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Abstract

The movement of chemicals through soils to the groundwater is a major cause of degradation of water resources. In many cases, serious human
and stock health implications are associated with this form of pollution. Recent studies have shown that the current models and methods are not
able to adequately describe the leaching of nutrients through soils, often underestimating the risk of groundwater contamination by surface-applied
chemicals, and overestimating the concentration of resident solutes. Furthermore, the effect of chemical reactions on the fate and transport of
contaminants is not included in many of the existing numerical models for contaminant transport. In this paper a numerical model is presented for
simulation of the flow of water and air and contaminant transport through unsaturated soils with the main focus being on the effects of chemical
reactions. The governing equations of miscible contaminant transport including advection, dispersion—diffusion and adsorption effects together
with the effect of chemical reactions are presented. The mathematical framework and the numerical implementation of the model are described in
detail. The model is validated by application to a number of test cases from the literature and is then applied to the simulation of a physical model
test involving transport of contaminants in a block of soil with particular reference to the effects of chemical reactions. Comparison of the results
of the numerical model with the experimental results shows that the model is capable of predicting the effects of chemical reactions with very high

accuracy. The importance of consideration of the effects of chemical reactions is highlighted.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Inrecent years, interest in understanding the mechanisms and
prediction of contaminant transport through soils has dramati-
cally increased because of growing evidence and public concern
that the quality of the subsurface environment is being adversely
affected by industrial, municipal and agricultural activities.
Transport phenomena are encountered in almost every aspect
of environmental engineering science. In assessing the environ-
mental impacts of waste discharges it is important to predicate
the impact of emission on contaminant concentration in nearby
air and water [25]. Contamination of groundwater is an issue of
major concern in residential areas which may occur as a result of
spillages of hazardous chemicals, dumping of toxic waste, land-
fills, waste water, or industrial discharges [9]. Hazardous waste
disposal is increasingly becoming one of the most serious prob-
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lems confronting health and the environment. The movement of
chemicals through the soil to the groundwater represents a degra-
dation of these resources. In many cases, serious human and
stock health implications are associated with this form of pollu-
tion. One of the most challenging problems in modeling of solute
transport in soils is how to effectively characterize and quan-
tify the geometric, hydraulic, and chemical properties of porous
media. During the past two decades, attempts have been made to
develop physical, analytical and numerical models for contam-
inant transport through soils considering the effects of different
transport mechanisms. Abriola and Pinder [1] developed a gen-
eral model that addressed the multiphase flow problem and the
transport of organic species. Celia and Boluloutas [6] presented
a numerical technique for the solution of advection—diffusion
type of transport equation. Li et al. [19] developed a numerical
model to simulate contaminant transport through soils taking
into account the influence of mechanisms of the miscible con-
taminant transport including advection, mechanical dispersion,
molecular diffusion and adsorption. Karkuri and Molenkamp
[17] presented a formulation for groundwater flow and pol-
lutant transport through multi-layered saturated soils in one
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dimension. Sheng and Smith [31] used a finite element method
for the solution of the advection—dispersion transport equa-
tion for multicomponent contaminations. Zhang and Brusseau
[45] developed a mathematical model incorporating the primary
mass transfer processes that mediate the transport of immiscible
organic liquid constituents in water-saturated, locally heteroge-
neous porous media. Yan and Vairavmoorthy [42] developed a
numerical model to simulate water flow and contaminant trans-
port through homogeneous partially saturated media by using
the finite difference technique. Kacur et al. [16] presented a
numerical approximation scheme for the solution of contami-
nant transport with diffusion and adsorption by finite volume
method.

