIMENTAL STUDIES



247
INTRODUCTION

The behaviour of aquifer materials under different contamination levels is of

vital importance for:

i) the study of flow dynamics of the system
i) the prediction of contaminant movement in aquifers, and

iif) the management and proper disposal of contaminants

Among a number of aquifer. paramecters, the hydraulic conductivity is the
fundamental one that defines the how dynamics of the system since it is related
to the velocity ficld and thereby, te the phenomena of hydrodynamic dispersion,
the important process controlling the movements of contaminants in
groundwater. Thercfore, there exists a need to study the behaviour of aquifer
materials under different situations. A complete study of the system includes:

i) the evaluation of aquifer paramecters at differcnt concentration lcvel§ of
the contaminants

ity  the effect of aquifer material composition on different parameters

iii) effect of environmental factors on different parameters

iv) ~ effects of change of flow conditions on aquifer paramcters

v) effects of fluctuating source of contaminants | ( hystereses
characteristics of the aquifer materials )

vi) bchaviour of a water saturated aquifer when contaminants arc
introduced

vii) Behaviour of a contaminated aquifer duc to change in contamination

levels

vii) Kinctics of microorganism growth/decay and its affect on aquifer



paramectcers.

In a strict scientific scnsc, accurate and rcliable modeling of flow and
contaminant movement requires details of a complete study as outlined. Various
types of investigations were reported in the related literature from different

disciplines of scicnce and technology. Most of those results arc for general

purpose oricnted and they are not complete.

The compelling motive behind the proposed rescarch was to study the flow
dynamics of a contaminated aquffc‘r by numerical cxpcrixﬁcnls. The information
required to cxpress the hydraulic conducity as a function of concentration of the
contaminants arc available undc.r certain conditions in the literature. The
mathematical model proposed nceds morc information than available in
litcraturc. But it requires very sophisticated instrumentation as well as

methodology. Unfortunately, such facilitics are not available here at present.

Considering these constraints, such as the inhcrent problem of long time
rcquircment, and the availability of resources, a simpliticd cxperimental scheme

is proposed to study some of the possible features of the system.

The main objective of the cxperimental scheme was to study the flow
dynamics of the system contaminated by aggressive solutes for saturated
condition. The experimental model and the procedures are described in the

following scctions.
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MODEL DESCRIPTION

The experimental model was made from transparent plexi glass tube with seven
ports along its length. The experimental modecl is shown in figure-F1 . Different

dimensions are listed in Table-F1.

“-TABLE-FI

Parameters Dimensions
Length 40 cms.
Diameter(inside) 12.0 cms.
X-Sectional Arca 114.98 sq.cms
Sample Length 30 cms.
Sample Volume 3449.4 cc.
Number of Ports 7
Distance betwcen
Ports : 5 cms. ¢fc




MATERIALS AND METHODS

A sct of combinations of sand, silt and clay contents will be cvaluated to
sclect two soil combinations giving suitablc range of hydraulic conductivity to

avoid the long time requirement.

Vertical circular columns ( as described in Table-F1) with the provision of
head measurements at uniform depth intervals will be used. In order to avoid

compaction problem, an attempt will be taken to usc the same circular columns

as horizontal columns. -

Head and concentrations will.be rccorded as a function of time and space

whenever possible.

The threc chemicals sclected arc NaCl, FeCl, and Phcnol and a mixture

of Natural Dunc sand and Al-Qatif Clay was sclected as packing material.

There grain size distribution is shown in Figure-F2.
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EXPERIMENTAL PROCEDURE

A. Preparation of Soil Sample )

a) The homogencous sand samplc was obtained by taking the
Dune sand particles passing through sicve number 10 and

rctaining on sicve number 20.

b) The sand content used-in the sand-clay mixture was obtained

from Dunc sand passing through sicve number 10.

¢) Required amount of silt:c]ay mixture ( Al-Qatif Clay) passing
through sieve number 100 was mixed with the dunc sand ( as
described above). The sand-clay mixture is hand-mixed in dry

condition to gct a homogencous sample.

B. Packing of the Columns

Because of the complckity duc to the arrangements made for the study of
the head diastribution pattern in tl{c. column, the vibration procedurc was not
used. Instcad, hand compaction proccdurc was followed to obtain approximatcly
uniform packing in the column. The hand compection proccdur_c is summarized

below:

a) The column length was devided into approximately ten laycrs.
Material required for onc layer was mixed with a suitable

water content giving better workability. Wet packing also
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reduccd the loss of finer particles as fine dusts during pouring

into the column.

b) Each laycr, onc at a time, was filled with wet soil and
compected with approximately 25 blows per layer with a

round rubber hammar ( Figurc-F3).

C. Sample Saturation -

The packed column was saturated with respective permeant starting slowly

from the bottom layer. -

Another advantage of saturation by reversc flow is to minimize the cffects of
cniraped airs in voids inside the soil sample. The saturation process was
continued for sometimes to allow the cntraped air to be releazed. Saturation
process was very slow since it was donc for onc layer at a time under a small
hcad gradient to ensurc small laminar flow. The sample saturation arrangement

is illustrated in figurc-F4.

D. Generation of Flow of Permeants

The most critical step of this cxperimental sctup was to gencratc the flow
through the packed medium inside the columns. Sudden opening as well as
closing of the control valves might cause turbulence, sufficicnt cnough to upsct

the system by the formation of channcls ( i.c. dircct flow paths ) inside the
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column. This channels were found to be prominent near the column walls.

The formation of excessive channcls would creat direct flow paths , which
will ultimately influence both the head distribution and the hydraulic

conductivity of the system ( figures-from cxpt. no. 1).

In order to minimize this problem of turbulence, special H-Screw was fixed
with the manometric tubes and the contoling valves were opencd and closed

gradually. -

E. Flow Rate Adjustment -

The flow rate Q is related to the hydraulic gradient and the relationship is

presented by H. Darcy as

= xadl
q KA ()

. 3
where Q = Volumctric Flow rate ( —L?_-)

K = Hydraulic Conductivity ( -Lf)

A = cross-sectional area ( L?)

dh _ , - L
o = hydraulic gradient ( T )

The flow rate to be used in the present study was found to be of vital

importance. Because the cxcessive flow rates from the outlet resulted with the
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development of suction affect in the ports. and ultimately the head distribution.
pattern was changed. This effect is discussed in the description of the first run.
The proper adjustment of the flow.rate is very cssential for the gravity flow. In
this experimental study, the flow ratc was adjusted by reducing the head

gradient and/or by the adjustment of the outlet control valve.
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METHODS OF PARAMETER DETERMINATION

1. Hydraulic Conductivity Measurement

The hydraulic conductivity of the medium was detcrmined by using the
wellknown Darcy’s Law. Since uncertainty is the inherent problem with the
mecasurement of any paramecler-in porous media, a statistical approach is
suggested by numecrous invcsti.-g:'xtor& Statistical avcfaging procedure was
improved by minimizing the uncertainty involved in the system. This was
accomplished by the additional-advantagc in the present study, c.g. the
availability of the hydraulic gradient at different layers of the sample. This
feature of the experimental model allowed to mecasure the hydraulic conductivity
in between different ports and followed by suitable statistical approach to

reflect, the degree of heterogencity of the model.

In the calculation of the hydraulic conductivity, the following proccdure was

followed.

i) Several sets of head distribution data at different flow rates were

sclected

ii) The hydraulic conductivity K, was calculated for cach layer

from the data in item (i) using the Darcy’s Law, for cach

flow rate.

iii) The overall hydraulic conductivity K, was calculated using the
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total head drop in the system ( i.c. between the two end ports

) for cach flow ratc.

iv) A lcast squares fit was used to find the slopc of the linc
between the hydraulic gradient and the flow rate, from which
the representative hydraulic conductivity can bc obtained.

This procedure is illustrated in figur- c.

V) An alternative Straight-forward proccdure can be applicd which
involves simple statistical averaging of the valucs obtained at
different layers for cach flow rate and followed by the

application of least sqﬁarcs method.

2. Breakthrough Curve

The breakthrough curves were constructed for the calculation of the hydraulic
conductivity at diffcrent concentration levels and to analize its nature at

different clay contents and for different aggressive solutes.

When the cffluent solute concentration approached the inict concentration,
the soil sample in the column was assumed to have constant concentration that
is- equal to the inlet concentration. The resulting hydraulic conductivity was

taken as the hydraulic conductivity at the inlet concentration.

The cfflucnt concentration was measured using curves of Figure-FS5.
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RESULTS AND DISCUSSIONS

The first test run was made with a homogeneous coarse sand sample. The
hydraulic conductivity was mcasurcd by thc procedurc outlined carlier and the
variation was practically ncgligible. The average hydraulic conductivity -{&'as
found to be 24.35 cm/min and 15.03 cm/min for loose and compacted samples
respectively. The flow rate-hydraulic gradient rclationship is shown in figure-f6

which was in well agreement with the theoretical curve. The head distribution

pattern was also in agreement with the theoretical one (Figure-F7).

When the mixture of sand, silt and clay was used as packing material, the
saturation time was increased and permeability was decreased. This increased
the obscrvation time which resulted with uncontrolled microbial growth duc to
the presence of organic matters in the sample. As a result, flow siczed
completely following onc run (figurc-8). In all other runs, the gradual growth of
microorganisms and subsequent flow reduction were observed untill the pump
failure occurcd. Analysis of the sample clearly demonstrated the microbial
growth in the system, measured in terms of increase in volatile organic matters(
figurce-F9). Flow fluctuation was also observed with time and temperature

indicating the precdominancy of microbial growth in the system.

Although no change in sample sizc was abserved, transient head distribution

was noticed indirectly supporting the existance of the phenomenon of of

incompressible unstcady flow condition duc to the microbial growth and. decay.

which change the medium porosity ( Taylor ct.al. 1990a,1990b, 1990c,1990d).
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In the proposed mathematical modcl, microbial growth kinctics was not.
considered. Therefore, the correlation between the hydraulic conductivity and
the solute concentration derived from a systcm where the microbial growth is

predominant, is not fcasible. Because, the magnitude of of the reduction of

hydraulic conductivity by microbi.al growth is SX10™ as reported by Taylor
et.al.( 1990a,1990b, 1990c,1990d), where the the change duc to concentration
dependence is in the order of 180 as reported by Frankel ct.al.(1977) and Abu
Sharar (1987). It is obvious that-the increasc in hydraulic conducivity may be
vanished at the begining of thé--?nicrohial growth process. Since it was not
possible to achcive at the steady state a breakthrough duc to microbial growth
interaction, it was not possiblc_to further study the change in hydraulic
conductivity with solutc concentration . without considering thc microbial
growth kinctics. Since the increase in clay content increases the saturation time,
bacterial growth is expected to be initiated during this time. A rapid saturation

under high pressure upscts the soil sample inside the column.

