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PREFACE

Water Rescoource projects can be bLetter planned snd monaged 1o

ensure more reliahle water availability and efficienil water un

in the agricultural sector, mitigate fldod damage and  conteed

warber palToation and sinmT Laneonsly vealiees adyeasos cv b ronmend, ol
/

and =ocial impacts such as prevention of development, of  watey

Togging  and  salinity, reduction in the spread  of  water horne

diseases and proper rosettlement of displaced people. Fnvirenmen

tally sound waler management should be able to address  and  pe

solve all these issues simultaneously.

Tn the ecosystem, impacts are nsually complex and one fmpoe
may lead to another resulting in chain actions =l a  major may
often are to a combination of factors. Various ! sies of  water
related activities can cause beneficial or adverse impscls on th
environment. These activities may include land T e, faeN

$ 2 »

struction, waler impoundment, water channelization Tloex]  1land
'
alterations and changes in land use patterng.

Water Quality s a very lmportant  consideralion For  all

water development projects as it aflects all aspecls of water use

vith regard Lo valer quali bty in reservoirs and 1akaon  an ander
standing of strabificalion and its effects are mssential, Mgy
enltural, industrial and human settlement, development sronnd the
new water project area may excerhate the [':r'ublr“-m of water Quality
deterioration. Whilst inspection of the availalle data ecan Lo
vide a strong insight into a potential pollution hazard, the use

o f mode] s may L‘)‘n’“f‘lf{l:' MmO re .'!L‘ul_\y'pl_-.\-},'..I';:. aned ri TEARBATE: ppes e iy
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problem involves the correct interpretaﬁion af the results.

In physical modelling, it is\necessary to identify physical

b
laws that introduce the idea of similarity and dimensional homo-
geneity. These physical laws apply equally to the behaviour of

model and prototype. The ideas of similarity can be formalised

mathematically as geometric, kinematic and dynamic similarity.

The Yidea of dimensional homogeneity expresses the fact that
most people intuitively accept the idea of homogeneity or harmony
within an equation. Dimensiconal homogeneity must be true for any
equation whichf purports to describe a set of physical events.
From‘\dimension;l homogeneity it can be argued that dimensional
relationships are arbitrary, since magnitudes depend on the
choice of units.. For this reason, an equation which is a state-
ment of al-phksical law is often used in dimensionless form.

Dimensionless equations are completely general, and are therefore

frequently the basis for the representation qf experimental data.

Mathematicéi Model

In a mathematical model, the system is represented by a set
of  equations Dbetween the variables and parameters, and these
aquations ‘may be connected by statements. Mathematical models

are functions which represent the behaviour of a physical system.
e 3

Mathematicallmddels based on simplified concepts of physical
processes may be either Deterministic or stochastic. If any of
the variébles'in;éﬁ.equation are regarded as random variables,
having a probability distribution, then the model is a stochastic

model; stochastic, rather than statistical, to emphasis the time

fean i, Nie

=
e 3




dependence of the variables related by Lhe model. If all the

variables in an equallon are regarded as free from random varia-

tions so that none is thought of as having a probability distri-
bution, then the model 1is regarded as deterministic. Tn the

stochastic approach, .uncertainty by way of probability laws 1is
woven into the fabric of hydrodynamic and phencomenclogical rela-
tions which define the mean value bshaviour of a system with zero
mean sSquare error. -Tf the chance of occurrence of the variables
involved in such a process is igneored and the model 1s considered
to follow definite laws of certainty but not any law Gf probabil-
ity, the process and its model are described as deterministic.
On the other hand, if the chance of wccurrence of the variables
is taken into consideration and the concept of probability is
introduced in formulating the model, the process and its model
are  described as stochastic or probabilistic. Models may be
storchastic or deterministic and may Ee linear or non-linear. The
usage of the term linearity has at leéast two meanings; if the
model 1s linear in the system theory then, the principle of
superposition holds. However, linearity has an alternative
meaning, the model 1is linear in the stochastical regression
sense, 1f it is linear in the parameters to be estimated. Deter-

ministic models can further be classified intoe lumped models . and

distributed models. A  lumped model takes no account of the
spatial variations in the parameters. A distributed motel de-

seribes the spatial.variability in the parameters and it takes

account of the spatial distribution in the input variables.




Water Quality Modelling

\
The more developed areas of the world try to achieve region-

al water quality goals by reducing the discharge of contaminants
into natural water, or improving the quality of waste waters, or
limiting economic activities and economic development in a par-

se responsible for the formu-

D

ticular region ior river basin. Th
lation and adoption of water quality plans or management policies
mast have means of estimating and evaluating the temporal and
spatial economlic environmental ecological impact of these plans
and policies. ,This need has stimulated the development and
application of., a wide range of mathematical and physical modall-
ing ' techniques for predicting the impacts of alternative p@1]u¥

tion control plans,

It is impossible in a physical model to simulating gradients

of  pgrowth rate or decay rate of bacteria and biological activi-

tles in a water body, or toc a model correctly mixing the disper-
sion, Hence, the general tendency towards the mathematical

modelling approach.




2.9 MODELLING PROCEDURE

%
2.1 GENERAL
The modelling procedure can be divided into two stages The

first stage is termed the "a priori" stage which derives a set of
relationships from the ensemble of general theory for a specific
water body. The second stage is called the "a posterior" stage
which demonstrates the good or bad approximation of the hehaviour

5f that model to the observed behaviour of reality.
A Priori Stage:

The "a priori" stage c:n.be visualised as follows:
(a) Ooals and Objectives

The goals and objectives determine the nature of the model.
Our attituds is net ons of sesking a;universal'modal to solve, in
general, all manner of problems. The goals and objectives can be
distinguished by two broad categories such as research and man-
agement. In a research context a model has to provide indicators
for further fruitful directions of investigation. (An awareness
of immediate use for the model). An essentially research orient-
ed  model may nevertheless be used to make forecasts about the
probable future behaviour of the system. In a management éon-
text, the immediate application of the model must bhe known and
carefully =zmpecified. Management of water aquality has tradition-
ally been understood’ to mean long range planning, the design of

treatment facilities or the problem of legislation for discharge




Conceptualisation

consents and standard setting.
(b)
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temporal dimension Intno ranges of qulekly and  slowly changing
varlations=.
A
The formilation of the model also comes und=r the conceptu-

alisation

water quality characteristics and

tions have to be chosen. The most

Fl"i] -} OWs

(1) Measured input disturbances

The measured input disturbances

Comprise

xyvgen  demand, suspended solids and

tion etc.

(2) Unmeasnred (unknown)

exXpressions

s
the recorded day to day variations

The relevant variables for description of the desired

for. their interac

probable  variables are as

for forcing functions might

of total biochemical

ammonia nitrogen oconcentra-

input disturbances

A  predominant characteristic of the unmeasured inputs is

that they will generally be expected to exhibit a random varia-

!ri-]j?',},«'.

(3) Btate variables

The state variables

behaviour of a process as a function

(4) Measured output variables

The measured output variables

some of the process state variables.

the essential properties . and

of space and time.

are merely measurements of



() Measurement errors
'n
These variables represant, the random ad s¥astematic HeEasure-

ment. arrors that derive from process instrumentation, and labora-

Analysis, Suich errors are inherent o oall s s P e e o f

These are coefficients that appesar in the system model. | The

desirable  property of these parameters is that they  should  bhe
i
invariant with time and space or btrul:

—
s—n
—

0 &

by

property will be shown te be an extremely important featurs

certain aspects of model development and analy=is.
() Belection of model type

(1) HResearech or management models

In  the research context, a model has to provide indicators
for further fruitful directions of investigations A Aawareness
wf Lhe ilmmediate use for the model is not necessary boefore the
study 1is undertaken. Rather the concise representation of the
"apriori"” and measured information that the modﬁf offers and the

wmsibility for a galn in comprehension of sysbew bahaviour, . are
of  primary importance Essentially, research oriented models

may , nevertheless be used to make forecasts about the probable

futurs behaviour of the system.