Inclusion of chemical effects in solute transport simulation
has continued to evolve although numerous difficulties still
limit development in this field. Rubin and James [29] pro-
vided an early example of a mathematical transport model
with equilibrium-controlled reactions. Rubin [28] described the
mathematical requirements for simulation of several classes of
reaction, and noted the computational difficulties presented by
various systems. Extensive research has been carried out on the
biodegradation of organic chemicals in the subsurface, leading to
methods of approximating some biodegradation effects in trans-
port calculations. Parkhurst et al. [27] provided a mathematical
basis for the incorporation of inorganic equilibrium reactions in
solute transport analysis. A summary of chemical processes in
groundwater is provided by Gillham and Cherry [12] and Cherry
et al. [7]. Ahuja and Lehman [2] and Snyder and Woolhiser
[32] presented experimental results that indicated that a more
detailed description of chemical transport in soil and water was
needed. A review of coupling transport simulation with both
equilibrium-controlled and kinetic reactions is provided by Yeh
and Tripathi [43]. In spite of numerous mathematical models
that have been developed to simulate the migration of pollutants
in soils, still, majority of the existing models concentrate on
either geochemical processes [10,41] or biological transforma-
tions [18,8]. Only a limited number of models include chemical
reactions in soils. Mironenko and Pachepsky [24] simulated the
accumulation of a chemical transported from soil to ponding
water. They considered one-dimensional convective-diffusive
solute transport in water and soil. Their results showed that the
relative effect of diffusion on the accumulation of a solute in
ponding water may be significant at infiltration rates that are not
uncommon in agriculture practice. Wallach et al. [40] introduced
a mathematical model for transport of soil dissolved chemicals
by overland flow. The model can predict water flow and chemi-
cal transport in the soil profile prior to the rainfall ponding and
during the surface runoff event. The model was used to inves-
tigate the dependence of surface runoff pollution and its extent
on the system hydrological parameters. Arsene [4] presented
the migration assessment of (*H '*C and **! AM) in unsaturated
soil as the emplacement medium for the disposal of conditioned
wastes. Gao et al. [11] presented a model for simulating the
transport of chemically reactive components in groundwater sys-
tems. McGrail [23] developed a numerical simulator to assist in
the interpretation of complex laboratory experiments examin-
ing transport processes of chemical and biological contaminants

subject to nonlinear adsorption or source terms. The governing
equations for the problem were solved by the method of finite
differences. The sources for surplus of soil nitrogen, such are
fertilization farm waste disposal and improper agro-technical
management, were studied in controlled field experiments [37]
and in real life farming practice [36]. More recently, Stoicheva
et al. [38] reported results from an experimental investigation
into the nitrogen distribution in geological materials underlying
soils under natural and anthropogenic loading in different agro-
climatic regions in Bulgaria. Osinubi and Nwaiwu [26] evaluated
the nature of sodium diffusion in compacted soils through lab-
oratory adsorption and diffusion tests on three lateritic soils.
Recent studies have shown that current models and methods do
not adequately describe the leaching of nutrients through soil,
often underestimating the risk of groundwater contamination by
surface-applied chemicals, and overestimating the concentration
of resident solutes [33]. This information is vital in evaluation of
existing theoretical models and development of improved con-
ceptual models of transport processes. The high costs, large time
scales and lack of control over the boundary conditions have pre-
vented the development of field scale experiments [13]. Stagnitti
et al. [33] investigated the effects of chemical reactions on con-
taminant transport through a number of physical model tests
on an undisturbed block of soil. Despite the development of
conceptual and mathematical models for the effects of chemi-
cal reactions on contaminant transport, majority of the existing
numerical models do not include the effect of chemical reac-
tions on the concentration and transport of contaminants in soil.
Therefore, the focus of this paper is the development, validation
and application of a coupled transient finite element model for
contaminant transport in unsaturated soils that incorporates the
effects of chemical reactions on the contaminant transport. In
what follows, the main governing phenomena of miscible con-
taminant transport including advection, mechanical dispersion,
molecular diffusion and adsorption are considered together with
the effect of the chemical reactions. The contaminant transport
equation and the balance equations for flow of water and air
are solved numerically using the finite element method, subject
to prescribed initial and boundary conditions. The developed
model is validated by comparing the model prediction results
with those reported in the literature. The model is also applied
to a case study involving measurements of the effects of chem-
ical reactions on the solute transport process. It is shown that
the developed model is capable of predicting, with a good accu-
racy, the variations of the contaminant concentration with time
considering the effect of chemical reactions.

2. Governing equations of fluid flow and contaminant
transport in soil

The introduction outlined a broad range of issues that are
of interest in relation to transport of contaminant in soils. The
problem becomes more complex when the soil is unsaturated.
Unsaturated soil is a multiphase system, because at least two
fluid phases are present: water and air. The governing equa-
tions that describe fluid flow and contaminant transport in the
unsaturated zone will be presented in this section.
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2.1. Modeling of water flow

The governing differential equation for water flow is based
on the conservation of mass of the ground water, leading to [39]:

du ou
e (%) o (57)
= V(KwwVity) + V(KwaVuy) + Jy (1)