The inherent problem of long time requircment and the predominent
microbial phenomcna made the experimental scheme unattainable. However,
this study, was in agrecement with the rccent studics reported by Taylor
ct.al.(1990) and suggested by Khondaker ct.al.(1990). 1t has paved the way to a
potential area: of futurc rcascrch in which microbial growth Kinctics could be
included in the mathematical modecling of natural flow systems, particularly in

modcling the fatc and movement of organic compounds.
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[\

Figurc-F3 : Circular Rubber Hammer uscd in hand Compaction



— 1
Figure-F4 : Sample Saturation Arrangement
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FITTED POLYNOMIAL ¢

Y = F(X)
’ -0.0109
o
2 + GIVER OEBZRVATION® 0.1057
1AL Y=F(X) 0.0037
0.0002
o
- -

GONC(N)

Figurc-F5 : NaCl Concentration-EC relationship
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Figurc-F8 : Flow Ratc variation with time duc to Microbial growth in Dunc

Sand samplc
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NOMENCLATURE

Solute Concentration (%4;)

Dimensionless Concentration

2
Cocfficient of molecular diffusion (%—)

2
Coefficient of hydrodynamic dispersion in x-dircction (L)

2
CocefTicient of hydrodynamic dispersion in y-direction (%)

Acceleration due fo gravity (?LZ-)-
Hydraulic head (L)
Hydraulic conductivity (-[—T‘-)

Hydraulic conductivity at concentration C; (%)
Pressure (L)

time (T)

fluid velocity (:r"-'-)

Spacc variables in cartesian coordinate system (L)
LT
)

Cocfficient of Aquifer compressibility ( v

Dispersivity in ith direction (L)

2
Coefficient of compressibility of water (%—)
Effective porosity

Local coordinate in x-direction

“"Local coordinate in y-direction

2
Kinematic viscosity of the fluid (-L',l-_—)
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A%

Po

(0]

Kinematic viscosity of the fluid at concentration C, (—,—L]'_-)

Density of fluid (%)

Density of fluid at concentration C (%)

Solute mass fraction
Empirical constant = 0.6923 for brine

g e M
Fluid ty (——
uid viscosity ( T )

Fluid viscosity at concentration C (M—)

LT
Intrinsic permeability (L?)

Intrinsic permeability at concentration C, (LY

2

272



273
REFERENCES

Abriola, .M., 1987. Modcling Contaminant Transport in Subsurface - an Interdisciplinary Chal-
lenge, Reviews of Geophysics,25(2):125-134.

Abu-Sharar, T.M., Bingham, F.T. and Rhoades, 1.1). , 1987. Reduction in Iydraulic Conduc-
tivity in Relation to Clay Dispersion and Disaggregation, Soil Scicnce Society of America
Journal 51: 342-346.

Alhstrom, S.W., Semne, R.1., Routson, R.C. and Cearlock, D.B. , 1974. Mecthods for [stimating
Transport Modcl Parameters for Regional Groundwater Systems, National ‘Technical Informa-
tion Scrvice: BNWL-1717, 23 pp.

Al-Niami,A.N.S. and Rushton,K.R. , 1977. Analysis of Flow Against Dispersion in Porous
Media, Journal of Hydrology 33: 87-97.

Anand, S.C. and Pandit, A. , 1982. Finitc Flement Solutions of Coupled Groundwater TFlow
and Transport Equations under Transient Conditions including the Fffect of the Selected Time
Step Size, Proc. 4th International Conf. on Finite Elements in Water Resources, 13-3-13-14.

. Anand, S.C,, Pandit, A. and Sill, B.L.. , 1980. Some Considerations in IYinite Element Solutions
to Coupled Groundwater FFlow and Convection-Dispersion Iiquations, Proc. 3rd International
Conf. on Finite Elements in Water Resources, 3-97-3-107.

Anderson, . , 1982. Docs Landfill I cachate Make Clay [inners more Permeable |, Civil Engi-
neering-ASCE, Sept., 66-69.

Andersen, P.F., White, 1.0., Mercer, J.W., T'ruschel, A.D. and Huyakom, P.S. , 1986. Numecni-
cal Modcling of Groundwater Flow and Saltwater “T'ransport in Northern Pinellas Country,
Florida, Proc. Conf. on Southcastern Groundwater Issucs, NWWA, Dublin, O11, 419-449. .

Andersen, P.F., Mercer, J.W. and White, H.O. , 1988. Numecrical Modcling of Salt-Water Intru-
sion at Hallandale, Florida, Groundwater 26(5): 619-630.

Anderson, M.P. , 1984. Movements of Contaminants in Groundwater: Groundwater Transport-
Advection and Dispersion, Groundwater Contamination : Studies in Geophysics, National
Academic Press, Washington D.C.

Angclakis, A.N.,Kadir,T.N. and Rolston,D.I.. , 1987. Solution for Transport of two Sorbcd
Solutes with Defferent Dispersion-Cocfficients in Soil. Soil Science Socicty of America Journal
51: 428-1434.

Babu,D.K. and Pinder, G.I.. , 1984. A Finitc-Element- Finite-Difference Alternating Dircction
Algorithm for Three-dimensional Groundwater Transport, Advances in Water Resources 7(3):
119-

Bachmat, Y. and Bear, J. , 1964. Thc General Equations of Iydrodynamic Dispersion in
Homogencous, Isotropic Porous Media, Journal of Geophysical Rescarch 69(12): 2561-2567.

Bachmat, Y. and Bear, J. , 1972. Mathematical Formulation of Transport Phenomena in
Porous Media, in Fundamentals of Transport Phenomena in Porous Media, University of
Guclph, Ontario, 174-193.

Bachmat, Y., Bredchocft, J., Andrews, B., Holtz, 1D, and Scbastian, 8. , 1980. Groundwatcer
Management: The Use of Numerical Models: American Geophysical Union, Water Resources
Monograph-5, 111-127.

Bachmat, Y. , 1988 A Single-Well Tracer Technique for Evaluating Aquifer Parameters: 1.
Theoretical Works, Joumnat of Hydrology 99(1-2): 143-

Bactsle, L.IL. , 1967. Computational Mcthods for the Prediction of Underground Movement of
Radionuclides, Nuclear Safety 8(6): 576-588.

Bailey;-G.W. and White, 1.1.. , 1970. Tactors influencing the adsorption, desorption and move-
ment of pesticides in Soil, Residue Rev. 32,29-92.

Barnes, C.J. |, 1986. Tquivalent Formulations for Solute and Water Movement in Soils, Water
Resources Rescarch 22(6): 913-918.

Basak,P. and Murty,V.V.N. | 1978. Concentration-Dependent  Diffusion  Applied 1o



274

Groundwater Contamination Problems, Journal of Iydrology 37: 333-137.

Bear, J. , 1961. Some Fxperiments on Dispersion, Jour. of Geophy. Rescarch 66(R): 2455-2467.

Bear, J. , 1972. Dynamics of Fluids in Porous Media, Elsevier Publishing Company, N.Y.

Bear, J. , 1979. Hydraulics of Groundwater, MceGraw-1Til, N.Y.

Beljin,M.S. | 1986. Sclected Solute Transport Modcls , International Groundwater Modeling
Centre, Faculty of Engincering ,University of Cincinnati, U.S.A.

Bhuiyan, M.A., Allayla, R.1., Hussain, T:, Ishaq,A.M. and Mohsen,M.I.N. |, 1990. Solution of
the Transport Fiquation by the Collocation Mecthod in Conjunction with the Adaptive Tler-
mitc Family, Water Resources Rescarch, 26(11), 2661-2677.

Bird, R.B., Stewart, W.E. and Lightfoot, [i.N. » 1960, Transport Phenomena, John Wiley, New
York.

Boast, CW. , 1973. Modcling the Movement of Chemicals in Soils by Water, Soil Science
115(1): 224-230.

Boochs, P.W. and Barovic, G. |, 1981. Numerical Model Describing Groundwater Treatment by
Recharge of Oxygenated Watcr, Water Resources Research 17(1): 49-56.

Borden, R.C. and Bedient, P.B. , 1987. In Situ Mcasurement of Adsorption and Biotransforma-
tion in Hazardous Wasre Site, Water Resources Bulletin 23(4): 629-636.

Bouwer, EJ. and Cobh, GG.D. |, 1987. Modecling of Biological Processes in the Subsurface, Water
Science and Technology 19: 769-779. .~

Bower, C.A.. Gardner, W.R. and Goerlzen, L.O. , 1957. Dynamics of Cation Iixchange in Soil
Columns, Soil Science Society of America Journal 21(1): 20-24.

Bredchocft, 1. and Pinder G.F. |, 1973, Mass Transport in Flowing Groundwater, Water
Resources Research 9: 194-210.

Bresler, E. and Laufer, A. , 1974. Anion Exclusion and Coupling Effects in Nonsteady Trans-
port Through Unsaturated Soils: I Laboratory and Numerical Lixperiments, Soil Science
Socicty of Amcrica Proc. 38(2): 213-218.

Briggs, G.G. , 1969. Molecular Structure of Herbicides and their Sorption by Soils, Nature, 223,
1288.

Briggs, G.G. , 1970. A Simple Relationship between Soil Sorption of Organic Chemicals and
their Octanol/Water Partition Cocfficients, Proc. 7th Bri. Insccticide Fungicide Conf. 11,
475-478.

Brown, K.W. , 1988. Review and Evaluation of Chemicals on Conductivity of Soil Clays, EPA,
Cincinnati, Ol1, ITaz. Wastc Engg. Res. Lab. Report No. TPA/600/2-88/016.

Brown, K.W. and Anderson, D. |, 1983, Effects of Organic Solutes on Permeability of Clay
Soils, EPA-600/S2-83/016.

Brown, K.W. and Thomas, 1.C. , 1984. Conductivity of Three Commercially Available Clays to
Petroleum Products and Organic Solvents, Tlaz. Waste Tlaz. Matters 1(4): 545-553.

Brown, K.W. and Thomas, J.C. , 1987. A Mcchanism by Which Organic Liquids Increasc the
Hydraulic Conductivity of Compacted Clay Materials, Soil Science Socicty of America Journal
51: 1451-1459.

Camcron, D.R. and Klute, A. , 1977, Convective-Dispersive Solute Transport with a Combined
Equilibrium and Kinctic Adsorption Model, Water Resources Rescarch 13(1): 183-188.