[ 1 v management context, the immediate application of  the
model wast he known and cgrefully specifiod. Management of waler
mality has traditionally been understood to mean  long  range

slanning. The design of the braatment facilitiecs or the problem

A distribnted parameter model i e in whish vardiatlon: !

il Lhe quantities (meazared inpnt listurbhanees LLRIDE A S e

disturbances, state variables, paramcters, measured errors and
e -?VW‘E’ A1t rnsidered Lo be oontinnous fanetions of

i el space This form of model arises rather naturally in
Lthe analysis of waterd bodies It is probably the most accurate
Form of model, that one might use to descrilbe the hehaviouny of
quality in a water body, penerally accounting for variations in
the three orthogonal directions. It is also a difficult form of

odel 1 solve. The distribunted paramster model {5 usnally

e+ T L ne=td Loy 1’-'-}‘1"1"1‘!‘ differential esqgquation

i

In a lumped parameter model, parts of bhe system ar RETTRETS

rtain Eindd B E{IL of water brovd y

wilithdsn =rtain bounded

—h
W
-

bt

camed  to be uniform  and independent of within the

lefined volume. The lumpsd parameter model is [requent.ly  ex

fovrm

ressed in ordinary differential equation




(1) Linear or non-linear models

3
Generally, distributed parameter models and lumped parameter

mioade: ] ars non-linear models., A special case of  the general
lass of aon-linear models is the linear model. The tendency of
the: analyst is to strive te obtain a linear .votem model, becauses

Vineas mede] olieys the vrincipls= of  superposition and  many

powerful techniques are available for the comprehensive analysis

of such models.

(4) Stochastic or determiniztic models

7

A deterministic model with i npul. disturbances and random
Mes A s emend errors will give rise to a stochastie model . The
sassumption of a deterministic model is tantamount to the assump-
tion Lhat  one has perfect knowledsge of the behaviour of the
system or the future response of the svslem 1s completely deter-
mined by & knowledge of the present state and future nmeasured
input disturbances . Deterministic models are widely used in
studying the water quality of lakes,rivers,estuaries and other
types of water resources . These models taking into account the
physivu},chﬁmical and biclogical processes inside the system as
weell as the fluxes of matter and energy across 1ts boundaries,are
intended to serve as research tools and a basis for water re-
sources management . Deterministic water quality models must be
hased o1 the following principles; the conservation of
mass,conservation of energy,boundary and initial conditions,and

laws governing chemical ,biochemical and hioloagical processes and

H econd lJaw of thermodynamics




(H)

Dynamic or steady state

»
This is the most significant distinction that can  be

drawn, since it often furnishes the dividing line in choosing  the
by F model best sulted to a particular problem. A steady
state madel can be derived by assuming all variables and parame-
ters to be independent of time. Choosing a steady state model has
an  advantage of simplifying computational efford through  the
limination of the independent variables in the model relation-
hips  for example, a steady state moedesl may be used Lo estimate
the:  average spatial variations of the quality of a river
ystem,computed for an average time invariant sel of waste waler

discharges and bemperature and stream flow rate conditions.

Tf all variables but the stream dizscharge are held constant
with time, then the model is5 called a dynamic model. The  tTime
varying disgharge implies that water quality at any fjxﬁd spatial
tocation 13 not in a steady state., A typical example of a dynam-
i model application is that of examining over a period of years,
the response of a 1.A=irkri acological aystem after installation of

natrient removal treatment at an adjacent waste treatment plant.
(BY Tntornally descriptive or black bey meoded s

The two extremes of the spectrum of models are ths internal-
ly descriptive model at one end~and black box model is closely
issociated with a "a priori” informatlon and with the deductive
reAasoning process, The internally desariptive model, characte-

rises how the inputs are connected to the states and how in  turn

11



the states are connected to sach other and to the ocutputs to  the
system  and provides the desceription of the internal mechanisms.
The: Black box model is wah more oriented toward a "a posteriori’
y o rug el Lo (IL
nly b hangens the inpuatl disturbances will eaffect i Lh
otpt Pesp &u:aa and deals only with what is m=asurable, that 1s-

fnputs and outputs.

() Computational Representation

[ is unfortunste thal all water gual ity models are ot

sl Ficiontly simple to vield an analytical solution requiriog

nothing  more  than pencil and paper Tn general, it iz found
Lhat onr analyses are strongly tiéd b Lthe solntion of differen-
tial equations and if not squations are émp]oyed such that they
e reecvdLly amenable to Lhe recarsive functions of the modern
tigital computer. Hence, numerical solutions of ordinary differ-
ential =quation have become so0 common that the techniques for
el iolution are a regular  features of standard mathematical
Lexts ., The analyst should be prudent enough to check the degree
v numerical error in his model solutions The solution for
partial differential equations is not 30 straight forward. Hence,
the differential equations are  transformed into an approximate
set of Jdifference equations. In this case, the character of a

mode]l  wmay depend apen how the differential squations ars trans

Formed into difference =squation.




A FPosteriori Stage

(a) Calibration and Verification

Model calibration is performed using one or more observed
data uets of both inputs and outputs. The wmaodel parameters  and
indeed the model ttself are adjusted or modilfisd s0 as to  pro
duce  an output that is as close to the actual observed water
quality as 1s peossible. This i1s usually a subjective Lrial and

reor  procedure, again reflecting the art more than the seclanece

o
of wmodelling

']'h—'r:‘ main aim of the "a posteriori” phaszs of the modelling
procedure 13 centersd upon the retrieval wmanipulation and  re-
.structuring of measured information. .Thu question is how can ue
translate information about the external deseription of the
system into informatien about the internal description of the
system, obtaining estimates of parameters and a prediction of

‘bate variables.

With restricted computational fagilities and very complex
models, it is hard to say anything pesitive about the likelihood
of success 1in the application of technigue of calibration and

verification.

The most common procedures already applied to water qguality
figrackes o 25 SR o o 3 ey bes e Fass L b ‘ eraan el s bk i vt
srror  simalation and least square estimatbiocn, The  Lrial  and
crror method is an informal procedurs whereby the analyst starts

with some model structiure and set of associated paramaeter values,

that, the simulated performance  of the model is compared with



the observed behaviour of the system under study. Tt the mmdel‘
i}
1s found to bhe inadequate in its characterisation of reality, the
analyst may decide simply to adjust some of the parameter values
an ad hoc basis until the desired performance is obtained. Mn
the other hand, the model may be 30 much in srror that the ana-
lyst 1s required to alter the structure of the relationship
between the variables accounted for in the model. The least
squares deviations between actual measurements and the output of

the model. Methods such as maximum likelihood and Markov and

Kalman filters are also used to estimate parameters.

Verification is associlated with the "a posteriori" phase of.
'thq modelling procedure. Model verification.requires and inde-
pendent set of input and output data to test the calibrated
model. The verification data must be independent of that used to
calibrate the model. A model is verified if the model prediction
for a range of conditions, compares favourably with observed
field data. Here, again the criterial for deciding whether or
not model output and field data are essentially the same for the
same output conditions are largely subjective. Satisfactory
comparison depends on the néture of the problem, the type of
model developed and its purpose, and the axtent and the reliabil

ity of available input and output data.
(b) Validation

Validation stands at the point of transition between model

development and the application of the model to problem solving.




Trrespective of  the benefits of model development in  terms of

acquiring, understanding Ybr as a framework for organising and

interpreting  experimental data, the ultimate teslt of a modeal I s

whether it ecan be believed as a mechanism for prediction of
conditions expected in the future that would L substantially

different from those observed in the past.. The validation is the

testing of the adequacy of the model against 4 second independent

set of field data and thus entails the design and implementation

of new experiments. usually, a model  cannol be completlely

validated,; the validity of the model can be detsrmined by the use
/!

of statistical hypothesis testing (Schuspps, 1988).
2.2 (roundwater Modelling

Most groundwater models express nothing but a balance of A
considered extensive quantity e.g. mass of water, mass of a

solute and heat.

The first step in the procedure of mbdeling is the construc-
tion of a conceptual of the problem and the relevant aquifer
domain. The conceptual model consists of a set of assumptions
that reduce the real problem and the real domain 1s simplified
versions  that are acceptable in view of the objectives of the

modeling and of the associated management problem. The assump-

tions should relate to such i1tem as:
the geometry of the investigated aquifer domain,

the kind of material comprising the aguifer (with reference

to 1ts homogeneity, isotropy =tc)



Lhix resence of assumed sharp fluid fluid boundaries, such

s a phrastic surface or a freshwater - saltwater interfzcs
state variables area or volumse over

which the averages of such variables zre taken

sounrces and sinks of water of relevant pollutants, within
the domain and on its boundaries [(with reference to their approx-
imztion 2z point sinkz and scurces or d ones), and

1 ~onditiong on the boundaries of the considered domain,
that sxpress the way the latter interzots with its surrounding.