Cwa=Cfat+Cva; Cyw =NSaKw;
nSaKea;  ciw=—n(pw — pv)3Sw/3s;  cra=n(ow — py)9Sw/0s;
Kow = pwKwl/yw+Kywow; Kwa=pvKa+ pwKya; Kga=pooh/
OYoY/0sVuy; Kry=—po0hloyoy/dsViy; Kyw = —(DatmsVyn/
owktw; Kya=—(Datms Vvi/ pw)Kta; Jw = pwV(KwVZz) in which
n is the porosity of the soil, Ky, the conductivity of water
[LIT]™!, K, the conductivity of air [L] [T]~!, Sy the degree
of saturation of water, S, the degree of saturation of air, py
the density of water [M] [L]73, py the density of water vapor
[M][L]~3, po the density of saturated soil vapor [M] [L]73,
s the soil suction [M][L]~![T]72, V, the mass flow factor,
uy, the pore-water pressure [MI][L]" T2, u, the pore-air
pressure [MI[L]"Y[T172, Dams the molecular diffusivity of
vapor through air, y,, the unit weight of water [M][L]~2[T] 2,
Y the capillary potential, 4 the relative humidity and Vz is the
unit normal oriented downwards in the direction of the force of
gravity.

where cCww = Cfw + Cyw; Cva=

2.2. Modeling of air flow

The governing differential equation for air flow is based on
the conservation of mass of the ground air, leading to [39]:

Ol uy
Caw W =+ Caa ? = V(Kaw Vity) + V(KaaVita) + Ja
@)

where caw = Cawl + Caw2; Caa =Caal + Caa2; Cawl = —Npda(Hy — 1)
0Sw/0s;  Caal =npda(Hay — 1)0Sw/0s;  Caw2z =1(Sa + HaSw)Cdaw;
Caa2 =N(Sa + HaSw)Cdaas Cdaw = —(Ry/Raa)Ktw: Cdaa = 1/RgaT —
(Ry/R4a)Kta; Kaw = (Hypdal yw)Kw; Ko =Ky Vuy; Ja=
H,p42V(KwVz) in which H, is the Henry’s volumetric
coefficient of solubility, pga the density of dry air [M][L]3,
Ry, the specific gas constant for dry air and Ry is the specific
gas constant for water vapor.

2.2.1. Advection

Advection is the transport of material caused by the net flow
of the fluid in which that material is suspended. Whenever a fluid
is in motion, all contaminants in the flowing fluid, including both
molecules and particles, are advected along with the fluid [25].
The rate of contaminant transport that occurs by advection is
given by the product of contaminant concentration ¢ and the
component of apparent groundwater velocity like vy, vy, etc.
For two-dimensional cases with two components of the contam-
inant transport in the x and y directions, the rate of contaminant
transport due to advection will be [14]:

Fx,advection = UwxC (3a)

Fy,advection = VwyC. (3b)

2.2.2. Diffusion

The process by which contaminants are transported by the
random thermal motion of contaminant molecules is called dif-
fusion [44]. The rate of contaminant transport that occurs by
diffusion is given by Fick’s law. In terms of two component of
the contaminant transported in the x and y directions, the rate of
contaminant transport by diffusion will be [14]:

dc

Fy diffusion = —Dm— (4a)
ox
dc

Fy diffusion = —Dm— (4b)
ay

where Dy, is the molecular diffusion coefficient in the porous
medium [L]*[T]~!.

2.2.3. Mechanical dispersion

Mechanical dispersion is a mixing or spreading process
caused by small-scale fluctuation in groundwater velocity along
the tortuous flow paths within individual pores. In terms of two
component of contaminant transport in x and y directions, the
rate of contaminant transport by mechanical dispersion is given
by

a a

Fx,dispersion = _Dwxxm - Dwxym (5a)
d d

Fy,dispersion = _Dwyxm - Dwyym (Sb)

where Dy, Dyxy, Dwyx, Dywyy are the coefficients of dispersiv-
ity tensor [LI[T]~!. For water phase these coefficients can be
computed from the following expressions [30]:

(aLW - aTW )DWX DWX
v

Dyyxx = UTw [V [8xx + + me(sxx (6a)

(aLW - OlTw)DWy DW'V

|v]

Dy = ary |vwl8yy + + D8y, (6b)

(aLw - OlTw)Dw,C 1_)Wy

|v]

Dyyxy = Dyyy = + D, 8xy (6¢)
where aTy, is the transverse dispersivity (L) for water phase,
ayy, the longitudinal dispersivity (L) for water phase, §;; the Kro-
nekerdelta (§;; = 1 wheni =, §;; = 0 otherwise), |v| the magnitude

of the water velocity (|v] = /72, + D%Vy), 0y the volumetric

water content, Dy, the coefficient of water molecular diffusion
[L]?[T] and vy, and Dy, are the components of the water veloc-
ity computed as Uy, = 4vx /Bw and Vw, = Uy /Bw. The amount of
contaminant in each phase () is denoted by the mass fraction,
which is defined as

mass of contaminant in phase («)

= 7
Do mass of phase («) )
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The standard mass balance equation of contaminant transport
can then be written as [15]