Carnahan, C.L. , 1975. Non-Equilibrium Thermodynamic Treatment of Transport Processes in
Ground-Water Flow, National Tcchnical Information Scrvices:PB-242, Water Resourccs
Rescarch Center, Pub. No.24, 83 pPp-

Camahan, C.L. , 1976. Non-Equilibrium Thermodynamics of Groundwater Flow Systems:
Symmetry Properties of Phenomenologieal Cocfficients and Considerations of Tydrodynamic
Dispersion, Journal of Hydrology 31(1/2): 125-150. C e R

Carnahan, C.L., Miller, C.W. and Remer, J.S. » 1984, Experience in Coupling Chemistry to
Iluid Flow in the Chemtrn Code, Workshop in the Coupling of Ilydrologic and Geochemical
Modcls, OECD Nuclear Encrgy Agency. Paris, France, 13 Pp-

Carrera, J. and Ncuman, S.P. |, 1986a. Estimation of Aquifer Parameters Under Transient and



275

Steady State Conditions: 1. Maximum [ ikclihood Method Incorporating Prior Information,
Water Resources Rescarch 22(2): 199-210.

Carrera, J. and Neuman, S.P. , 1986b. Estimation of Aquifer Parameters Under Transient and
Steady Statc Conditions: 2. Uniquencss, Stability and Solution Algorithms. Water Resources
Research 22(2): 221-227.

Carrera, J. and Neuman, S.P. , 1986¢. Iistimation of Aquifer Parameters Under Transient and
Steady State Conditions: 3. Application to Synthctic and Ficld Data. Water Resources
Rescarch 22(2): 238-242.

Cassel, D.K., van Genuchten, M.T. and W ierenga, PJ. |, 1975, Predicting Anion Movement in
Disturbed and Undisturbed Soils, Soil Science Socicty of America Proc. 39(5): 1015-1019.

Cederberg, G.A., Street, R.1.. and Ieckic, 1.0O. » 1985. A Groundwaler Mass Transport and
Equilibrium Chemistry Model for Multicomponent Systems, Water Resources Research 21(8):
1095-1104.

Charbencau, RJ. | ‘1981, Groundwater Contaminant Transport with Adsorption and fon
Exchange Chemistry: Method of Characteristics for the Case Without Dispersion, Water
Resources Rescarch 17(3): 705-713.

Charbencau, R.I. | 1982. Calculation of Pollutant Removal During Groundwater Restoration
with Adsorption and lon Exchange, Water Resources Research 18(4): 1117-1125.

Charbeneau, R.J. |, 1984. Kinematic Models for Soil Moisture and Solute Transport, Water
Resources Rescarch 20(6): 699-706.

Chen, S. , 1987. Analytical Solution for Radial Dispersion with Cauchy Boundary at Injection
Well , Water Resources Rescarch 23(7): 1217-1224.

Chen, S, Low, P.I*, Cushman, I.II. and Roth, C.B. | 1987. Organic Compound Iiffects on
Swelling and Flocculation of Upton Montmorillonite, Soil Scicnce Society of America Journal
51: 1444-1450.

Chin, D.A. , 1986. Tistimation of Dispersion Cocfficients in Porous Media. ASCE Journal of
Hydraulics Enginecring, 112(7): 591-609.

Chiou, C.T., Freed, V.11, Schmedding, D.W. and Kohnert, R.1.. , 1977. Padition Cocfficient
and Bioaccumulation of Sclected Organic Chemicals, Environmental Science and Technology,
11(5),475-477.

Chy, S.Y. and Sposito, G. , 1981. A Derivation of the Macroscopic Solute Transport Equation
for Homogencous, Saturated, Porous Media. 2. Reactive Solutes at 1ow Concentration, Water
Resources Rescarch 17(2): 333-336.

Cleary, RW. and Ungs, M.I., 1978. Groundwater Pollution and Hydrology - Mathcmatical
Modcls and Computer Programs , Water Resources Program, Princcfon University, NJ 08540.

Coats, K.II. and Smith, B.D. , 1964. Dead End Pore Volume and Dispersion in Porous Media,
Socicty of Petrolcum Engincer’s Journal 4: 73-84.

Colwell, CJ. and Dranoff, 1.S. , 1969. Nonlincar Equilibrium and Axial Mixing Effects in Intra-
particle Diffusion-Controlled Sorption by Ton Exchange Resin Beds, 1&UEC Fundamentals
8(2): 193-197.

Corey, P.R., McWhorter, D.B. and Smith, J.I.. , 1976. Ralc of Ammonium Nitrification and
Nitrate [.caching in Soil Columns, National Technical Information Services:PB-266 928,
Report NST/RA-760505. .

Crittenden, J.C., Hutzler, NI, Geyer, D.G., Oravitz, 1.1.. and Friedman, G. , 1986. Transport
of Organic Components with Saturated Groundwater Flow: Model Devclopment and Param-
cter Scnsitivity, Water Resources Rescarch 22(3): 271-284.

Crittenden, J.C. and Weber, Jr., WJ. | 1978a. Predictive Model for Design of FFixed-Bed Adsor-
bers: Parameter Tstimation and Model Development, Tournal of the Environmental FEngincer-
ing Division, Proc. of the American Socicty of Civil Engincers 104(1i152): 185-197.

Crittenden, J.C. and Weber, Jr., W.J. |, 1978b. Predictive Model for Design of Fixed-Bed Adsor-
bers: Single-Component Model Verification, Journal of the Environmental Engincering Divi-
sion, Proc. of the American Socicly of Civil Iingincers 104(F133): 433-443.



276

Crittenden, J1.C. and Weber, Jr., W.I. |, 1978. Model for Design of Multicomponent Adsorption
Systems, Journal of the Environmental Fngincering Division, Proc. of the American Socicty of
Civil Engincers 104(136): 1175-1195. :

Curtis, G.P. ctal. , 1986. A Natura Gradient Experiment on Solute Transport in a Sand Aquifer
: 4. Sorption of Organic Solutes and its Influence on Mobility, Water Resources Rescarch, 22,
pl120s.

Corwin, D.I.. and FFarmer, W.J. | 1984.. Nonsingle-Valued Adsorption-Desorption of Bromacil
and Diquat by Freshwater Sediments, Environmental Scienee and Technology 18(7): 507-514.

Dagan, G. , 1984. Solule Transport in Heterogencous Porous Formation, Journal of Fluid
Mcchanics 14: 151-177.

Dagan, G. , 1987. Theory of Solute Transport by Groundwater, Annu. Rev. Fluid Mech. 19;
183-215.

Dagan, G. , 988. Time-Dependent Microdispersion for Solute Transport in Anisotropic Hetero-
gencous Aquifers, Water Resources Research 24(9): 1491-1500.

Davidson, M.R. and Dickson, B.I.. , 1986. A Porous Media T'low Model for Steady State
Transport of Radium in Groundwater, Water Resources Rescarch 22(1): 34-44.

Davidson, J.M., Baker, D.R. and Bruscwitz, G.I1. , 1975, Simultancous T'ransport of Water and
Adsorbed Solutes Through Soil Under_Transient Flow Conditions, T'ransactions of the Amer.
Soc. of Agri. Ting., 18(3): 535-539.

Davidson, J.M., Rao, P.S.C. and Nkedi-Kizza, P. , 1983. Physical Processes Influcncing Water
and Solute Transport in Soils, Chemical Mability and Reactivity in Soil Systems, Proc. of
Symp. of ASA & SSSA at Atlanta, Georgia, (29 Nov.-3 Dec. 1981).

Deans, HLA. ,1963. A Mathematical Model for Dispersion in the Direction of Flow in Porous
Moedia, Socicty of Petroleum Engincering Journal 49: March issuc.

De Smedt, F. and Wicrenga, P.J. |, 1979. A Generalized Solution for Solute Flow in Soils with
Mobile and Immobile Water, Water Resources Research 15(5): 1137-1141.

De Smedt, TF. and Wicrenga, PJ. , 1984. Solute Transfer Through Columns of Glass Beads,
Water Resources Research 20(2): 225-232.

Domenico, P.A. , 1977. Transport Phenomena in Chemical Rate Processes in Scdiments,
Annual Review Earth Planct Science 5: 287-317.

Dudley, L.M., Wagenct. R.J. and Jurinak, J.J. , 1981. Description of Soil Chemistry During
Transicnt Solute Transport, Water Resources Rescarch 17(5): 1498-1504.

Dufly, J., Chung, C., Boast, C. and Franklin, M. , 1975, Simulation Model of Biophysiochcmi-
cal Transformations of Nitrogen in Tile-Drained Com Belt Soil, Journal of Fnvironmental
Quality 4(4): 477-436.

Dutt, G.R., Shaffer, MJ. and Moore, W.J. , 1972, Computer Simulation Model of Dynamic
Bio-Physiochemical Processes in Soils, Technical Bulletin 196, University of Arizona Agricul-
tural Experiment Station, ‘Tucson, Arizona, 101 -

Elabd, L. ct al. , 1986. Spacial Varability of Pesticide Adsorption Parameters Environmental
Scicnce and Technology, 20,P-256.

Elzeflawy, A., Mansell, R.S. and Sclim, TLM. , 1976. Distribution of Water and Herbicide in
Lakeland Sand During Initial Stages of Infiltmtion, Soil Scicnce 122(5): 297-307.

Inficld, C.G. and Shew, D.C. |, 1975. Comparison of Two Predictive Noncquilibrium One-Di-
mensional Models for Phosphorous Sorption and Movement Through Tlomogencous Soils,
Journal of Environmental Quality 4(2): 198-202.

Enficld, C.G., Harlin, Jr., C.C. and Bledsoc, B.L. , 1976. Comparison of Five Kinctic Models
for Orthophosphate Reactions in Mincfal Soils, Soil Science Socicty of America Journal 40:

Enficld, C.G., Phan, T., Walters, D.M. and Ellis, Jr, R, , 19R1a. Kinctic Model for Phosphate
Transport and Transformation in Calcarcous Soils: I. Kinetics of Transformation, Soil Science
Socicty of America Journal 45(6): 1059-1063.

Enficld, C.G., Phan, T., Walters, D.M. and Ellis, Ir, R. , 1981b. Kinctic Model for Phosphate



277

Transport and Transformation in Calcarcous Soils: I1. Taboratory and Ficld Transport, Soil
Science Socicty of America Joumnal 45(6): 1064-1070.

Enfield, C.G., Walters, D.M., Wilson, J.'T. and Piwoni, M.DD. , 1986. Bchavior of Organic Pollu-
tants During Rapid-Infiltration of Wastc Water Into Soil: II. Mathematical Description of
Transport and Transformation, Haz. Waste Maz. Matters 3(1): 57-76.

Ferrell, J.K., Rousscau, R.W. and Branscomc, M.R. , 1976. The Development and Testing of a
Mathematical Model for Complex Adsorption Beds, Industrial Engincering Chemical Process
Design and Development 15(1): 114-122.