Usually, the conceptual is expressed in words as a set
cf assumptions Actually, this set ¢f assumptions constitutes
the " of the model being developsd In principle we should
not use a ready-made model for z given problem, unless we have

conoaptual

i

i

hat indeed out problem

model
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of the mcmentum balance.” In the.

continuum approach, subject to certain simplifying assumptions

\F



: =gligitls internal Friction iv tha = 5 =5 ix]
eyt =B :'.h_ * % 3 o oyray E—;—a TOmayY + = = = ey ad

b L lnEny ction eguaticn Xk ws Davcy e lag St
Elp equation for fluid flow in porous medis bt 2, i1
feal FIoat s oy it is also applicable te o Igiphzss €] A :
air-water in the unsaturated zone

In the passage from the rezl system Lo the conceptunal nmodel
nd then 1 the mathematical one, varicous o efficients of . trans
port and storage of the considered extencive quantitiezs are

introduced, The permeability of a porous mediun agulfer trans-
$ 3 - 3 s B | T (50 : A4 Ee : [
missivity » aquifer storativity and porous medium dispersivity

are  examples of coefficients that EXPress the magroscopic
effects of +the microscopic configuration of +the sclid-flu

interfaces of a porous medium. They are introduced in the pas-

ic continuum, one.  All these coeffici

D

nts are coefficients o
., and therefore, in spd ite of the similc
names in different models, their interpretation and actual values

may differ from one medel to the next.

Obviously no model can be employed in any particular case

of interest in a specified domain, unless we known the al

values of all the coefficients appearing in it Estimates of
hs

natural re;lenislm@ﬁt and a priori unknown location and typs of

boundaries may be 1ncluded 1n the list of model coefficients and

parameters that have tq be identified. We refer to the activity
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identifying ese model coefficients =2s the identification prob
= N ) 2
o b e fox idered model is L7 start iz tigating
4 . " 4 e syre * o "'.;5""" + £ Ty - 'L + Ty = 2 s+
3 3 A
itk gl 1T B frrmetion is available on i) initial conditions of
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puriping and artificizl recharge {quality and g 3.5 3
s S 1 4 1 IS SN T = T V334 anst o R B el l S A 3 t‘(.g\s- A gy
replenishment, introdiustion of pollutants, or changes in DoUNGary
P Fo o P g s "y - rat 3 e £ 3 -y Y . F 1. rotoan
conditions, and ‘iii)} observations of the resp e of Lhe s ten
P : o TR - e A o sammd Y A4 ol § @ E o o e b
S&j5 in the form of temporal and spatial distributions of state

variables e.g. water levels, solute concentrations and land
subsidence. I1f such period (or periods) can be found, we (i)
impose the known initial conditions on the model, (ii) excite the

model by the  ¥nown excitations of the real system and (1ii

some. trial values of the sought coefficient

n
=
i
,—+
o
T
0
B
=3
Le]
LL‘
H
i

the response observed in the r=al systsem with that predicted by
sodel . The sought values of the coefficients are those that

will make the two sets of values of state variables identical.

However because the model is only an approximation of the real

system, we should never expect these itwo sets of values to be

identical. Instead we search for the “bhest fit® Tbhetween +then

3¢
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alues thzt will make the predicted values and the measuresd

ones sufficiently LlOSP tu .each other. ODVlOUal 5

ﬁﬁéH coéfficie:€s eventually ac“eyteu‘as
depend on the criterial selected for “goodness of fit~’ 7betuee
the observed z2nd pregicted values of the relevant state varia-
bles. These, in turn, depend on the cbjective Gf the modelling

Some techniques use the basic trial and error method described

ods. In some zsthods, a ﬁriori estimat-
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1 as informaﬁian about lowef and
urrer bounds sre introdqqed. ‘'In addition to the question of
selecting the appropriate criteria, there still remains the
quéstioﬁ of the conditians ‘under which the “identification *prob-
lem, . also called the inverse preblem will .result. .in a -unique

sclution.

Once a nmathematical model has been construéted in terms of
relevant state variables it has to be solved for cases of pract
cal interest for example, for pPlanned pumping, or artificial
rechargs or Zeor anticipsted spreasdineg of a  pollopgant froen
potentia sourz= of pollution in the considered agquifer domzl
The pr=Ffzrab’ sthed of solution is the anzalytical one, hees

wea auch a sol . tion is derlved, it ¢3n be emploved for 2 wvaristy
3f planned, or apticipated situations. However, in most cases i
practical intzrest, this method is not feasible because of +ha
trregnlary shas- of the demain’s boundaries, the hetercgensisy 3
she dopadn, =gzrassed 213 the form of spatial distributions 14

4 afficients, and the Irregula
tures and spatizl ‘distributions of the various excitations. or

2D



+ i}
[ % 2]
b —vm
cial
181 ao
10, ag

e
= bz '.,'a..
£ ey

Tl nTtal e

4 vy

P TG, 1
Quallity

1 demand % parts’ of -th
» and with the intensification of water utilization, :
Tty problen becomes the limiting factor
se of water. resources Although in some i
f beth surface and groundwater resources deteriorates, sp=
should be devoted:-to the pollution of =
uifers due to the very slow velocity of the water and to =
bility of an interaction of the pollutants with the "=s0lf
% - AFthoagh it may'seeﬁ that groundwater i= more protects
surface water, it is till subject'to pollution, and when *I

4 g =YY . g 3 4 3 i | =
%, sually more difficult and lengthy.
The term “gquality ™ refers either
f heat or nuclear radiation or to materizl
N . ;
atar erials dissolve in water,
arriad wit} 1 oy iy SusTaT I~y (24
D 1T é L3 e -
¥ . polluting nstibuents and new n i
tt narket =avery day groundwater gualit:
; ¥ g 3 ]
>f hundreds of parametsr The relevance
3o lamar A - ~ L a EFhat = e
. :
= = = 31a0 YV & ¢
- - is3u=d by na a2l
1 3 oty e g T F +ha wmataps ond Flha *

o+

rastora to

L8 7]

LY

~

original

ll:

non-pollutad

Snearoy in
SRR Rl P aak
+ a1 s
Som o 1l mye
=y S TG St difpen
=
- . T -
Ty ¥l -
any il




usually be traced back.

FEEpy- z
i 14% 11 " . e - el —— ;A - e T e
..... L2T] 1 I 3 e Degwesan The JE LS af watLerx may

sewers, by percolation from septic tanks, by ~rain

infiltrating through sanitary land fills, or by = artificial re-
charge of aquifers by sewage water, after being treated to dif-
ferant lavels Biological contaminants (e.g. bacteria and-* vi
ruses) are usually related to this source

Y d stxial In mang nEa 1 single sewage disposal syster

2ryvas b industrial ar rasidential areas In this cas= one
T 1ha hetyges st i and g Lidy Eoll 1

gh the compositl hence the type of treatment hes
reqind s nd the gollybs ARy cause arse completely diffarant
Eeavy = hal for exampls, constitute a major problem ir indus=
itige Ml [ Tacling ¥ i 2ETe 1 1 TSR
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Analytical Methods

{1

ds that handle solute transport in  porcus
maedia  =2rs rslatively =asy to use., Howaver,

iats

Plexity 2f the equations involved, the analytical - scluti-ns

7]

]
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Nl

generally restricted to either radial flow probl=ns
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Mumerous analytical solutions are available for £ -depandent
solute transport within media having steady and uniform 3

efficient

2. HWhere applicable, these methods are the most econcmical z2p-

3. They ars always the most useful means for an initial =ztima-

¢
tion =oFf the order of magnitude of contaminaticn extent
4 Experisnced modelers and complex numerical - 3 ar= &
SR ENAR S ymd
5! In =man zazes a rough =2stimats can be ahtalined Whee Foind ==
s £ ot N 3 T soapien B aa s . & g A Fraes_
~ e R & e = s 2
o - 1 - -~ - - -~ ¥ = -y T % hd -1 ~
s . 3 = 5 e b + o
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important limitations
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is requires only simple computer

3 Application of these methods

: 3 el nmeh as sith
input data and does net requlre the design of a mesh as with

al methods can indicate

=8
g
=
(=
o
; J

+
[ =]
s\
foet
m
—+
e
(o N
A
o
“
’..A-
s}
[1]e]
n
Y
=
',J

|

[}
I
9]
'-__l
«
ct
,_l
0

i 3 1 : fl Falle "')ﬁ-“"; O
whether or not a more sophisticated study based on a long seriod

s required.