0(Ow pwww)
ot

Fadvection — F dispersion—diffusion
+ AwOw pww = FY (8)

where A, is the reaction rate for water [T]~! and F¥ is the
source/sink term for water [M][L]~3[T]~'. In the transport Eq.
(8), the first term describes the change of contaminant mass in
time; the second represents the movement of contaminant due to
advection and the third term represents the effects of dispersion
(which is assumed to be Fickian in form with the dispersion
tensor given by Bear [5]. In the forth term the contaminants
are assumed to be reactive with a decay rate of (1), and the
right hand side term describes sources and sinks in the equation.
Rather than using the contaminant mass fraction it is often more
convenient to use the volumetric concentration (c,) which is
defined as

mass of contaminant in phase («)
Cq =

= 9
volume of phase («) Pala ©)

In most of the work presented in this paper, the contaminant
volumetric concentration in water will be used. The governing
equation can be rewritten in terms of ¢ by substituting the above
relation into the governing equation:

3(bwew) < 9 N 9 >
ot Ox(vwxc)  9y(vwyC)

a ac ac
- 8736 Dwxxaix‘l‘Dnya*y

0 dc dc w
+$ Dwyyaiy + Dwyxa ew + )\WQWCW =F
(10)

In the numerical model presented in this work sorption of
the contaminant onto the solid phase, in addition to advection,
diffusion and dispersion, is considered.

2.2.4. Adsorption

When a porous medium is saturated with water containing
dissolved matter, it frequently happens that certain solutes, to 1°
or another, are removed from solution and immobilized in or on
the solid matrix of the porous medium by electrostatic or chem-
ical forces. Adsorption refers to adherence of chemical species
primarily on the surface of the porous matrix. The main factors
affecting the adsorption of pollutants to or from the solid are the
physical and chemical characteristics of the considered pollutant
and of the surface of the solid [19]. The amount of sorption is
generally dependent on the contaminant and the composition of
the soil. Using the assumption that adsorption only occurs from
the water to the solid phase, the equation for the water phase can
be modified to include adsorption [15]:

9wcw) S V(vwew) — V(0 Dy Vey)
VwC — C
ot 3t(OspsKacw) v e
+ AwOyew = FY (11)

where Kj is the distribution coefficient. In the case of sorption the
equation for the water phase is modified to include a retardation
factor. The principal assumption used in deriving a retardation
factor is that water is the wetting fluid so that the air phase does
not have any contact with the solid phase [46]. Therefore, the
equation can be rewritten as

Jd(R6
% + V(vwew) — V(Ow Dy Vey) + Awbyew = FY

12)

where R is the retardation coefficient = [1 + 05 0sK4/6w], ps is the
density of the solid phase and 6y is the volumetric content of the
solid phase.

The transport of contaminant in the soil by external and
internal effects will result in reactions occurring between con-
taminant and soil constituents. These include chemical, physical
and biological processes [44]. Most chemical reactions affecting
solute transport can be divided broadly into two groups [46]:

1. Those that are “sufficiently fast” and reversible, so that
local equilibrium can be assumed (i.e., reactions that can
be assumed to reach equilibrium in each locality within the
residence times characterizing the transport regime).

2. Those that are “insufficiently fast” and irreversible, so that
the local equilibrium assumption is not appropriate.

Under each group, Rubin [28] made a further distinction
between “homogeneous” reactions that take place within a sin-
gle phase, and “heterogeneous” reactions that involve more than
one phase. The heterogeneous classes of reactions are the sur-
face reactions (i.e., sorption and ion exchange) and classical
reactions (i.e., precipitation/dissolution, oxidation/reduction or
redox and complexation). This classification scheme leads to
six classes of reactions as illustrated in Fig. 1. The effects of
chemical reactions on solute transport are generally incorporated
in the advection, diffusion—dispersion and adsorption equations
through additional terms [46]. Consider a chemical reaction as

aA +bB=2rR+sS (13)

where a, b, r and s are the valences for ions. A general kinetic
rate law for species A can be expressed as [46]

d
% = a2 4y (14)

where ca, ¢B, cr and cg are concentrations of reactant species
A and B and resultant species R and S, respectively; A and y are
the rate constants for the forward and reverse reactions, respec-
tively; nl, n2 and m1, m2 are empirical coefficients. The sum
of nl and n2 defines the order of the forward reaction while the
sum of m1 and m2 defines the order of the reverse reaction. Eq.
(14) expresses the rate of change in species A as the sum of the
rates at which it is being used in the forward reaction and gener-
ated in the reverse reaction. Certain chemical reactions such as
radioactive decay, hydrolysis and some forms of biodegradation
can be characterized as first order, irreversible processes [46].
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Fig. 1. Classification of chemical reactions useful in solute transport analyses [46].