Frenkel, ., Gocrtzen, J.O. and Rhoades, 1.D. |, 1978, [iffccts of Clay Type and Content,
Exchangeable Sodium Percentage, and Tilcctrolyte concentration on Clay Dispersion and Soil
Hydraulic Conductivity, Soil Scicnee Socicly of America Journal 42: 32-39.

Freeze, R.A. and Cherry, J.A. , 1979. Groundwatcer, Prentice-1Tall, Inc., Englewood Cliffs, NI,
604 pp.

Fried, I.J. and Combarnous, M.A. , 1971. Dispersion in Porous Media, Advances in Hydro-Sci-
ence 7: 170-282.

Fries, G.I. and Marrow, G.S. , 1984. Mctabolism of Chlorobiphynivls in Soil , Bulletin of
Environmental Contamination Toxicology, 33(1):6-12.

Fricd, S.A., Fricdman, A.M., Atcher, R. and Ilincs, J. |, 1977. Retention of Plutonium and
Americium by Rock, Scicnce 196: 1087-1089.

Frind,E.0. , 1982. Simulation of long-Term Transient Density-Dependent Transport in
Groundwater, Advances in Water Resources §: 75-88.

Fu, JK,, Luthy, R.G. and Dzombak, D.A. , 1983. Adsorption of Acromatic Iydrocarbon
Compounds onto Soil and Transport of Naphthalene in Unsaturated Porous Media. Dept. of
Encrgy, Washington D.C. Report No. DOIE/PC/30246-1557, 199 p.

Fungaroli, A.A. and Steiner, R.L. , 1979. Investigation of Sanitary T.andfill Behavior, Volume I,
Final Report, National Technical Information Scrvice:PB 209 000, Environmental Protection
Technology Scries Report No. EPA-600/2-79-053z, 330 pp.

Galya, D.P. , 1987. A Horizontal Planc Source Modecl for Groundwater Transport, Groundwa-
ter 25(6): Nov.-Dec.

Gaudet, 1.P., Jegat, I1., Vachaud, G. and Wicranga, PP.J. | 1977. Solute Transfer, With Fxchange
Between Mobile and Stagnant Water, Through Unsaturated Sand, Soil Science Socicty of
America Journal 41(4): 665-671.

Glas, T.K. and McWhorter, D.B. , 1976. Salt Transport in Soil Profiles with Application to Trri-
gation Return Flow, The Dissolution and Transport of Gypsum in Seils, Colorado Environ-
mental Research Center, Ft. Collins Comp. Rept. Scrics No.71, 31 pp.

Goldenberg, I..C., Magaritz, M. and Mandcl, S. , 1983. Ixperimental Investigation on Irreversi-
ble Changes of Ilydraulic Conductivity on the Salt-Watcr-Tiresh-Water Interface in Coastal
Aquifers, Water Resources Rescarch 19(1): 77-85.

Goldstein, F.R.S. , 1953a. On the Mathematics of Tixchange Processes in Fixed Columns. L
Mathematical Solutions and Asymptotic Expansions, Proceedings of the Royal Socicty of
London, Scries A, 219, 151-171.

Goldstein, F.R.S. 1953b. On the Mathematics of Exchange Processes in Fixed Columns. 1.
The Equilibrium Theory as the Limit of the Kinctic Theory, Proceedings of the Royal Socicty
of L.ondon, Scrics A, 219: 171-185.

Goven, O. and Molz, F.J. , 1986, Deterministic and Stochastic Analyses of Dispersion in an
Unbounded Stratificd Porous Mcdia, Water Resources Rescarch 22(11): 1565-1574.

Gray, W.G. ,1975. A Derivation of the Eduations of Multiphase Transport, Chemical Fngg. Sci-
cnce 30, 30- R
Grenney, W1, Caup, C.1.., Sims, R.C. and Short, T.I5. |, 1987. A Mathcmatical Model for the
Fate of Hazardous Substances in Soil: Model Description and Experimental Results, Haz.

Waste Haz. Matters 4: 4-

Griffin, R.A. and Jurinak, JJ. , 1973. ‘Test of a New Model for the Kinctics of



278

Adsorption-Desorption Processes, Soil Science Socicty of America Proc. 37(6), 869-872.

Grove, D.B. , 1976. lon Lxchange Reactions Important in Groundwater Quality Models,
Advances in Groundwater Hydrology, 144-152.

Grove, D.B. , 1977. ‘The Use of Galerkin Finite-Element Mcthods to Solve Mass-Transport
Equations, U.S. Geological Survey Water Resources Investigations 77-49, 55 pp.

Grove, D.B. and Rubin, Jacob , 1976. Transport and Rcactions of Contaminants in Ground-
Water Systems: Disposal of Residues.on Fand, Proc. of the National Conference on Disposal
of Residues on Tand, Scpt. 1976, St. Louis, Missouri, 174-178.

Grove, D.B. and Stollenwerk, K.G. , 1984. Computer Model of One-Dimensional Iiquilibrium
Controllcd Sorption Processes, U.S. Geological Survey Water Resources  Investigations
84-4059, 58 pp.

Grove, D.B. and Stollenwerk, K.G. , 1985. Modclling the Rate-Controlled Sorption of Hexava-
lent Chromium, Water Resources Rescarch 21(11): 1703-1709.

Grove, DD.B. and Stollenwerk, K. , 1987. Chemical Reactions Simulated by Groundwater-Qual-
ity Modcls, Watcr Resources Bulletin 23(4): 601-615.

Grove, D.B. and Wood, W.V. | 1979. Prediction and TFicld Verification of Subsurfacc Water
Quality Changes During Artificial Recharge, T.ubbock, Texas, Groundwater 17: 250-257.

Gupta, S.P. , 1974. Determination of Dispersion and Nonlincar Adsorption Parameters for Flow
in Porous Media, Water Resources Rescarch, 10(4),839-846.

Gupta, V.K. and Bhattacharya, R.N. , 1983, Declermination of Dispersion and Nonlinear
Adsorption Paramecters for IFlow in Porous Media, Water Resources Research, 19(1),945-951.

Gureghian, A.B., Ward, .S. and Cleary,-R.W. , 1979. Simultancous Transport of Water and
Reacting Solutes Through Multilayered Soils Under Transient Unsaturated Flow Conditions,
Journal of Ilydrology 41: 253-278.

Hance, R.J. , 1969. An Empirical rclationship between Chemical Structure and the Sorption of
Somec Herbicides by Seil, J. Agric. Td. Chem. 17, 667-668.

ITankin, L. and Sawhney, B.L. , 1984. Microbial Degredation of Polychlorinated Biphenyl in
Soil, Soil Scicnce 137(6)

Harter, R.D. , 1976. Computer Simulation of Phosphorus Movement Through Soils, Soil Sci-
ence Socicty of America Journal 40(2): 239-242.

Harter, R.D. , 1984. Curve-Fit Errors in angmuir Adsorption Mexima, Soil Science Society of
Amgcrica Journal 48: 749-752.

Iassanizadch, S.M. , 1986. Derivation of Basic Iiquation of Mass Transport in Porous Media,
Part 1. Microscopic Balance Laws, Advances in Water Resources 9: December, 196-206.

[Tassanizadch, S.M. , 1986a. Derivation of Basic quation of Mass Transport in Porous Media,
Part 2. Generalized Darcy’s and Fick’s Taws, Advances in Water Resources 9@ Decemboer,
207-222.

Hassanizadch, S.M. and Icijnse, T. , 1988. On thc Modcling of Brine ‘Transport in Porous
Media, Watcer Resources Rescarch 24(3): 321-230.

Tlassanizadch, M. and Gray, W.G. , 1979. Gencral Conscrvation Equations for Multi-Phasc
Systems, 2. Mass, Moments, Encrgy and Entropy Fiquations, Advances in Water Resources 2:
191-203.

Ilclfferich, I, |, 1962. lon Exchange, McGraw-11ill, New York.

Heinrich, J.C. and Yu, Chung-Chi , 1987. On the Solution of the Time-Dependent C-D Tiqua-
tion by the FEM, Advances in Water Resources 10: 220-224.

Iicster, N.K., Radding, S.B., Nelson, Jr., R.I.. and Vermeulen, T. , 1956. Interpretation and
Corrclalxon of Ton I‘xchangc Column Performance Under Nonlmmr fthhm, American
Institute of Chemical Engincers Journal 2(3): 404-411. -

THill, ILJ. and Lake, 1..W. , 1978. Cation Tixchange in Chemical Flooding: Part 3. Iixperimental,
Socicty of Petrolcum ﬁnginccrs Journal 1R(6): 445-456.

Hubbert, M.K. , 1956. Darcy’s Law and the Ficld Equations of the Flow of Underground Flu-
ids, Trans. Amcr. Inst. Min. Met. Engg. 207: 222-239.



279

IHuggenberg, T, Letey, J. and Farmner, W.I. | 1972, Obscrved and Caleulated Distribution of
Lindane in Soil Columns as Influcnced by \\":lcr Movement, Soil Science Society of /\mcnm
Proc. 36(4): 544-548.

Hunt,Bruce , 1978. Dispersive Sources in Uniform Groundwater Flow, ASCE Joumal of
Hydraulic Division,ITY1: 75-85.

Hutzler, N.J., Crittenden. 1.C., Gierke, 1.8. and Johnson, A.S. , 1986. Transport of Qrganic
Compounds with Saturated Groundwater Flow, Experimental Results, Water Resources
Research 22(3): 285-295.

Hyuakorn, P.S., Geoffrey, B. and Anderson, P.I. |, 1986. Finite Ilement Algorithms for Simu-
lating Three-Dimensional Groundwater Flow and Solute Transport in Multilayer Systems,
Water Resources Research 22(3): 361-374.

Tluyakorn, P. and Taylor, C. , 1976. Finitc Flement Models for Coupled Groundwater Flow
and Convective Dispersion, In Finite Flements in Water Resources, Pentech Press, 1ondon,
1.131-153.

Irmay, S. , 1958. On the Theorctical Derivation of Darcy and Forchheimer Formulas, Trans.
Amer. Geophysical Union, 39, 702-707.

Jabson, ILE. , 1987. FEstimation of Dispersion and First-Order Rate Cocfficient by Numcrical
Routing, Watcr Resources Research 23, 169-

Jackson, R.E. and Inch, K.J. , 1983. Partitioning of Strontium-90 /\m(mL Aqucous and Mineral
Specics in a Contaminated Squ:fcr, Environmental Science and Technology  17(4): 231-237.
James, R.V. and Rubin, Jacob , 1979. Applicability of the I.ocal Equilibrium Assumption to
Transport Through Soils of Solutes Affected by Ton Iixchange, In: Chemical Modcling of
Aqueous Sysiems, [E.A. Jenne (Editor), American Chemical Socicly Symposium Series 93,

ACS, Washington, D.C., 225-235. :

Jardine, P.M. and Sparks, D.I.. , 1984. Potassium-Calcium Exchange in a Multircactive Soil
System: I. Kinctics, Soil Scicnce Socicty of America Journal 48: 39-435.