Q
h
0]
o
n
]
r
<
8}
t
i
O
s,
8}]
o |
ja N
D
w4
s}
1))
o]
{57]
}4 -
<
(4]
(o]
()}
cF
v
0
Q
p—
H
™
0]
ct
l_h
B)
=
H -

The fcllowing are some of:the limitations  of semi-analytical

methods

{. Semi-analytical methods as discussed in this chapter do not
consider mass transport by dispersion and diffusion which in many
cases may lead to the prediction of travel times which are

longer than actual values and may inderestimate the true impact

of a contaminant source.

2 Since development of the technique is based on a two dimen-

| bl 4"}- —_—
=ional ©plane theory, field problems that are actually til

T
dimensicnal in nature must be simplified before semi-analytical
methods can be applied.

3. Semi-analytical methods cannot handle media with heterogensous

29




or anisotropic permeabilities.

4. The methods described in this chapter hold only for steady

state problems, although in some cases they could be extended to

handle transient problems.
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are approximated by algebraic equations relating unknown varia-
bles at discrete nodal points and at different times. The govern-

ing equations for fluid flow and sclute transport have second
order diffusive termsV{Kanndv(Dvg,a first order convective term
and transient terms &h|§t and &¢[8t, The accuracy and efficiency

of a model depend

{1Yon the approximations for evaluating the spatial
gradient and the time derivative and

~
(2) on the solution scheme of the algebraic eaquations.

To rcalculate fluid pressure and solute concentration, the
finite difference, integrated finite difference, and finite
alement methods ars frequently used to approximate first an
second rder spatial derivative terms The main distinctions
% ner +ho 1 Ffarant ﬂ\p"'—l' 1=z =wea S + e nimer v ] =R ath x5t 3 t

. - - 5 “meaT e F are g 1 - 7
= ] . . T 3 5 - o -



modeling of complex geoleogical formations,

able to handle the large number of equations tha

S

|

}.J-

rregular d

rr
[

cretization of multidimensicnal

&
1%

ot

, result from

space.

In most finite difference models, the distribution of cdas
iz regular, ecreating a grid with either uniform or nonuniform
spacing along orthogonal coordinate systems (Cartesiar X, ¥,3;
cylindrical: »,@,2 etec). Surrounding each nodal point there iz a
region bounded by interfaces normal to the coordinate axss this
region is called a necdal block, cell, or element,

nades i and-i+1 in the x direction,
i¥1 /2 t the x axis either midway between i and i+1,
or at an off center location.

For the evaluation of a spatial gradient the partial differ-

ential

of the differ=snce
exzample, the x comnpo-

.
nent of the concentration gradaeﬁt&ckhﬁf th= 1nterf9uez££is ap-
ORI | IO, . +
proximat=ad by
. i
Cig) = Ly
\'\ . ¥
'11_‘,‘ Lo xl
+
with the finite difference approximation, the nodal valu=s of Lfis
algebraically related to its two neighbouring values for a ons
Aimens ot O proabhlem, or siv neichhanrse for a thraa dimansional
dimensiconal problem, or six neighbonrs for a thr dimensional
‘-:w\‘;'-}_.'n Ml - Aalel e =0 Ea ~AF +ha 2 A ey Al Y =0 A TEY AL = wr
! & uterfaces 14V o= = g - +
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_ (22/0); 4, +(22/0);
ty, ARyt A%

Wheares

These approxzimations for interface values can be generaliz=d for

FOI‘ t}ll_, I

irst order convective termv. ¥¢€ in the solute trans-
port equatian,éqéﬁay be approximated by the central difference
space, or central weighting.

ci“"/z_ — Ci-‘fz

ity -_7"":"‘/:-
with cit*/z_ = O'S(Citf +Ci)

With this central weighting scheme the space truncation approxi-

mation of the convective term is correct to second order. Howev-
er, there is a tendency for solutions with central weighting *o
oscillate artificially at high flow velocities The convective
Tiux o with the flow velocity carries solute '
& nodal poéint k 1 an upstream and a downstream node will havae
2 conpeentyztion logar te th p3teeam valus Since +the o= ]

30



that is Ci+y,*Cgy 1f fluid flows from i+l to i. In
other words, a backward difference Cjn-¢C;, is used for the
convective term at node i. The upstream weighting =liminates

a space discretization =srror,

of numerical dispersien in the

upstream weighting the error of numerical oscillation

in the central weighting scheme may be minimized by using the

partial upstream weighting ;. v, ° aC;y +(1-0)C; wilh 0§ a€l,or
2

discontinuous welghting with central weighting at low flow

velocity and uapstream welghting at high flow velocity. OQther

welghting scheme have also besen devised.

Integrated Finite Difference Method

The integrated finite difference method (IFDM) is a mors

4
ct

the finite difference method. In
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mzy form an irregular mesh, and the nodal blocks may be arbi-

trarily shaped polyhedronz. The numerical equations are formulat-
P 7 - E RO (N = -~ Y - - i =, 3 = B

ed from the integral form of the governinzg equations, as oppossd
+ -
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polynomials (llnear, gquadratic, o'r cubic) are frequently nsed  Aas
linearly independent basis functions for the interpolatlion, e
hoth state and space variables in a problem are interpolated with
the same [anctlon, the alement is referrad to as an faoparameLrie
element. For linear interpolation the values; at the corner nodes
are sufficient to define 'the basis functions for the interpoln
tion. For quadratic or cubic interpolations the basis functions
are specified with either the values at-additional side nodes or
the values of the partial derivatives of the variable at the
r:ofm:zr nodes. For example, the three dimensional Hermlte interpo
lation funections are a set of four cubic polynomials defined by

the value and its three partial derivates at each corner node.

The finite _}element numerical equations are usually formalat
ed with either the wr_:}ilghted residual Galerkin scheme or Lhe
variational approach. In the Galerkin finite element scohems N
trial solution made up of an expansion of basisz functions i
substituted into the differential equations. The =pace differen
t.ial operators operate on the basis functions. The residnal ‘r
the trial solution is integrated over the element, weighted by
the same basis functions. The integration J‘-s usnally carricd ont
nsing two or three point Gaussian integration for cach dimension,
If the trial selution were to be expanded in terms of a examp L f oo
sat  of .an infinite number of linearly independent Dbasis fune--
tions, the trial :—solLitioﬂ would be exact and the residuals would
vanish. In the falerkin method the number of basis functions 16
finite and the residuals are foreced to be zero by Yo v
orthogonality of the residuals to the set nf basis  fuanetion

used in the trial solution. For the‘convective terms the problaem:




of nyumerical oscillatlon and numerioal diaspersion also exist in
the finite element method. Upstream basis functions can be nsed

to minimize these effects.

An equivalent expression of the governing partial i fFeron
$ial equations can he given in terms anf variation of fnnetionnal:
A functiomal is a function of functions such as an intepral Cryee
space with the integral composed of basis functions. Upon minim!
aatidu of an appropriate functional the corresponding differcn
Lial equalions emerge. The variational approach for fluld flow ot
solute transport is based on the same minimum energy principlo
or TLagrangian formulation as that used to study the equilibrinm
states in mechaniecs or stress analysis. In the variationnl
approach to the finite element method, the trial S THT B ek,
expansions in basis functions, are substituted into the function
al integrals. The differential operators in the functional inta
grals operate £H£ the basis functions in a mannelr similar Lo that

in the weighted residual procedare of the Galerkin formulation.