In this type of reaction Eq. (14) simplifies to:

oc

— = —Ac.
ot

15)

Chemical reactions can be classified into four general types
[20]:

1. Synthesis reaction: In a synthesis reaction two or more simple
substances combine to form a more complex substance. Two
or more reactants yielding one product are another way to
identify a synthesis reaction.

2. Decomposition reaction: In a decomposition reaction a more
complex substance breaks down into its more simple parts.
One reactant yields two or more products. Basically, synthe-
sis and decomposition reactions are opposites.

3. Single replacement reaction: In a single replacement reaction
a single uncombined element replaces another in a com-
pound. Two reactants yield two products.

4. Double replacement reaction: In a double replacement reac-
tion parts of two compounds switch places to form two new
compounds. Two reactants yield two products.

Chemical changes are a result of chemical reactions. All
chemical reactions involve a change in substances and a
change in energy. During a chemical reaction, energy is
either released (exothermic reactions) or absorbed (endothermic
reactions).

3. Numerical solution

3.1. Numerical solution of governing differential equations
for water and air flow

The governing differential equations for water flow (1) and
air flow (2), as defined in the previous section, have two vari-
ables uy and u,; these variables are primary unknowns. The
primary unknowns can be approximated using the shape func-

tion approach as

= ZNSMWS,

where N is the shape function, uys the nodal pore-water pres-
sure, u,s the nodal pore-air pressure and » represents the number
of nodes in each element. Replacing the primary unknowns with
shape functions approximation of above equations, Eqgs. (1) and
(2) can be written as

Uy = Uy = E Nt o
1

ity oit,
V(K Vitw) + V(KwaVita) + Jw = Cow— = = Cua 8;‘
= Row (16)
A . il ity
V(KawVily) + V(K22 Vily) + J3 — Caw—— ot — Caa—— o
= R a7

where Rqw and Rq, are the residual errors introduced by the
approximation functions. A finite element scheme is applied to
the spatial terms employing the weighted residual approach to
minimize the residual error represented by Eq. (16) or (17) and
integrating the equation over the spatial domain (£2°). Spatial
discretization of governing differential equation for water flow
can be written as

Otdys
C
YWor ot

= + Kwwitws + Kwaltwa = fw (18)
where  Cyw = Yoy [ INTCowN1d2; Cwa =30y [,
[NTCyaN1d$2e; Kuww = ezt Jo [VNT(KwwN)]d$2e;
Kwa =0y [o [VNT(KwaN)1dR2e;  fo =0 [o [VNT
(Kwpw V2 d2e = 320_; [1, Nelpwdwn + owdva+owda) A7
in which ¥, is the approximated water velocity normal to the
boundary surface, g the approximated diffusive vapor velocity
normal to the boundary surface, ¥y, the approximated pressure
vapor velocity normal to the boundary surface and I'¢ is the
element boundary surface. Similarly, the spatial discretization
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of governing differential equation for air flow leads to:

Ol vy Ol o
Cawﬁwg + CaaWalq + Kawttws + Kaaltas = fa (19)

where  Caw = Y0 [ INTCawN1d2e;  Caa =>4 [,
[NTCiaN1dR2.; Kaw = Yo—1 Jo [VNT(KawVN)1dS2.;
Kua =0y [o [VNT (K VI1dRe;  fa =30, [o [VNT
(Kywpaa HaV2) dS2e = 370y [1, N paa{Ofn + Dan}dl in
which v, is the approximated velocities of free dry air and v,y
is the approximated velocities of dissolved dry air. Spatially
discretized equations for coupled flow of water and air, given
by the above equations, can be combined in a matrix form as

Uws i Coww Cya l/%ws _ fw -0
Uas Caw Caa Uas Ja

(20)

KWW Kwa
Kaw Kaa

where ltys = Olws/0t and ity = OUag/0F.

A time discretization of Eq. (20) is achieved here by appli-
cation of a fully implicit mid interval backward difference
algorithm. Applying a finite difference scheme [35] to Eq. (20)
will result in:

1
AnH2gntl | gt )2 (W) + 2 =9 (21)

where

KWW Kwa
Kaw Kaa

fw . _ Uws
5] en ]

Eq. (21) can be further simplified to give:

APH1/2 4 prtl)2 -1 B2
At ] [At—C"“/Zl

A=

s

CWW Cwa .
Caw Caa '

C

¢n+1 — |:

3.2. Numerical solution of the contaminant transport
governing equation

Ignoring the source and sink terms (FV) Eq. (12) reduces to:
d(R6c)
ot

The primary unknown can be approximated using the shape
function approach as

+ V(ve) — V(DVe) + Ae = 0 (22)

n n
fc =0t =Y Nfcs; c=¢=Y Ny

1 1
where ¢ is the nodal contaminant concentration and # is the
number of nodes per element. In the present work, eight-node
quadratic element has been used (n = 8). Replacing the primary
unknowns with shape function approximation of the above equa-
tions employing the Galerkin weighted residual approach to
minimize the residual error represented by this approximation

the discretized global finite element equation for single compo-
nent of contaminant takes the form:
M dc

dr

where M = Y [P(6c/AnAy; H =Y [P veBij + DeEjj +
ACAjj; F=>1 N?(ve — Ddc/dxdc/dy + Adc/dxdc/dy) Z;
Ajj = [ NNdxdy; Bjj= [(NON/dxNoN/dy)dxdy; E;j =
f(BN/axaN/E)yaN/axaN/By) dxdy.

Applying afinite difference scheme [35] to Eq. (23) will result
in:

+He+F=0 23)

()"
At
where At is the time step, y a parameter between 0 and 1 and
n and n+1 stand for time levels (¢, and t,+1 =t, + Af). The
solution of Egs. (21) and (24) will give the distribution of the
contaminant concentrations at various points within the soil and
at different times, taking into account the interaction between the
flow of air and water and various mechanisms of contaminant

transport.

M(ec)nJrl _ _|_ H[(l _ )/)Cn + )/Cn+1] + F}’l+] — O (24)

4. Numerical results

The developed finite element model is validated by appli-
cation to two different contaminant transport problems from
literature [17,19]. The model is then applied to a case study
to predict the transport of contaminant in a site in Australia
[33].

4.1. Example 1

In the first example, the developed finite element model is
applied to study contaminant transport through a column of sat-
urated sandy soil including the combined effect of advection
and dispersion. The soil column has a height of 2 m and a width
of 0.02m as shown in Fig. 2 [17]. The results of the numeri-
cal model predictions are compared with those obtained using
an analytical solution [3]. The loading system in this analysis

T
a
v N y=0

Fig. 2. Problem definition.
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Fig. 3. Variation of concentration distribution with time along the column.

involves the concentration of pollutant, c, picked up by the flow
from the base of the column and distributed with time in the
vertical direction. The pollutant influx has the form of a pulse
entering at the bottom of the soil column and moving upward
from the base under the effect of vertical groundwater advective
velocity vy = 107> m/s. The soil has a porosity of n=0.35.
The numerical analysis of the advection and dispersion of the
pollutant in the vertical column with D=10""m?/s and a time
increment of Ar=2 x 10*s is illustrated in Fig. 3 in the form
of concentration profiles at different times (=2 x 104, 4 x 104,
6 x 10* to 1.6 x 10° s). This figure indicates that the pollutant
is flowing upwards in the column with the groundwater. The
maximum concentration is decreasing gradually from its ini-
tial value of the infiltrating mixture (co =1 mol/m3) due to the
effect of advection and dispersion while the width of the pulse
increases. The results of the finite element analysis are compared
with those of an analytical solution proposed by Appelo and
Postma [3] as
M

T 25
‘ 7Dt exp—((—30)*/4D1) (25)

where ¢ is the tracer concentration in (mol/m?), M in mol/m? of
cross sectional area normal to the flow, is half of the total mass of
the pollutant entering at (y =0) during (¢ > 0), D the coefficient
of hydrodynamic dispersion in (m?/s) and yj is the location of
the maximum concentration which is (yo=0) at (r=2 x 10%)
[17]. The numerical and analytical solutions are shown for
three times steps of (r=4 x 10%, 1 x 10°> and 1.6 x 107 s) in
Fig. 4. Comparison of the results shows a very good agreement
between the results of the numerical model and the analytical
solution.

4.2. Example 2

To illustrate the capabilities of the model to predict the effects
of other mechanisms of contaminant transport, another example
involving the combined effect of advection, diffusion—dispersion
and adsorption is considered. In this example a one-dimensional
transport of a contaminant through a bar, 30 m long and 1 m high,
is considered. The bar is subjected to an initial Gaussian contam-
inant distribution of amplitude ¢ =1 centered at x=5.0m (see

1
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Fig. 4. Comparison of numerical and analytical solutions.
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Fig. 5. Problem definition.