Jcnnings A.A., Kirkner, DJ. and Theis, T.I.. , 1982. Multicomponent Equilibrium Chemistry
inG roundwatcr Quality Modcls, Water Rcmur(c: Rescarch 18(4): 1089-1096.

Jennings, A.A. and Kirkner, DJ. , 1984, Instantancous Equilibrium Approximation Analysis,
ASCE Journal of Hydraulic l'ing., HI0(12): 1700-1717.

Jurinak, 1.J. and Santillan-Mcdrano, J. , 1974, "The Chemistry and Transport of 1.cad and Cad-
mium in Soils, National Technical Inl‘orm'mon Scrvice:PB-237 497, 121 pp.

Jury, WA, Elabd, II. and Resketo, M. , 1986. Ficld Study of Napropamide Moxcmcnt
'I'hrough Unsaturated Soil, Water Resources Rescarch 22(5): 749-755.

Jury, W.A., Spencer, W.F. and Farmer, W.J. , 1983. Bchavior Assesment Model for Trace
Organics in Soil, 1. Model description, Journal of Environmental Quality,12(2): 58-64.

Jury, W.A,, Sposito, GG. and While, R.E. , 1986. A ‘Transfer Function Model of Solute Trans-
port Through Soil, 1. Fundamental Concepts, Water Resources Rescarch 22(2): 243-247.

Kay, B.D. and Elrick, D.E. , 1967. Adsorption and Movement of Lindane in Soils, Soil Science,
104(3): 314-322.

Khondaker, A.N. , 1989. Bibliography on Solutc Transport in Porous Media, Department of
Civil Engincering, King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi
Arabia, 54 pp.

Khondaker, A.N. , Allayla, R.I. and Ilusain, T. , 1990. Groundwatcr Contamination Studics-
The-State-of- thc-/\rt CRC Critical Ru:cx\e in Environmental Control, Vol.20, Issuc No:4,
pp.231-256.

Kim, B.R., Schmitz, R.A., Snocyink, VI and Tauxe, G.W. | 1978, Analysis of Modcls for
Dichloramine Removal by Activated Carbor in Batch and I"xckcd Bed Reactors Using Qua-
silincarization and Orthogonal Collocation Mcthods, Water Research 12: 317-326.

Kinniburgh, D.G. , 1986. General Purpose Adsorption Isotherms, Environmental Scicnee and
Technology, 20, p-895.

Kipp, K.L., Stollenwerk, K.G. and Grove. D.B. , 198. Ground-Walcr Transport of



280

Strontium-90 in a Glacial Qutwash Environment, Water Resources Rescarch 22(4): 519-530.

Kirkhoff, S.W. , 1981. Semi-empirical Fstimation of Sorption of Iydrophobic Pollutants on
Natural Sediments , Chemisphere, 10.

Kirkhoff, 8.W.,Brown,D.S. and Scoot,T.A. , 1979. Sorption of Hydrophobic Pollutants on Nat-
ural Sediments, Water Rescarch, 13, 241-248%.

Kirkner, D.J., Theis, T.L. and Jennings, A.A. |, 1984, Multicomponent Solute Transport with
Sorption and Soluble Complexation, Advances in Water Resources 7(3): 120-125

Kirkner, D.J., Jennings, A.A. and Theis, T.1.. , 1985. Multisolutc Mass Transport with Chemi-
cal Interaction Kinctics, Journal of Hydrology 76(1/2): 107-117.

Konikow, L.F. and Bredchocft, J.D. , 1978. Computer Model of Two-Dimensional Solute
Transport and Dispersion in Groundwater, U.S. Geological Survey Water-resources Inv. Book
7, Ch-C2, 90 pp.

Konikow, L.F. and Grove, D.B. , 1977. Derivation of Equations Describing Solute Transport in
Groundwater, U.S. Geological Survey Water-resources Inv. 77-19, 30 pp.

Konikow, L.F. & Mercer, J.W. , 1983. Groundwater Flow and Transport Modcling, Journal of
Hydrology 100(1-4): 379-407.

Kool, I.B., Parker, J.C. and van Genuchten, M.T. , 1987, Paramcter Estimation for Unsaturated
Flow and Transport Models: A Review, k)urml of llydrology 91(3-4): 255-293.

Kreft,A. and Zuber,A. |, 1978. On the Physical Meaning of the Dispersion Equation and its
Solutions for Diﬂ'crcnt Initial and Boundary Conditions, Chemical Engincering Science 33:
1471-1480.

Krupp, TLK. and Tlrick, D.E. | 1968. _Miscible Displacement in an Unsaturated Glass Bead
Medium, Water Resources Rescarch 4(4): 809-815.

Kumar, N. , 1983. Unsteady Flow Against Dispersion in Finite Porous Media, Journal of
Hydrology 63(3-4): 345-358.

Iai, S.I1. and Jurinak, J.J. , 1971. Numerical Approximation of Cation Exchange in Miscible
Displacement Through Soil Columns, Soil Science Socicty of America Proc. 35: 894-899.

Lake, 1.W. and Helfferich, F.G. , 1978. Cation Iixchange in Chemical FFlooding: Part 2 - The
Effect of Dispersion, Cation Iixchange, and Polymer/Surfactant Adsorption on Chemical
Flood Environment, Socicty of Petroleum Engincers Journal 18(6): 435-444.

Lambert, S.M. , 1967. Tunctional Relationship between Sorption in Soil and Chemical Struc-
ture, J. Agric. I'd. Chem. 15(4),572-576.

Lapidus, L. and Amundson, N.R. , 1952. Mathcmatics of Adsorption in Beds. VI. The Fiffect of
Longitudinal Diffusion in fon Exchange and Chromatographic Colurans, 984-988.

Laryea, K.B., Flrich, D.E. and Robin, MJ.I.. , 1982. Ilydrodynamic Dispersion Involving
Cationic Adsorption During Unsaturated, Transicnt Water Flow in Soil, Soil Scicnce Society
of America Journal 46(4): 667-671.

Lassey, Keith R. , 1988. Unidimensional Solute Transport Incorporating Fquilibrium and Rate-
Limited Isotherms with First-Order 1oss. 1. Model Conceptualization and Analytical Solu-
tions, Water Resources Rescarch 24(3): 343-350.

Leistra, M. , 1977. A Modecl for the Transport of Pesticides in Soil with Diffusion-Controlled
Rates of Adsorption and Desorption, Agriculture and linvironment 3: 325-335.

Lin, S.IT. , 1977. Nonlincar Adsorption in Layered Porous Media Flow, Journal of Tlyd. Div.,
Amcrican Socicty of Civil Engincers 103(11Y9): 951-958, Proc. Paper 13191.

Lin, S.IL , 1977a. longitudinal Dispersion and Noncquilibrium  Adsorption of Solutes in
Porous Mcdia with Variable Porosity, 1ctters in Applicd and Engg. Science, S(6), 417-431.
Lin, C., Busscher, W.1. and Douglas, I..A. -, 1983a. Multifactor Kinctics of Phosphate Reactions
with. Minerals in Acid Soils: I. Modcling.and Simulation, Soil Scicnce Socicty of America

Journal 4: 1097-1103.

Lin, C., Motto, IL1.., Douglas, 1..A. and Busscher, W.J. , 1983b. Multifactor Kinctics of Phos-
phatc Reactions with Mincrals in Acid Soils: 11. prcnmcmal Curve Filling, Soil Science
Socicty of America Journal 47: 1103-1109.



281

Lindstrom, F.T. and Boersma, I.. , 1970. Theory of Chemical Transport with Simultancous
Sorption in a Water Saturated Porous Medium, Soil Science  110(1): 1-7.

Lindstrom, F.T. and Bocrsma, I.. , 1971. A Theory on the Mass Transport of Previously Dis-
tributed Chemicals in a Water-Saturated Sorbing Porous Medium: 111 Exact Solute for First-
Order Kinctic Sorbtion, Soil Science  115(1): 5-10.

Lindstrom, I.T. and Narashimhan , 1973. Mathcmatical Description of a Kinetic Model for Dis-
persion of Previously Distributed Chemicals in a Sorbing Media, SIAM 1. of Applicd Math.
24: 496-510.

Lindstrom, F.T. Ioque,R.,Freed,V.IL and Bocersma, T.. , 1967. Theory on the Movement of
Some Herbicides in Soils- Lincar Diffusion and Convection of Chemicals in Soil, Fnvironmen-
tal Science & Technology 1(7): 561-565.

Loaiciga, II.A. and Marino, M.A. , 1987. Simultancous Tiquation Systems: A Consistent Esti-
mator for Unknown Paramcters in Confined Aquifers, Water Resources Bulletin 23(4):
August.

Tund, K., Fogler, ILS. and McCune, C.C. , 1975. On Predicting the Flow and Reaction of
HCI/HF Acid Mixture in Porous Sandstone Cores, Socicty of Petrolcum Iingincers of AIME,
Paper No. SPE 5646, 15 pp.

Mackay, D.M. ct al. , 1986. Variability-of Aquifcr Sorption Propertics in a Ticld Experiment on
Groundwatcr Transport of Organic Solutes : Mcthods and Preliminary Results, Journal of
Contam. Hydrol. 1, p-119. :

Mansell, R.S., Sclim, I1.M., Kanchanasut, P., Davidson, .M. and Fiskell, J.G.A. , 1977. Tixper-
imental and Simulated Transport of Phosphorus Through Sandy Soil, Water Resources
Research 13(1): 189-194.

Marino, M.A. , 1974a. Numerical and Analytical Solutions of Dispersion in a Finite, Adsorbing
Porous Mcdium, Watcr Resources Rescarch 10(1): 81-90.

Marino, M.A. , 1974b. Modecls of Dispersion in a Granular Medium, Journal of Iydrology
23(3/4): 313-318.

Marino, M.A. , 1978. Tlow Against Dispersion in Adsorbing Porous Media, Tournal of Tlydrol-
ogy 38(1/2): 197-205.

Maucrsberger, P. , 1978. On the Theoretical Basis of Modcling the Quality of Surface and Sub-
surface Waters. Tn: Modcling the Water Quality of the Hydrological Cycle, Proc. of the
Baden Symposium, Sept. 1978, International Association of Tlydrological Sciences, Publication
No.125, 14-23.

McCandless, R.M., Sutton, S.J. and Gamer, M.1.. , 1987. Influence of Aggressive Permeant Lig-
uids on Bentonite/Soil Liners, Interim Report, EPA Contract No.68-03-3379, Univ. of Cincin-
nati, Sept.