With the use of Lhe Gaussian algorithm for element inbepra
/

t.ion, the coefficienls K and D in the second order boerms caned v

the econvection term are evaluated al Lhe Gaussian points  within

an  element. This is different from the Tinite difference melhe el
with the ecoefficients caleul ated v bhe:  inber Dace: | RO B R
blarks. The Tintte element melhnd wilh Lhe sgge of e Ly

function interpolation over more than two pointa, oan  evaluabe

sradients in  bhoth normal and tangential direc! ions and  hand]d

rensorial aunantities more aasily.
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Flow Path Network Method

Tnstead of solving the governing di fferential equation { o
solute transport, the solute concentration can also be determined

by ecalenlating the motion of a large number of discrete solule

particles. At earh time step he new position of a aolute partiole

15 determined by the fluid particle veloality, the:  retoardat
factor and the dispersivity. Each partiecle is also assigned A
waeight which can be changed at each Lime step to account
radirmactive decay, creation of new daughter nucleides, or o hen

oAl reactions. With the position and weight of ecach part i
varying over time, the concentration af aach species is calenlasl
ed for a set of cells by summing the weight of the particles

ILhhat :]]‘F:l'ir'}_“ in each cell and dividing by thee wver bome f wuater 7 f

the cell,

Different schemes can be used to accoun t. for solute disper
. sion in determining the position of each particle. One approach

in Lo nse random numbers uniformly distributed betwesen @.0

ariel
+@.5 to determine the forward or bhackward n:at- disparsive dis
placement in each time step (Ahlstrom et. al. 1977n Sehwarts and
Crowe, 198@). With the use of a large number of discrete perind
particles, the random number approach may adeaqnately represont
anlute dispersion. Another approach is to consider a glven i

tribution (e.g. Gaussian) for solute particle verlocily . DiGypiear
xion is treated by dividing the solute in each cell into  packot

with different velocities which are chosen so as to  divide 1 he-

veloeity distributien into intervals of equal area (Campbell ot

3¢
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boundary and each node is surrounded by several elements. Al-
though the transient term can be handled easily in the finite
element formulation, the mathematical relationship between the
rate of accumulation associated with a block and the fluxes
evaluated at the\Gaussian points in the surrounding elements is

: , .
an indirect

L]

epresentation of the conservation law.

L]

With either the finite diffsrence or the}ﬁukelement method
4!1\

he  analysis of the transient equation results in a syst=m of

4

squations of the matrix from
(a7 L1+ [&]§4] + §R]

where the column {f} contains the nodal values of pre

vaaT

[
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n

ST

solute concentrations. The coeffic
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ct
=
W
ct
[
' J.
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fA] contains the
coefficients of the fluid and solute storage capacity assoclated

ith the time derivatef dﬂdwﬁron,a_qb the spatial appro

r3t order temporal finite differance from timst b £+at

» solve for the unknown! }}éutfrﬁm the known solution{ 4 }é’the

~ther +erms in the governing equations can be interpolzted be-
tween bqatdb. With linear interpolation the matrix egnatisn T2ocomes

L) Whne 14,) + 18 (> Ui + 00,
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conditionally stable.Usually , implicit scheme with interpclzaticn
factor ©@.5€ M & 1 are stable.The central differencing CTranx-
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ressure and concentration can bhe =2
ither seaqusentially eor simultaneously.The sequentia

sclves the equations separately and treats the varizblss as

unknowns only when their respective equations are being
solved.The fluid flow esguaticon for pressure is solved £irst. Then
the ‘transport equaticon for concentration is solved w3ing the

velocity field calculated from the Darcy’s =squation based on the
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of pressure.The coupled equations can be solved zimul-
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(b) The partial differential equations that represent bal-

{5V

ances of the considered extensive quantities are replaced by
set of algebraic eguations written in terms of the scught, dis-
crete values of the state variables at the discrete points in

space and time mentioned in (a).

(c) The soluticn is obtained for a specified set of numeri-
cal wvalues of the various model coefficients (rather  than as

general relationships in terms of these coefficients).

(d) Because of the very large number of equations that have
‘to be solved simultaneously, a computer code has to be prepared

in order to obtain a solution, using a digital computer.

Sometimes, the _term numerical model is used, rather than
speaking of a “numerical method of solution’” (of the mathemati-
cal model). This is justified on the grounds that a _nﬁmber of
assumptions. are introduced, in addition to those underlying tﬁe
mathematical model. This makes the numerical model a'model Iin
its own right. It represents a different approximate version of

the real system. It is sometimes possible to pass directly from

~ »

the conceptual model to the numerical one, without first estab-

lishing a mathematical model. The numerical model has its own

W
®
ol
Q
+h
0
o]
[
H
rh
}_‘
0

ijentz that have to be identified before the model

It is of interest to note that even those who consider the
numerical model as one in its own right, very often validate it
by comparing its mradictions with these cbtained analyEical
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such solutions can be derived). One of the main reasons for

such a validation is the wizh to eliminate errors resulting from

the numerical approximations alone.

y associated

Another important feature of modeling, closel

)

with the problem of parameter identification is that of uncer-
tainty. We are uncertain about whether the selected concsptual
model (i.e. our set of assumptions) indeed represents what hap-.
pens in the real aquifer system, albeit to -the accepted degree
of approximation. Further more, even when employing some Identi-
fication technique, we are uncertain about the values ¢f the
‘coefficients to be used in the model. Possible errors in ob-
served data used fof parameter identification also contribute to
uncertainty in model parameters. As a consequencs, we should
also expect uncerﬁaiﬁty in the values of the state variables
praedicted by the model. These considerations pave the way to the
developnment of stochastic models. In the latter, the information
on coefficiénts appears in the form of probability distributions

of values, rather than as deterministic ones. These

inverse problem, where the input data also appears in probabi

[ g

—

(o

n
I

tiec forms. Probabilistic values of model coefficients, will

vield probabilistic predicted values of state variables.

A 1
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irge number of researchers are currently engaszsd

developing methods that incorporate the elesment of uncertainty in
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f

of the advantages of applying numerical methods for the

study of solute transport in the subsurface are listed below.

tial and tempecral variation of system properties such as

hydraulic conductivity,porosity, and dispersivity can be e=asily

managed with numerical methods.

2.Field problems with complex boundary cenditions are simple to

hree dimensional tran51ent problems can be treated without

Some of the important limitations of numerical methods are

1.Application of a complex numerical problems requires a certain

level of user familiarity with the programme.Achievement of such
a familiarity is time consuming and could be prohibitive either

et

when dealing with urgent problems or when funding is limited.

N
2.Very often errors due to numerical dispersion overshadow the

physical dispersion of the solute within the porous medium.

o.Preparation of input data for numerical codes often takes a

- - UL o 1 ~ 3 - 2 T
nanageable with analytical or semi-analytical methods, far zreater
. .
raa + nranzra +Fhe i F Atz Fay o2 omimardeasl 1
co prepare the input dats oY a riical

a1



2.3.3 The mechanisms affecting the transport of a pollutant in a

porous medium are: advective, dispersive, and diffusive fluxes,
p: »
znlid solute interactions and various chemical reactions and

decay rphenomena, which may be regarded as source sink zZhenomena

for the solute .XIn general ,we may have a convective mass trans-
port in both a laminar flow regime,where the liguid movsz along
definite paths that may be averaged to yield streamlines, and a
turbulent flow regime,where the rbulence may cause yet an
additicnal mixing . An additional mass transport phenomenon,which
occurs simultaneously with mechanical dispersion,is that caused

by molerular diffusion resulting from variation.in tracer concen-

tration within the liquid phase.

Molecular diffusion produces an additional flux of tracer
particles(at the microscopic level) from regions of higher tracer

concentrations to those of lower ones . This means, for

example,that as the ‘+tracer is spread along each mnmicroscopic

concentration gradient is produced,molecular diffusion will tend
to (equalise the concentrations along the stream tube +the same
.time,a tracer concentration gradient will also be produced be-
tween adjacent streamlines,causing lateral molecular dJdiffusion
across the stream tubes Dispersion term is used to denote the
spreading (at the macroscopic level) resulting from bhoth mechani-

and molecular

1
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OCCURRENCE OF DISPERSION PHENOMENA

Hydrodynamic dispersion phenomena occur in many problems of
groundwater flow, in chemical engineering in oil reservolir engl

neering etc. In groundwater flow, we encounter it in

(a) The continuous variation bf the concentration of some specif-
ic polluting constituents, or of total dissclved solids, as flow
takes place in an aquifer. |

(b) Groundwater pollution from some localized source, such as A
faulty sewage installation or waste dump.