Fig. 5) and the boundary conditions are ¢ = 0 on the left and right
boundaries and zero flux on the top and bottom boundaries. A
steady and uniform intrinsic velocity field with vy, = 1 m/s is
assumed over the bar. In the first case, only the transport of the
contaminant by advection is considered. Fig. 6 shows the distri-
bution of contaminant concentration along the bar at times ¢ =0,
10 and 20 s. It is shown that the results of the developed model
are in close agreement with those reported by Li et al. [19] for
this example. To illustrate the capabilities of the model to pre-
dict the effects of other mechanisms of contaminant transport,
another case involving the combined effect of advection and
diffusion—dispersion is considered and the result are shown in
Fig. 7. In this case, the same initial Gaussian distribution of con-
centration, as in the previous case, is considered together with

FEM-Model
_____ Li et al. (1999)

0.8+

0.6

0.44

contaminant concentration

0

012345678 91011121314151617 1819 20 2122 2324 25 2627 282930
coordinate X (m)

Fig. 6. Concentration distributions at =0, 10 and 20s.
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Fig. 7. Contaminant concentration distributions at (=0, 5, 10 and 20s) for
advection and diffusion—dispersion.

additional diffusion and dispersion parameters including the lon-
gitudinal dispersivity for water phase a1, = 0.5, the coefficient
of water molecular diffusion Dp,, = 0 and the reaction rate for
water phase Ay, =0. Fig. 7 shows the distribution of contami-
nant concentration a long the bar due to the combined effect
of advection and dispersion at times t=0, 5, 10 and 20s. It is
seen that the distribution of the contaminant concentration con-
tinuously decreased from the initial amplitude of c=1 due to
the effect of the dispersion mechanism. Fig. 8 shows the dis-
tribution of contaminant concentration along the bar due to the
combined effect of advection and dispersion at time r=10s.
Again, it is shown that the results of the model are in very good
agreement with those reported by Li et al. [19] for this case. To
investigate the effect of adsorption, a third case involving the
combined effect of advection, dispersion, diffusion and adsorp-
tion is considered. The result for this case is shown in Fig. 9.
Again, the same initial Gaussian distribution of concentration,
as in the previous cases, is considered together with additional
adsorption parameters including volumetric content of the solid
05 =2.7 and distribution coefficient K4 =0.01. Fig. 9 shows the
distribution of contaminant concentration along the bar for two
cases of with and without consideration of adsorption. It is shown
that, as expected, adsorption has caused additional decrease in
concentration.
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Fig. 8. Concentration distributions at r=10s for advection and diffusion—
dispersion.
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4.3. Case study

The developed finite element model is also applied to a case
study. The case study involves a physical test, conducted by
Stagnitti et al. [34], to study the combined effect of advec-
tion, diffusion—dispersion, adsorption and chemical reactions
on contaminant transport. In this experiment a large, undis-
turbed soil core (42.5cm x 42.5cm on plan and 40 cm deep)
(see Fig. 10) was extracted from a farm located about 300 km
west of Melbourne in Australia. The farm was used primarily for
beef cattle grazing, and superphosphate had not been applied for
approximately 25 years [34]. In the experiment, a multiple sam-
ple percolation system (MSPS) was used to sample moisture
and chemicals leaching from the soil core. The system con-
sisted of a metal-alloy base-plate that was shaped into 25 equal
sized collection wells (funnels). The soil core was irrigated by
a purpose-built drip irrigation system.

The area coverage, speed, and direction of irrigation were
adjustable and were controlled such that the irrigation system
could deliver a constant and uniform application of water and
soluble nutrients on the soil surface. The soil core was irrigated
with distilled water for several months prior to the application of
the nutrient solution. An irrigation rate of 2.82 ml/min, compa-
rable with the mean daily rainfall for the region, was uniformly
applied to the surface of the soil core. A solution containing
0.1 mol of NaCl, 0.01 mol of KNO3 and 0.1 mol of KH,PO4 was
prepared. A total of 1967 ml of this solution was irrigated on
the soil surface. Following application of this solution, distilled
water was irrigated on the soil surface at the same rate for 18
days. Leachate solutions were analyzed for chloride (Cl), nitrate
(NO37), and phosphate (PO437). The daily leachate concentra-
tions collected from each of the 25 individual collection wells
were aggregated to calculate a total daily concentration for the
entire soil core for each ion for each day of the duration of the
experiment. Samples were collected every 12 h from wells that
drained more than 50 ml. Wells that had less than 50 ml were
left until at least the next collection period, 12 h later.