McCarthy, P.J., Reinhard, M. and Rittman, B.E. 1981, Trace Organics in Groundwater, Lnvi-
ronmental Scicnce and Technology 15(1): 40-51.

McNeal, B.I.. , 1968. Prediction of the Effect of Mixed-Salt Solutions on Soil Hydraulic Con-
ductivity, Soil Scicnce Socicty of America Journal 32: 190-193.

McNeal, B.L. and Coleman, N.T. |, 1966. Effect of Solution Composition on Soil Hydraulic
Conductivity, Soil Science Socicty of Amecrica Journal 30: 308-312.

McNeal, B.I., Layficld, D.A,, Norvell, W.A. and Rhodes, 1.I. , 1968, Factors Influcncing
Hydraulic Conductivity of Soils in the Presence of Mixed-Salt Solutions, Soil Science Socicty
of America Journal 32: 187-190.

McNeal, B.L., Norvell, W.A. and Coleman, N.T. , 1966. Lffect of Solution Composition on the
Swelling of Extracted Soil Clays, Soil Science Socicty of America Journal 30: 313-317.

Mchnert, E. and Jennings, A.A. |, 1985. The Fffect of Salinity-Dependent Hydraulic Conductiv-
ity on Salt-Water Intrusion Episodes, Journal of Hydrology 80: 283-297.

Mchran, Mohscn, Olsen, R.L. and Rector, B.M. , 1987. Distribution Cocfficient of Trichloroc-
thylenc in Salt Water Systems, Groundwater 25(3): May-June, 275-282.

Melamed, D., Tlanks, R.J. and Wilardson, 1..S. , 1977. Modcl of Salt Flow in Soil With a



2R2

Source-Sink Term, Soil Science Society of America Journal 41(1): 29-33.

Mercado, A. , 1977. The Kinctics of Mineral Dissolution in Carbonate Aquifers as a Tool for
ITydrological Investigations, 1. Ilydrogeochemical Models, Journal of Hydrology 35(3/4):
365-384.

Metry, A.A. , 1976. The Fatc of Pollutants in Subsurface Fnvironments, Proc. 22nd Annual
Technical Mecting of the Institute of Environmental Sciences, 1-5.

Miller, CJ. , 1988 Ficld Investigation -of Clay Lincr Performance, az. Waste Tlaz. Matters
5(3): 231-

Miller, C.W. and Benson, 1.V, , 1983. Simulation of Solutc ‘Transport in a Chemically Reactive
Heterogeneous System: Model Development and Application, Water Resources Research
19(2): 381-391. .

Miller, CJ. and Weber, W.1. , 1988. Modcling of Sorption of lydrophobic Contaminants by
Aquifer Materials: I1. Column Reactor Systems, Water Rescarch  22(4): 465-

Mohsen,M.F.N. , 1988. Orthogonal Collocation Using Adaptive Elements in ‘Transport Prob-
lems in Two Dimensions, King Abdul-Aziz Centre for Science and ‘Technology, AR-7-141,
Riyadh, Saudi Arabia.

Mohsen,M.F.N. and Baluch,M.IL. , 1983. An Analytical Solution of the Diffusion-Convection
Equation Over a Finite Domain, J.Applicd Mathematical Modeling 7: 285-287.

Molz,F.1.,Guven, 0., Melville J.G. and Kecly,J.I:. |, 1987. Performance and Analysis of Aquifer
Tracer Tests with Implication for Contaminant Transport Modeling - A Project Summary,
Groundwater 25(3): 337-341.

Mukhapadhyay, A. , 1988. Automated Computation of Parameters for Ieaky Confined Aqui-
fers, Groundwater 26: 500-504.

Murali, V. and Aylmore, L.A. , 1983. Competitive Adsorption During Solute ‘Transport in Soils:
I. Mathematical Modecls, Soil Science 135(3): 143-150.

Naymik, T.G. , 1987. Mathematical Modcling of Solutc Transport in the Subsurface, Critical
Reviews in Environmental Control 17(3): 229-259.

Nguyen; V.V.,, Gray, W.G., Pinder, G.T., Botha, I.F. and Crerar, D.A. , 1932, A Theorctical
Investigation on the Transport of Chemicals in Reactive Porous Media, Water Resources
Research 18(4): 1149-1156.

Niclsen, D.R. and Bigger, .W. |, 1961. Miscible Displacement in Soils, 1. Fixperimental Informa-
tion, Soil Scicnce Society of America Journal 25: 1-5.

Niclsen, D.R., Biggar, J.W. and Simmons, C.S. , 1981. Mcchanisms of Solute Transport in
Soils, in Modcling Wastewater Renovation,- cdtrs. L.K.Iskandar.John Willy & Sons..N.Y.,
115-135.

Niclsen, D.R., van Genuchten, M. Th. and Bigger, 1.W. | 1986. Water Flow and Solute Trans-
port Processes in the Unsaturated Zone, Water Resources Research Supplement  22(9):
895-108s5.

Nkedi-Kizza, P., Rao, P.S.C., Jessup, R.E. and Davidson, J.M. , 1982. Ton Iixchange and Diffu-
sive Mass Transfer During Miscible Displacement Through an Aggregated Oxisol, Soil Science
Socicty of America Journal 46: 471-476.

Nkedi-Kizza, P., Bigger, J.W., Sclim, ILM., van Genuchten, M. Th., Wicrenga, P.J., Davidson,
J.M. and Nielsen, D.R. , 1984. On the Equivalence of Two Conceptual Models for Describ-
ing fon Exchange During Transport Through an Aggregated Oxisol, Water Resources
Research 20(8): 1123-1130.

Novak, L.T., Adriano, D.C., Coulman, G.A. and Shah, D.B. , 1975. Phosphorus Movement in
Soils: Theoretical Aspects, Joumnal of Erivironmental Quality 4(1): 93-99.

Novak, L.T. and Adriano, D.C. , 1975. Phosphorus Movement in Soils - Soil Qrthophosphate
Reaction Kinctics, Journal of Environmental Quality 4(2): 261-266.

Qddson,J.K_ Latcly,J. and Wecks,[.V. , 1970. Predicted Distribution of Organic Chemicals in
Solution and Adsorbed as a function of Position and Time for Various Chemical and Soil
Propertics, Soil Science Socicty of Amcrica Journal 6: 414-417.



283

Ogata, A. , 1970. Theory of Dispersion in a Granular Mcdium, U.S. Geological Survey Prof.
Pap. 411-], 34 pp.

Ostendorf, D.W. , 1986. Modecling Contamination of Shallow Unconfincd Aquifers Through-
Infiltration Beds, Water Resources Research 22(3): 375-382.

Ostendorf, D.W., Noss, R.R. and Lederer, D.O. |, 1984. Landfll [.eachate Migration Through
Shallow Unconfincd Aquifers, Water Resources Rescarch 20(2): 291-296.

Parker, J.C. and Jardine, P.M. , 1986. -Effects of Ticterogencous Adsorption Behavior on Ton
Transport, Water Resources Research 22(R): 1334-1340.

Parker, I.C., Lenhad, R.J. and Kuppusamy, T. , 1986. Modcling Multiphase Contaminants
Transport in Groundwater and Vadosc Zoncs, Proc. of NWWA/API Conf. on Petroleum
Hydrocarbons and Organic Chemicals in Groundwater: Prevention, Detection and Restora-
tion, Houston, Texas, Nov.12-14, 189-203.

Parker, J.C. and Valocchi, AJ. , 1986. Constraints on the Validity of Equilibrium and First-Or-
der Kinetic Transport Models in Structured Soils, Water Resources Rescarch 22(3): 399-408.
Parlange, 1.Y. and Starr, J.L. , 1978. Dispersion in Soil Columns: Lffect of Boundary Condi-

tions and Irreversible Reactions, Soil Science Socicty of America Journal 42(1): 15-18.

Persaud, N. and Wierenga, PJ. , 1982. A Differential Modc! for One-Dimensional Cation
Transport in Discrete Homoionic Ton Exchange Mcdia, Soil Science Socicty of America Jour-
nal 46: 482-490. B

Pickens, 1.FF.,, Giltham, R.W. and Camcron, D.R. , 1979. TFinite Element Analysis of the Trans-
port of Water and Solutes in Tile-Drained Soils, Journal of Hydrology 40: 242-264.

Pickens, J.IF. and Lennox, W.C. , 1976.. Numecrical Simulation of Waste Movement in Steady
Groundwater IFJow Systems, Water Resources Rescarch 12(2): 171-180,

Pickens, LF., Jackson, R.E., Inch, K.J. and Mecrritt, W.F. |, 1981. Mecasurcment of Distribution
Coefficients Using a Radial Injection Dual-Tracer Test, Water Resources Rescarch 17(3):
529-544.

Pinder, G.T°. , 1984. Groundwater Contaminants Transport Modeling, Environmental Science
and Technology 18(4): 108A-114A.

Pinder, G.F. et. al. , 1973, Mass Transport in Flowing Groundwater, Water Resources Research
9,194-210. '

Poley, A.D. , 1988. Effective Permeability and Dispersion in Focally Heterogencous Aquifers,
Water Resources Research 26(11): 1921-1926.

Pope, G.A., Lake, L.W. and IHelfferich, IF.G. , 1978. Cation Exchange in Chemical Flooding:
Part 1 - Basic Theory Without Dispersion, Socicty of Petrolcum Engineers Journal 18(6):
418-434,

Prakash, A. , 1976. Radial Dispersion Throuvgh Adsorbing Porous Mcdia, Journal of the
Hydraulics Division, Amecrican Socicty of Civil Engincers 102(1HY3), 379-396, Proc. Paper
11995.

Price,11.S.,Cavendish,J.C. and Varga,R.S. , 1968. Numecrical Mcthods of ITigher Order Accuracy
for Diffusion-Convection Equation, Socicty of Petrolecum Fngg. Journal 8: 293-303.

Pupisky, 1. and Shainberg, 1. , 1979. Salt Effects on the Hydraulic Conductivity of Sandy Soil,
Sail Scicnce Socicty of Amcrica Journal 43: 429-433.

Rachinskii, V.V. , 1978. Basic Mathematical Modcls of Toxicant Transport Through the Soil
Profile, U.S. EPA-600/9-78-003, 201-209.

Rao, P.S.C., Davidson, J.M., Jessup, R.E. and Sclim, IL.M. , 1979. EGvaluation of Conceptual
Models for Describing Nonequilibrium Adsorption-Desorption of Pesticides During Steady-
Flow in Soils, Soil Scicnce Socicty of Amcrica Journal 43: 22-28.