(e) Groundwater po]lption from a distributed source, such Az
fertilizers anq pesticides applied to the area overlying an
aquifer. P

(d) Sea water intrusion into a coastal .aquifer, producing. =a
transition zone from fresh water to sea water.

(e) Encroachment. of saline, or brackish water, into an aquifer as
a result of changes in the Thydrologic regime.

(f) Seepage of polluted surface water through, pervious river heds
or lakes. |

(g) The movement of pollutants from the ground surface to the
underlying water table, under unsaturated flow conditions e.g

the movement of fertilizers or the leaching of salts from the
-~ " <2
soil in agriculture,
(h) Changes in the quality of water in an aquifer as a result caf
artificial recharge water spreading in it. Sometimes, reclaimedl
i

sewage is used to recharge an aquifer.

L
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In all these cases, We are seeking some tool which should
enable us to predlet the concentration changes that will oceur A
a result of planned operations superimposed on the natural ' lLow

regime in an aquifer.
CORFFICIENTS OF DISPERSION

A large number of articles have been published in the profesaion
al journals mainly in the period 195@-1974, in which thecories on
dispersion have been developed. Detalled summaries are glven,
among others by Bear (1969, . @ and 1972 _-J and Friod
(1975). The main effort has been to express hydrodynamic disper
ﬁiraﬁ macroscopically through a partial differential equation and
to determine the nature of the coefficlients which appear i this
equation. Of special interest is the relatlonship beltween  Lhese

coefficients and matrixz and flow parameters.

Two approaches are commonly employed. In the flirst ona, the
porous medium is rep]aced-by a fictitious, greatly simplified,
model in which the Sj_)l‘f;*4?lf_lil1£.f..'f‘ a scolute t./ha{, cceurs can  be
analyzed by exact mathematical methods. A :—si’ng]ﬁ capillary tube,
a4 bundle of capillaries, an array of mixing cells, are exampl s
of such models. The second approach is to monttrucr!, a stabisbticnl
(conceptual) model of the mieroscopic motion of solute partleles
and to average these motions occupled by a considered phasn
(water in unsaturated flow) which in turn, is a funecti on of the
saturation. Similarly, the components of the tortuous tensor are

alsn a function of the saturation. Hence, when we consider unsal

i,



nrated flow in an isotropic medium, we have to verify that.  the

isotropy of remains for all saluratious.
2.3.4 THE FUNDAMENTALS OF BALANCE EQUATION

Five components should be taken into account in the construclion

of & balance equation for a constituent.

(1) The quantity of the pollutant entering and leaving a control
volume around a considered point by advection dispersion and

diffusion.

(ii) Pollutant leaving the fluid phase through the water solid

interface as a result of chemical or electrical interactions

between the pollutant and the solid surface.

139 Pollutant added to the water (or leavi ng it) was a ressnld

~
e

of  chemical interactions among species inside the water or by

various decay phenomena,

(iv) Pollutant may ke added by injechting pr-lé{u’t,ﬁzd water into 2
porous  medium  domain, e.g. as part of grtifimia] recharge  or
wante disposal operations. Pollutant may be removed [rom a
porous medium domain by withdrawing (pelluted) water, e.g. by
pumping . With P(x,t) and R(x,%t) denoting the rates of water
withdrawn or added, respectively, per unit volume of porous
medium per unit time, and C(x,t) and Ck(xz,t) denoting pollutants
concentration in the water present in the porous medium and In

the water added by injection, respectively,

L)
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the total quantity of pollutant added per unit volume of poro

medium per nnit time is expressed by

Rece ’_FE
(v) As a result of the above components, the aquantity of the
pollutant is increased within a control box. With. denoting the
mass of a pollutant . per unit volume of porous medium denotes

“the rate at which this quantity lincreases.
2 3.5 GENERAL STATEMENT OF'POLLUTION MODEL

The complete model of a pollution problem consists of the folloew

ing ltems:

(1) Specification of the geometrical configuration of the
~losed surface that bounds the problem area, with possible seg

ments at infinity.

(11) Specification of the dependent variable(s) of  the
pollution problem i.e. the concentration of the specific

" » . ] ,
constituent or constituents under consideration.

(2 LAY Statement of a partial differential (bal ance

e

Lion, for every relevant species. Balance equations, in berms of
the various state variables of the problem, as listed in "I9L)
abhove, are alse required for every ex tensive quantity that

relevant to the problem.

(iv) Specification of the numerical values of the (transport

and storage) coefficients that appear in (i1) Of special inter
L3
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est here is the information on the dispersivity and on the noef
ficient of molecular diffusion in the porous medium under ¢onsid

eration

(v) Statement of the numerical values of the various sournn

and sink terms that appear in (ii)

(vi) Statement of initial and boundary conditions that the
state variables appearing in (ii) have to satisfy within the

considered domain.

A complete numerical scheme for groundwater quality modell

ing is depicted in the flow chart through Annexure -1

2.3.6 DATA NEEDS
!
Analytical and Semi-analytical Methods
The data needed for these methoeds are generally simple. The
following 1is a 1list of data usually required for analytical

methods .

| Geomelry of the system,positions ofvarious sign i ficant hydrope

nlogic features,and means of groundwater discharge.

o Direction and magnitude of average reglonal fluid velocity In

the vicinity of the study area.

3 Sufficient information about the concentration of different
solute specles and the rate of leaching and injection,as well au

the history of operation at the individual dlsposal facilities.

oF



4. A representative value of longitudinal dispersivity Tor  one
dimensional problem and both longitudinal and transver:s: & i‘.;;-r‘ &
sivities for two-dimensional problems.

. Retardation factor or distribution coefficient for soluils which
can  be adsorbed onto the media and the radiocactive decay

Tactor,if appropriate.

Fxcept. for the fourth item,the data mentioned above are alno

required for semi-analytical methods.

Numerical Methods

of

The following is' a list of data needed to predict the extent
contamination in a groundwater system by use of a numerlical

model .

1. Geometlry of the systen
2. Velocity distribution throughout. the system.
3.Dispersivity distribution within the system.

A.Present distribution of concentration of various solute specie:

in the system.

5.Complete information about present and future sources of con
tamination
f.Location of nabtural and artificial discharge areas Iin  the

system including production wells.
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2.3.7 SRLECGTION OF METHOD

In general ,there are two types of problems which should e

zolved hy employing solute transport theory.

(1) to assess the environmental impact of subsurface waste dis

posal at a proposed site,and

2) to assess the long term consequences or the effects of reme
dial measures at an operating site where a contaminant plume has
already been detected.

First problem should be solved in two or three different stages

\

In the preliminary stage of study ,5ne needs a very rough est|
mate of the problem extent of contamination at some point in  the
future: This «can help determine whether the potential site
should be eliminated or kept for further extensive studies. There
$s often little initial data to work with suggesting that analy!
teal methods are Lhe most useful tools in the hand of the Inves
tigator. As discussed previously, the amount of data required for
these methods is relatively small and application of Lhe  Lech
niques is fast and simple, so that the effect of uncertainties in
the data can be easily evaluated in a short period of time by

Amply reranning o problem with differont eablmates,

1{ the site involves several sources of contamination andd
one or more production wells, one has to resort to seml

analytical methods. These methods are satisfy the limited datn

4%
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3.9 REVIEW OF WORK DONE ON MODELLING ABROAD

The first quantitative study of diffusion was made by Fick
in 1855 through an analog between melecular diffusion and heat
transfer by conduction . In between 1953 and 1872 the mathemati-

cal modélling of solute transport in saturated soil has been

&

started and developed to describe and predict pollution behaviour

[ad

3.1 Analytical Sclutions

The governing partial differential equation deseribing
solute transport is usually written as

Wheres K
and

C =~ Solute concentration

Vi = Seepage or avarage pore water velocity in the direction Xi
Dij = Dispersior effirient tensox

C° = Seclute conc=ntration in the source or sink fluid

Wx = Volume £l rate per unit velume of the source or sin

3 £ = roslt]

51



In

5= i

Distritbution of
ohtain=d from ths

3

3%

Grove(1978)

concentration (

mot S0 P e S SN SR 5 F  § J 3

that the adsorpti
is given by
~
Where Kd is
Now equation 1 be
= Did
Sy
.1 -

5

general

specif

gave

between

Cartesian cocordinate.