The developed finite element model was used to simulate
the percolation of the solution through the soil block in the
experiment. The results of the analysis are shown in Figs. 11-13
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Fig. 12. Breakthrough curves for nitrate (NO3 ™).

in the form of variations of concentrations of chloride, nitrate
and phosphate in the soil with time. The figures include the
experimental data from the tests conducted by Stagnitti et
. al. [33]. The initial solute concentrations (cp) in the irriga-
tion were co-Cl = 6186.10mg/1, c¢p-NO3 = 273.65 mg/1, and
co-PO4 = 4724.10 mg/1 [33]. Using these values and assuming
: that C1 behaves as a conservative component, a chemical reac-
tion coefficient of A =0 (no reaction) and a retardation factor
| | MSPS of R=1 (no adsorption) were used in the finite element model.
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Fig. 10. (a) View of the multiple sample percolation system (MSPS) [34]. (b) 0.00E+00
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Fig. 13. Breakthrough curves for phosphate (PO437).
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Fig. 14. Variation of relative concentration with time for different rates of reac-
tion for nitrate (NO3 7).

Also, a water velocity of v, = 0.051 m/day and dispersion coef-
ficient of the pollutant in the vertical column D =0.006 m?/day
were used [33]. Fig. 11 shows the solute breakthrough curve for
chloride (Cl) at the bottom of the multiple sample percolation
system (MSPS). It is shown that the results of the developed
numerical model are in close agreement with the experimental
results reported by Stagnitti et al. [33]. The predicted break-
through curve (BTC) for nitrate (NO3 ™) using the finite element
model is plotted in Fig. 12 together with the experimental data.
In this case, the adsorption and reaction of NO3 ™ are possible
and therefore, R and A take non-zero values. Values of R=1.06
and A =0.035 day_l are used in the finite element model, indicat-
ing a small adsorption and significant reaction rate, as indicated
by Stagnitti et al. [33]. The results of the numerical model pre-
sented in this paper are in close agreement with the experimental
results. Fig. 13 shows the breakthrough curve predicted using
the numerical model for (PO4>~) together with the experimen-
tal results. The values of R=8.117 and A =1.781 are used in
the model. These values, which were suggested by Stagnitti et
al. [33], indicate very strong adsorption and quick reaction. The
results show that the numerical model predicted the changes
in concentration of PO43~ with time reasonably well consid-
ering the scatter in the experimental data. In this experiment,
three different chemicals with different degrees of retardation
and reaction were considered and the model predictions are in
close agreement with the experimental results. This illustrates
the robustness of the developed finite element model in simulat-
ing the effects of chemical reactions on contaminant transport
process.

4.3.1. Sensitivity analysis

Sensitivity is a measure of the effect of change in one factor on
another factor. The sensitivity of a model dependent variable to a
model input parameter is the partial derivative of the dependent
variable with respect to that parameter [21,22]. Figs. 14 and 15
show the effect of the chemical reaction coefficient (1) on
concentration breakthrough curves for nitrate (NO3 ™) and phos-
phate (PO437) respectively, at an observation point. It can be
seen that chemical reactions play a significant role in transport
and changes in concentrations of NO3~ and PO4>~ with time.
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Fig. 15. Variation of relative concentration with time for different rates of reac-
tion for phosphate (PO437).

In both cases, the peak of the concentration curves rises with
decreasing the value of the chemical reaction coefficient (1).
This analysis indicates the importance of consideration of the
effect chemical reactions in modeling the transport of reactive
contaminants in soils.

5. Conclusions

One of the most challenging problems in modeling of solute
transport in soils is how to effectively characterize and quantify
the effects of chemical reactions on the transport process. Recent
studies have shown that the current models of contaminant trans-
port analysis are not able to adequately describe the effects of
chemical reactions. Furthermore, the effect of chemical reac-
tions on the fate and transport of contaminants is not included in
many of the existing numerical models for contaminant trans-
port. This paper presented a coupled transient finite element
model for predicting the flow of air and water and contaminant
transport in unsaturated soils including the effect of chemical
reactions. The model is capable of simulating various phenom-
ena governing miscible contaminant transport in soils including
advection, dispersion, diffusion, adsorption and chemical reac-
tion effects. The mathematical framework and the numerical
implementation of the model were presented. The model was
validated by application to two test cases from the literature and
was then applied to simulation of a physical model test involv-
ing transport of contaminants in a block of soil with the aim
of studying the effects of chemical reactions on contaminant
concentration and transport. In the experiments, three different
chemicals with different degrees of retardation and reaction were
considered. The numerical results illustrated the performance of
the presented model in simulating the effects of different phe-
nomena governing the transport of contaminants in soils. The
finite element model performed well in predicting transport of
contaminants through the soil with and without inclusion of the
effects of chemical reactions. Comparison of the results of the
numerical model with the experimental results shows that the
model is capable of predicting the effects of chemical reactions
with very high accuracy. The sensitivity analysis highlighted
the importance of consideration of chemical reactions in model-
ing of contaminant transport in soils and showed that chemical
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reactions can have a significant effect on the concentration of
contaminants in soils.
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