. Rao, PS.C,, Jessup, R.E. , 1983. Sorption and Movement of Pesticides and other Toxic
Organic Substances in Soils, Chemical Mobility and Reactivity in Soil Systems, Symp. of ASA
and SSSA at Atlanta, Georgia, Nov. 29- Dec. 3. (1981) .

Rao, PS.C,, Jessup, R.E., Rolston, D.I5., Davidson, J.M. and Kilcrease, D.P. , 1980a. Tixped-
mental and Mathematical Description of Nonadsorbed Solute ‘Transfer by Diffusion in



284

Spherical Aggregates, Soil Scicnce Socicty of America Journal 44: 684-688.

Rao, PS.C, Jessup, R.E., Rolston, D.E. and Davidson, .M. , 1980b. Solute Transport in
Aggregated Porous Media: Theoretical and Experimental Evaluation, Soil Science Socicty of
America Journal 44: 1139-1146.

Rapaport,R.A. , 1985. Chiorinated Tlydrocarbons in Pcat, University of Minncsota, Ph.D. Dis-
sertation,

Reardon, EJ. , 1981. K.s - Can They be Uscd to Describe Reversible Ton Sorption Reactions -
in Contaminant Migration , Groundwatcr 19(3): 279-286.

Reeves, M., Francis, C.W. and Duguid, J.0. , 1977. Quantitative Analysis of Soil Chromatogra-
phy, 1. Water and Radionuclide Transport, Oak Ridge National Laboratory ORNI.-5337, 172
pp-

Roberts, P.V., Reinhard, M. and Valocchi, AL, , 1982. Movement of Organic Contaminants in
Groundwater: Implications for Water Supply, American Water Works Association Journal
August, 408-413.

Robertson, J1.B. , 1974. Digital Modeling of Radioactive and Chemical Waste Transport in the
Snake River Plain Aquifer at the National Reactor Testing Station. Idaho, U.S. Geological
Survey Open-File Report, 41 pp.

Robertson, J.B. , 1977. Numcrical Modcling of Subsurface Radioactive Solute Fransport from
Waste-Secpage Ponds at the Idaho National Engincering I aboratory, U.S. Geological Survey
Open-File Report 76-717, 68 pp.

Robertson, J.B. and Barraclough, J.T. , 1973. Radioactive- and Chemical-Waste T'ransport in
Groundwater at National Reactor Testing Station, Idaho: -20-Year Case [listory and Digital
Modecl, In: Underground Waste Management and Artificial Rechange Proceedings, 291-322.

Rolston, D.IE. and Marino, M.A. , 1976. Simultancous Transport of Nitrate and Gascous Deni-
trification Products in Soil, Soil Science Socicty of America Journal 40(6): 860-865.

Rouston, R.C. and Scrne, RJ. , 1972, Onec-Dimensional Model of the Movement of Trace
Radioactive Solute Through Soil Columns: The Percol Madel, National Technical Informa-
tion Service Report No. BMWL-1718, 60 pp.

Rowe, R.K. and Booker, J.R. , 1985. 1-D Pollutant Migration in Soils of Finite Depth, Journal
of Geotechnical Enginecring 111(4): 479-499.

Rowe, R.K. and Booker, J.R. , 1986. A Finite Fayer Technique for Calculating Three-Dimen-
sional Pollutant Migration in Soil, Geotechnique 36(2): 205-214.

~ Rowe, R.K., Caers,"C.I. and Barone, I. , 1988. Iaboratory Determination of Diffusion and

Distribution Cocfficients of Contaminants Using Undisturbed Clayey Soil, Canadian Geotech-
nical Journal 25(1): 108-118.

Rubin, Jacob , 1983. Transport of Reacting Solutes in Porous Media: Relation Between Mathe-
matical Nature of Problem Formulation and Chemical Nature of Reactions. Water Resources
Research 19(5): 1231-1252.

Rubin, Jacob and James, R.V. , 1973. Dispersion-Aflected Transport of Reacting Solutes in Sat-
urated Porous Media: Galerkin Mcthod Applicd to Iiquilibrium-Controlied Exchange in Uni-
directional Steady Watcr Flow, Water Resources Rescarch 22(8): 1341-1349,

Russo,David , 1986. Simulation of T.caching of a Gypsiferous-Sodic Soil Water Resources
Research 22(R): 477-481.

Russo, David , 1988. Numcrical Analysis of the Nonsteady Transport of Interacting Solutes
Through Unsaturated Soils: 1. Homogencous Systems, Water Resources Rescarch 24(2):
271-284. :

Russo, David , 1988a. Numerical Analysis of the Nonstcady Transport of Interacting Solutes
Through Unsaturated Soils: 2. Laycred Systems, Water Resources Rescarch 24(2): 285-290.
Saffman, P.G. , 1959. A Thcory of Dispersion in Porous Media, Jour. of Fluid Mech., 6

321-349.

Saffman, P.G. , 1960. Dispersion duc to Molecular Diffusion and Macroscopic mixing in flow

b



285

through a nctwork of Capillarics, Jour. of Fluid Mcch., 7, 194-208.

Said, A.S. |, 1956. Theorctical-Plate Concept in Chromatography, American Institute of Chemi-
cal Engincers Journal 2(4): 477-481. :

Saxton, K.E., Schuman, G.E. and Burwell, R.I. |, 1977. Modcling Nitrate Movement and Dissi-
pation in Pertilized Soils, Soil Science Socicty of America Journal 4(2): 265-271.

Scheidegger, AE. , 1961. General Theory of Dispersion in Porous Media, Jour. G cophy.
Rescarch  66(10): 3273-3278.

Schulin, R., van Genuchten, M.T. Fluhler, H. and Ferlin, <p. , 1987. An Experimental Study
of Solutc Transport in a Stony Field Soil, Water Resources Rcscqrch 23(9): 1785-1794.

Schulin, R., Wicrenga, P.J., Fluhler, I1. and Leuenberger, J. , 1987a. Solutc Transport Through
a Stony Sml, Soil ?cxcncc Socicly of America Journal 51: ‘%6 42,

Schulz, I1.D. and Reardon, E.J. , 1983. A Combincd Mixing Cell/Analytical Model to Describe
Two-Dimensional Reactive Solutc Transport for Unidirectional Groundwater Flow, Water
Resources Research 19(2): 493-502.

Schwartz, F.W. and Domenico, P.A. , 1973. Simulation of Hydro-chemical Patterns in Regional
Groundwater Flow, Water Resources Rescarch 9(3): 707-720.

Schwartz, F.W. , 1975. On Radioactive Waste Management: An Analysis of the Parameters
Controlling Subwrhcc Contaminant-‘Transfcr, Journal of Iydrology 27: 51-71.

Schwartz, F.W., and Milnc-ITome, W.A. |, 1987. Modcling Mass Transport with Compctitive
Ton I‘xchangc, Proc. of the NWWA C onf. on Solving Groundwater Problems with Modcls,
Dublin, OI1, 11-27.

Schweich, D. and Sardin, M. , 1981. Adsorption, Partition, fon Exchange and Chemical Reac-
tion in Batch Reactors or in Columm A Review, -Journal of Hydrology 50: 1-33.

Scott, 11.D., Wolf, D.C. and Lavy,T.L. , 1983. Adsorption and Degradation of Phenol at Low
Concenlrations in Soil, Journal of anironmcntal Quality, 12(1): 91-96.

Sclim, H.M., Davidson, J.M. and Rao, P.S.C. , 1977. Transport of Reactive Solutes Through
Mululaycred Soils, Soil Science Society of Amcnca Journal 41(1): 3-10.

Sclim, .M., and Manscil,R.S. , 1976. Analytical Solution of the Equation for Transport of
Reactive Solutes Through Soils, Water Resources Rescarch 12(3): 528-532.

Serne, R.I., Routson, R.C. and Cochran, D.A. , 1973. FExperimental Mecthods for Obtaining
Percol \'Iodcl Input and Verification Data, thmml Technical Information Scrvice, BNWI,
1721, 38 pp.

Shaffer, M.J. and Dutt, G.R. , 1973. Nitrification in Soil Water Systems: A Computerized Acti-
vated Complex Model, In: Watcr for the Hluman Environment, V. 1V, Special Sessions, Proc.
of the First World Congress on Water Resources (4 volumes.).

Shah, D.B., Goulman, G.A., Novak, L.T. and Ellis, B.G. , 1975. Mathematical Model for Phos-
phorus Movement in Soils, Joumal of Environmental Quality 4(1): 87-92.

Shen,ILT. , 1976. Transicnt Dispersion in Uniform Porous Media, ASCE Journal of Iydraulics
Division 102(HY6) 1 707-716.

Silliman, S.IE.,, Konikow, L.F. and Voss, C.I. , 1987. Laboratory Investigation of Longitudinal
Dlﬁpcrsmn in Anisotropic Porous Mcdia, Watcr Resources Rescarch 23(11): 2145-2151.

Slichter, CS. , 1905. Ticld Mcasurements of the Rate of Movements of Underground Waters,
US. G cologjcal Survey Water Supply Paper No.140.

Sposito, G., White, R.E., Darrah, P.E. and Jury, W.A. |, 1986. A Transfcr IFunction Model of
Solute Transport Ihrough Soil, 3. lhc Convective- Dlspcrﬁmn Tiquation, Water Resources
Research 22(2): 255-262.

Smith, G.D., , 1985. Numecrical Solution of Partial Differential Fquatmm Finite Difference
Mecthods, Clarendon Press, Oxford, 337 pp. -

Srinivasan, P. and Mecrcer, JW. |, 1988. Simulation of Biodegradation and Sorption Processes in
Groundwater, Groundwater 26(4): 475-4R87.

Sudicky, E.A. and Frind, E.O. , 1984. Contaminant Transport in Fractured Porous Media: Ana-
Iytical Solution for a Two-Member Decay Chain in a Single Fracturc, Water Resources



286

Resecarch 20(7): 1021-1029.

Symons, B.D., Sims, R.C. and Grenney, W.J. , 1988. Tatc and Transport of Organics in Soils:
Model Predictions and Experimental Results, Journal of Water Pollution Control Federation:
60(9): 1634-

Tagamets, T. , 1973. Longitudinal Dispersion with Nonlincar Adsorption in Porous Media,
National Technical Information Service:’3294 578, 93 pp.

Taigbenu, A, et al. , 1986. An Integral Solution for the Diffusion-Advection Tiquation, Water
Resources Research 22, 1237- |

Tang,D.I. and Babu,D.K. , 1979. Analytical Solution of a Velocity Dependent Dispersion
Problem, Water Resources Rescarch 15(5): 1471-1478.

Tanji, K.K. , 1970. A Computer Analysis on the I.caching of Boron from Stratificd Soil Col-
umns, Soil Science 110(1): 44-51.