olute production in reaction k of n 4d:
1 Vi is a function of both +time and

hvdraulic head h at different times shc
2 zolution of the following sguation

¢h

3 ™

storage

the equation for Rk for equilibrium

S-S

bulk -density of the

concentration of

adsorbed

and

o
[

considering equ

on isotherm follows a linear and rever
CcC=Ka €
called distribution coefficient
. se
S_C_ == _5___ (Qvl‘) - C.W_ = R ==
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For one dimensional flow , Davis and Dewiest (19866) shows that,
R = V/Ve
Where V is the groundwater velocity
and VYo is velocity of contaminants
Radio-active decay can be incorporated in the term Rk in 1
According to Anderson (1879),
Radisackive de c+ fbc
adigacthve Cagl yeaclh s &w?n by -2
Where X\ is the radicactive constant.
b
Finally . _5_ pij 8¢ S (R ) - CW"_ 5eR = R &¢
Sxj 5] dn " 8t
Analytical solution of the equation for anisotropic mediaz 1is a
problem
For Thomogeneous and isotropic media under steady state uniform

flow without cons 2 recharge and discharge, it becomes
3 bad‘diC_ Svi 8t AR RJQ

Wherye

ey — b -
two processes , molecular diffusion
atiAs Ha ERE WA Tim ‘ .

n is the ocess wheraby ionlge or
inder the influence f their kinetic
thelr concentration gradisnt
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Molecular Diffusion

Iy £ e - - ~ o o~
Fict first law exprassed as,

"F= -D¥ (dC/dx),

the process of molecular d

nx of solute and D% i

T s diffusion coefficient . Values ¢f D¥ for
major ions may be obtained from Robinson and Stokes (1882, In
porous media the effective diffusion coefficient is  generslly

smaller d1f the effective diffusion coefficient is shkown by D

Where w is a number less than 1 and should be

Perkins and Johnston (1963) suggested that the value

D
<]
r
]
=
b
[§%]
4
}_J
5
)

}J-
I

approximately @.707 . Bear (1972) suggest that w is

(5]
W
o
e
<
o
)__l
1)
'
3
ct

Tortuosity of the granular medium with a valug .close

Mechanical Mixing

(
b

< P
t process

The ©physical phenomena considered in solute transpor

~
through constitutix

Scheldegger(1861) . He identified that the mechanical mixing compo-
nent of the L process is the result of veloecits rari
tions within the porous um and 1s dispersion ceoeffici= 2
] i proportional seapags veloolt

7 PreT Spay 3

S (ERn, B4 = Wit Vi Vi
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LENSOY

WherevC%iﬁis the fourth rank

£5

Vi and Vm is the velocity components
V is the magnitude cf velocity vector.
Again There the analytical solution is a problem for anisotropic
media. .
Josselin and Dejong (19872) show the dispersion ceefficient is a
tensor of infinite rank for anisotropic media
Bachmat and Bear (1984) have discussed the general form of dis-
persion coefficient for an isotropic medium in Cartesian coordi-
nate system .That is
- Vij'
Dij = aii_&é{'\f-l- (ag=dg) —=
Y
Where Dij is the dispersion coefficient tenscr
. ai is the longitudinal dispersivity of medium
ail is the transverse dispersivity of the medium
5i‘ is Kornecker Delta function = @ for 1 = j
Applying Laplace transform technique,Bear,196¢ (Bear,1972) has
obtained analytical solution to the partial differential equation
for change of conecentration with time
2
3¢ Q- &c
9C .oy 08 =« 2 %C 0 _arix g
&t 22 n 2
vy —— - ¢
= — ™ 4 - R
T = BE ey 2
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2
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ficient of hydrodynamic disper-

o
'—fn
o

Bear has assumed a steady state uniform flow condition.Init

= 541

ated as bs=low.

Ogata and Banks (18961) gave the solution to -one-dimensional

advective dispersive eguation for a step function input of

(6 -vi va +vi
< %[ﬁf&[’;m]+ exP(T) erfc[ij_o“_'r

Wher complementary arror function,

(D
iy
H
th

(J
~~
L

1§

D = dispersion coefficient,
Co = concentration of tracer in input, and

This selution is mostly used to prediet the amount of pollu-
tant at a distance from the source
Marinc (1974) has solved one-dimensional advectio: Jizpersd

4+ - - 3 T b L 4

i 5% Bl et L.an = s | £To. ¥
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and boundary conditions:

r_'(:((;j) = @A : x %)
c@, )y = Go e R A
gt &2y =& 5 b# @

Hunt (1978) has shown that many of the solutions For o

dimensional advection disperaion problem,which have been oblained
assuming a uniform flow field,are analogous to the solution oF

heat conduction equation g \wen by Turaer, 1972 Foan L, 1978,

gslutions have been given for instantaneous,continuous and ‘oheady

state point sources of pollution in a uniform flow field.Hunt opai
determined the effect of a finite aquifler depth upon solution oo
an aquifer of infinite. depth.

Using Laplace trans form technique Varn Genuchten(19872)  hn

obtained analytical solution for one-dimensional conveed lve

dispersive transport equation considering decay and absorption o f
a chemical which 13 injected at one end of an infinitely 1o
homogenecus-isotropic  pPorous medium . Van Genuchten has ananme

steady state uniform velacity in the oolumn . The solution hiove e
&
sbtained for the follewing in ttial and boundary condit fors

C(x,8) = @&

Se (x,4) =0 - b %% 4ve = v. @)
o x=Ad g < =0

f(t) = Co exp(-o&t), @ <t & Lo
Elk) B @ 5 & 2 b, where Co and o are constant andd

the seépage veloclity.

&
==
9]
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Several  analytical solutions for two dimenzional dispersion
problems  are availablei Dgata (1978) and Cleary and Ungs (1978)
have described some of these solutions,however many of them do

not. represent a realistic field problem.

3. 2 (Cell Models Developed for Study of Leaching

The  Lheory of leaching developed in drainage engineering

hasiecally deals with solute movement through porous media. The

varions theoretical models which have been proposed in drainage
neineering to . dllustrate the process of solute movement, through

porouns materials are (Vander Meolen. 1979)

i) oA (gllrﬂ £ :“r-;',g'--]f‘\‘_l;"'] o
i1) Sinpgle reservoir with bypass
111) series of reservoir and

iv) Conbinuous column.

0f these four models the series‘of reservoir and continuous
column models are of relevance for analysing solute transport in
\

aquifer. , In the series of reservoir model, the flow domain 1is
umed  to  consists of a series of similar. reservoirs, and In
cach reservoir, the influent is assumed to bet completely mixed
uith  the water previously present in the reseyvoir before it
leaves as  effluent. If the concentration of the solute in  the
influent Lo the first reservoir is C,and Cgls the in itial concen-

tralion ' earh reservoir. the solute concentration in the Nth

persryolr 15 gliven Ty




- N=-) tn'
ot (er-Co)e® 2 [l+m}

e

whieh be = FHIL13 time .Time t is nmeasured since the entry of

l!"-l

fTluent to the first reservolr

The continuous column model has been developed by Glueckauf
(1949) . The soil profile is in fact not, made up of several sepa
it reservoirs,  but forms a continuous eolumn. Mixing takes

o) B it every depth, but is effective over a limited range.

(U lieckauf  has given the fol lowing expression for solute concean
H- X IE] H+¢x JA
- & & [ [ - exp (x/az) ey
& = 5 SF ex}C S h Tax f ¢Al

e e

gy = effective mixing length

Cpg = original salt concentration in s0il moisture
H - depth of water percolated since the beginning of
hing

¢ = volume fraction of 501l filled with water, and

depth.
(.11 Models Developed for Study of Solute Transport

Wentworth (1948) has suggested perfect mixing mode] in an
array of ecells to explain development of transition zone at a

woving interface between salt water and freshwate

Aris and Amundson (1957) have presented an analysis of

dispersion as a process of mlx ing in cells. Comparison of cell




mixing and diffusion mechanism have been made. For (q/v) t = 167,
where v= interstitial velocity and g= flow rate

nism give distribution plots which are indistinguizhablse.