Taylor, S.R., Moltyaner, G.L., Howard, K.W.I°. and Killey, R.W.D. , 1987. A Comparison of
Ficld and Laboratory Mcthods of Determining Contaminants Flow Parameters, Groundwater
25(3): 321-330.

Taylor, S.R. and Howard, K.W.I". , 1987. A Ficld Study of Scale-Dependent Dispersion in a
Sandy Aquifer, Joumnal of Hydrology 90(1-2): 11-17.

Taylor, S.W. and Jcffe,P.R. , 1990. Biofilm Growth and the Related Changes in the Physical
Properties of a Porous Medium, 1. Experimental Investigation Water Resources
Rescarch,26(9),2153-2159.

Taylor, S.W. and Jeffe,P.R. , 1990a. Biofilm Growth and the Related Changes in the Physical
Propertics of a Porous Medium, 3. Dispersivity and Model Verification, Waler Resources
Research,26(9),2171-2180.

Taylor, S.W. and Jeffe,P.R. , 1990b. Substrate and Biomass Transport in a Porous Medium,
Water Resources Rescarch,26(9),2181-2194,

Taylor, S.W., Milly, P.C.D. and Jeffe,P.R. , 1990. Biofilm Growth and the Related Changes in
the Physical Propertics of a Porous Medium, 2. Permeability Water Resources
Rescarch,26(9),2161-2169.

Thomas, J.L., Riley, J.P. and Israclsen, E.K. , 1972. A Hybrid Computer Program for Predict-
ing the Chemical Quality of Irrigation Return Flows, Water Resources Bulletin - 8(5): 922-934.

Travis, C.C. , 1978. Mathematical Description of of Adsorption and ‘Transport of Rcactive
Solutes in Soil: A Review of Sclected Literature, ORNIL-5043, 14-22.

Travis, C.C. and Etnier, E.L. |, 1981. A Survey of Sorption Relationships for Reactive Solutes in
Soil, Journal of Environmental Quality 10(1): 8-17.

United States Invironmental Protection Agency ( USEPA ), 1985. Water Quality Assessment :
A Screcning Procedure for Toxic and Conventional Pollutants in Surface and Groundwater-
Part I and I (Revised 1985) pp:366

United States Environmental Protection Agency ( USEPA ), 1986. Superfund Public Ilcalth
Evaluation Manual Office of Emergency and Remedial Response, Washington 1).C. 20460.
EPA/540/1-85/060.

United States Environmental Protection Ageney ( USEPA ), 1988. Sclection Criteria for Mathe-
matical Modcls Used in Exposure Asscssment @ Groundwater Models, Office of Tlealth and
Environmental Asscssment, Washington D.C. 20460. EPA/600/8-88/075, May.

Valocchi, AJ. , 1984. Describing the Transport of lTon-Lixchanging Contaminants Using an
Effective K, Approach, Water Resources Rescarch 20(4): 499-503.

Valocchi, AJ. , 1985. Validity of the TLocal Fquilibrium Assumption for Modcling Sorbing
Solute Transport Through Ifomogencous Soils, Water Resources Rescarch 21(6): R08-820.

Valocchi, AJ. , 1986. Fficct of Radial Flow on Deviations from ocal Equilibrium During - -

Sorbing Solute Transport Through Ilomogencous Soils, Water Resources Rescarch 22(12):
1695-1701.

Vallocchi, A.K., Peterson, G.A. and Elnawawy, 0. , 1987. Modcling Sorbing Solute Transport



287

Through Heteregoncous Aquifers on a Supercomputer, Proc.of the NWWA Conf. on Solving
G roundwaler Problems with Modecls, Dublin, O11, 144-1412.

Valocchi, AJ., Street, R.I.. and Roberts, P.V. , 1981, Transport of Ion-Exchanging Solutcs in
Groundwatcr Chromatographic Theory and Ficld Simulation, Water Resources Rescarch
17(5): 1517-1527.

Valocchi, AJ. and Roberts, P.V. | 1983. Attenuation of Ground Water Contaminant Pulscs,
Journal of Hydraulic Engincering 109(12): 1665-1682.

van Beek, C.G.E.M. and Pal, R. , 1978. The Influcnce of Cation Exchange and Gypsum Solu-
bility on the Transport of Sodium, Calcium and Sulphate Through Soils, Journal of ydrol-
ogy 36: 133-142.

van der Zee, SEATM. ct al. , 1987. Transport of Reactive Solute in Spatially Variable Soil
Systems, Soil Science Society of American Journal 23(11): 2059-2069.

van Eijkeren, J.C.I. and Loch, J.P.G. , 1984. Transport of Cationic Solutes in Sorbing Porous
Media, Water Resources Research 20(6): 714-718.

van Genuchten, M.T. , 1974, Mass Transfer Studics in Sorbing Porous Moedia,
Ph.D.Disscrtation,New Maxico Statc University,las Cruces.

van Genuchten, M.T. , 1981. Noncquilibrium Transport Paramcters from Miscible Displace-
ment Experiments, U . Dept. of Agricultural Science and Education Admn., Report No.119.

van Genuchten, M.T. , 1984. Dectermining Transport Paramcters I'rom [aboratory and Ficld
Experiments, Virgima Agricultural Experiment Station, Bulletin 84-3.

van Genuchten, M.T. , 1984a. Boundary Conditions for Displacement Experiments Through
Short Laboratory Columm Soil Scicnee Socicty of America Journal 48 703-708.

van Genuchicn, M.T. , 1988. Personal Correspondence.

van Genuchten, M.T. and Alves, W.I. , 1982, Analytical Solutions of the onc-dimensional Con-
vective - Dispersive Solute Transport Equations , U.S. Department of Agriculture, Technical
Report No. 1661, 151 pp.

van Genuchten, M.T., Davidson, J.M. and Wicrenga, P.J. , 1974. An Evatuation of Kinctic and
Equilibrium Equations for the Prediction of Pesticide Movement Through Porous Media, Soil
Science Socicty America Proc. 38: 29-35.

van Genuchten, M.T., Tang, D.H. and Guennclon, R. , 1984. Somc Exact Solutions for Solute
Transport Through Soils Containing large Cylindrical Macropores, Water Resources
Research 20(3): 335-346.

van Genuchten, M.T. and Wicrenga, P.J. , 1976. Mass Transfer Studics in Sorbing Porous
Media. I. Analytical Solutions, Soil Scicnce Society America Journal 40(4): 473-480.

van Genuchten, M.T. and Wicrenga, PJ. , 1977. Mass Transfer Studics in Sorbing Porous

Mecdia. II. Experimental Evaluation with Tritinm (3112()1), Soil Science Socicty America

Joumal 41: 272-278. .

van Ommen, I1.C. , 1985. The "Mixing-Ccll” Concept Applicd to Transport of Non-Reactive
and Reactive Components in Soils and Groundwater, Journal of Hydrology 78: 201-213.

Veith, J.A. and Sposito, G. , 1977. On the Usc of thc Langmuir Equation in the Interpretation
of "Adsorption” Phenomena, Soil Scicnce of America Journal 41: 697-702.

Vermeulen, T., LeVan, M.D., Hiester, N.K. and Klcin, G. , 1984. Adsorption and Jon
Exchange, In: Chemical Engincers” Handbook, 6th Edition, Robert I1. Perry and Don Green
(Editors), McGraw-Ilill, New York..

Vilker, V.L. and Burge, W.DD. , 1979. Adsorption Mass Transfer Model for Virus Transport in
Soils, Water Research 14: 783-790. -

..Wagner, B.J. and Gorclick, S.M. , 1986. A Statistical Mcthodology for Estimating Transport

Parameters: Theory and Applications to Onc-Dimcensional Advective-Dispersive  Systems,
Water Resources Rescarch 22(R): 1303-1318.

Walter, M.F., Bubenzer, G.D. and Converse, 1.C. , 1975. Predicting Vertical Movements of
Manurial Nitrogen in Soil, Transactions of the Amecrican Socicty of Agricultural Engincers,



288

13(1): 100-105.

Weber, W.J. , 1984, Usc of Fixed-Bed Absorber Madels 1o Predict the Fluxes of Toxic Sub-
stances in Groundwaters and Soil Tnvironments, National ‘Technical Information Ser--
vice:PB84-202(563.)

Weber, W.J. and Miller, CJ. , 1988. Modeling of Sorption of Hydrophobic Contaminants by
Aquifer Materials: I. Rates and Equilibrium, Water Resources Rescarch 24(4): 457-

Whitaker, §. , 1973. ‘The Transport Equations for Multiphase Systems, Chemical Engincering
Science 28: 139-

White, R.E., Dyson, I.S., Haigh, R.A,, Jury, W.A. and Sposito, GG. , 1986. A Transfer Function
Model of Solutc Transport Through Soil. 2. Hlustrative Applications, Water Resources
Rescarch 22(2): 245-254.

Widdowson,M.A.,Moltz,I.J. and Bencficld,1..1D. , 1988. A Numecrical Transport Model for Oxy-
gen and Nitrate Bascd Respiration Linked to Substrate and Nutricnt Availability in Porous
Media ,Water Resources Rescarch  24(9): 1553-1565.

Wierenga, P.J., Shaffer, MJ., Gomez, S.P. and O’Connor, G.A. , 1975. Predicting Tonic Distri-
butions in Large Soil Column, Soil Scicnee Socicty of America Journal 39(6):  1080-1084.

Ych, W.G-G. , 1986. Rcview of Paramcter Identification Procedures in Groundwater Tydrol-
ogy: The Inverse Problem, Water Resources Research 22(1): 95-108.

Ych, W.G-G. and Wang,C. , 1987. Identification of Aquifer Dispersivitics : Mcthods of Analysis
and Parameter Uncertainty, Water Resources Bulletin 23(4): 569-580.

Yuan,P.C. , 1986. Three-Dimensional Finite Element Modcling of Pollutant Transport in Aqui-
fers, Ph.D. Disscrtation,Oklahoma State University,293 pp.



VITA

Abu Nasser Khondaker was born on Dececember 31, 1956 in
Brahmanbaria, Bangladesh. He obtained his Bachelor of Science degree in
Civil Engineering from Bangladesh University of Engineering & Technology
(BUET), Dhaka, Bangladesh in May 1981. He joined as a lecturer of Water

Resources Engineering at BUET after graduation.

He entered King Fahd University of Petroleum & Minerals (KFUPM) in
October, 1982 and obtained h{s M.S. degree in Civil Engineering in May,

1985. Since October, 1982, he was actively involved in Teaching and/or

Research at KFUPM.

He is a2 member of American Water Resources Association (AWRA),
American Society of Civil Engineers- Saudi Arabia Section (ASCE-SAS) and
Institution of Engineers, Bangladesh (IEB).

He is a citizen of Bangladesh.