3 ul k] 7 =
A simplified model developed by Bear (1972) far the study -F
one-dimenslonal dispersion consists of an array =of small sells
13 +1 1 4o oy \ ~d 3 ey e -1 =1 - 1 = =7 +3 T o
r1th dinterrt wecting short channels. Bear has assume 1at when
liquid with a certain tracer co tration enters a cell cccupisd

new homogeneous liaquid. Bear has designated such a cell =23 a
-perfect mixer. To obtain perfect mixing. Bear has postulated that
the true movement of tracer particles because of molecular diffu-

sicn or turbulencs must be faster than the average liquid flow.

mixing in the elementary cell, and (b) translation at averzge

£ velocity from one cell to next through the connecting chan-
nels. Designating as the tracer concentraticn in the liguid

v 4 4 f 5
Whers T 1 tn % rava rasjidenme time 2 ygaen B[y TT/O 1T - a3
e L g ragie rrasiiaenc 1A 212 b Y 2
4 r 1 s - -~ £ . \ -
s H . L - o - . = =y
o 5

t (1)
CJ(G) (¢) = exp (-t/t)[i _"f_" axp.(t/1). ¢ (t) ot + ConsiJ

€0




For a constant inflow of concentration Cgyin the first cell and
with T = constant for all ~ell Bear has derived thee Tollowins

expression:

CJ-(O): Cn[l-exp(f/t L!( )}

'
Bear has further proved that if Atis the length of a mixing ‘¢el,

1|

4

and AL is the distance between centres of cells, a medium propoerby

that has been called as the medium’s longitudinal disper rsivity

2
found to be equal to . ,;.(M-') /“--

A simple lumped conceptual model baéed on a well mixe
linear reéervoir concept applicable to cases with limited data on
aquifer has been developed and applied to simulate the impact  of
highway deicing salt on ground water quality in Massachuset!
(Celhar and Wi]aon, 1974). The results obtained by digital «anm
puter simulation have been found to compare well with nbhaerveil

trends over a 1b-year period.

A cell-in-series formulation to simulate riverine transpor!
of dissolved material has been recognised by Stefan and  Demetra
copoulos (1981) as an al ternative way of mat‘—./s transport. modeling
in one—dimen%ional system. The cell in series model has a  hasico
squation that is an ordinary first eorder differential equation

instend of a partial dlfferential cguation as used in oo dimen

sional advection dispersion equation. 1
It has been shown that a cells- in-series model is as gomd 2o

advection ‘dispersion model. The cells in series model 1s  nsefno!
\
for slowly moving and highly dispersive rivers.
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3.3 Computer Codes .

With the formulation of governing equations and numerio
methods, a specific computer code can be developed by consbpe!
ing an  algorithm, eliminating coding errors,  running ool
problems, and producing a user"s guide. Many codes are inilinlly
developed to model a specific class of problems. When a code i-
used for other problems, modifications can be added to generalio:
the code capabilities. The versatility and efflciency of a ool
can also be improved by adopting better solution schemes and
numerical methods. In many cases a code becomes a well es5bLab
lished and powerful tool as the result of efforts by both comp:

tent developers and experienced users.

S

With the growing eonéern over contaminant transport in the
environment in the past few years many codes for fluld flow ol
solute transport have been developed. Org@nizationﬁ such as EPA,
NRC, and DOE, among otheré, have sponsored several gueryn b
review the capabilities of varicus codes. The foéus of aone  KETA
study (Bachmat et.al. 1978) is on water resource management.. As oo
result of the EPA study, an International G;ound Water Modelins
Center has beeﬂ established atl Holland Research Tnstitnte (BPot]oor
University, Indianapolis) te continucusly gather information ipre ]
produce training program for groundwater modeling. In addition Lo
the concern over water quality, the need Lo predict radionuelid
transport from underground repository construction and  opersabion
also contributes to the development of transport modeling. DOE

and NRC also sponsor surveys on fluld flow and solute  bfraaopor!

¥4




(e.g. Science Appllcations, Inc.1981: Thomas &t. al. 1982).Annex
nre 2,3.&% 4 summerlzes the maln characteristics of a  namber nf

Finite Adifference, finite  element and flow palth networkh

codes, respectlively till year 1983,

Traditionally groundwater quality modelling has been bascil
on distributed system representation of the groundwater flow
F.g.,Maddaus and Aaronson (1972) used a computer hased finile
difference model of _two~dimen5innal aquifer flow Lo predict
quality trends throughout a groundwater basin . Lyons and Stewart
(1977) developad a distributed two-dimensional findte A ey
aquifer model coupled with a storage effect for the unsaturated
zone to predict TDS in a basin . Pinder (1973) used the finite
element method to predict concentration distribution in an aqnif

ey including the effects of hydrodynamic dispersion.

Konikow and Peredehoeft (1974) have demonstrated Uhe appld
cation of a numerical model which inm]udeé dispersion to water
quality simulatien in an irrigated stream-aquifer system,but the
model requires extensive field data . E]ahorat§ digital models
have been used to evaluate the groundwater quaiity hazards of Lhe
ARC Hanford Project(Cearlock,1971).Lumped parameter models have
been used in predicting the salinity of irrigation retorn

flows(e.g. ,Hornshy, 1973; Thomas ; Rl1ey and Taralsen,1972).

3.4 nited States Geological Survey has developed nmmber o

generalised codes e.g. MOC,SUTRA,and MOD-3D.

SUTRA  (Saturated-Unsaturated Transport) is a compuler pro

gram which simmlates fluid movementiand transport of 2ither
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cnerpy  or disasolved substance in a ﬂuhsnrfnhe environment . Th
model employs A two-dimensionaal hybrid finite element and int~
grated findtle dif ference method Lo approxlimate  the governing
aquations that deseribe the two Interdependent processes Lhal or

simulated:

1) fluid density-dependent saturated or unsaturated groundwater
flow and either ﬁ
(2a) transport of a solute in the ground water, in which b

solute may be subject to: equilibrium adsorption on the porous

malrix, and both first-order and zero-order production or decay,

“;
2h) transport of thermal energy in the ground water and solid

matrix of the aquifer.

SUTRA is prihari]y intended for two dimensional simulation
of flow, and either solute or energy transport in saturated
variable density systems. While unsaturated flow and transpor!
processeas are included te allow simulation of some unsaturated
‘rr‘(‘-b] ems, .OSUTRA numerical algorithms are not specialized for  the
non-linearities of unsaturated flow as would :LXe required of o
mivler] similating . only unsaturated 1 r..‘-‘w . Lacking these spocial
methods. SUTRA requires fine spatial and temporal discretisation
for unsaturated flow., and 15 therefore not an economical f.re]
for extensive unsaturated flow modeling. The general unsaturated
capabllity is implemented in SUTRA because 1t fits simply  in the
structure of other uﬁn—lincar coefficieutn involved in density
dependent flow and transport simulation without feqnirlng spenial

alegorithms.
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SUTRA Processes

Simlation using SUTRA is In two space dimenslions, al Lhongh
a 1',}11‘6”.4.-":11rrjr.ﬂx:jir?na} gquality is provided in that the thickness
the two-dimensional region in the third direction may vary from
poinl to peint. Simulation may be done in either the areal planc
or in a cross sectional view. The spatial coordinate system  may
be either Cartesian (s,y) or radial evlindeical (r,z). Area)
simulation is usually physically unrealistic for variable-density

fluid problems.

Groundwater flow is simulated through numerical solution o
a fluid mass balance equation. The groundwater system may
sither saturated, or partly or completely unsaturated. Fluid moy
be constant, or vary as a funr.‘.tion of solute concentrations of

fTuid temperature.

STRA tracks the transport of either solute mass or anoroy
in the flowing groundwater through a unified equation which
represents the transport of either solute or energy. St
transport is simulated through numerical L}(_’.’itl‘l.iﬁl] of a selul
‘mass balance equation where solute concent ration may affect Cinid
density. The single solute species may be Lransported contervi
Lively, | or it may undergo equillibriom sorption ( through 1 incor,
Freundlich or Langmuir isotherms). In addition, the solute may De

produced or decay through first-or-zero-order processes.

Energy transport is simulated though numerical seolution of

- ¥ . r \\
an eanergy balance equation. The solld gralins off the aguifler
L3
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matrix and fluid are locally assumed to have equal temperatnr
and  fluid density and viscosity may be affected by the Loemper:

Lure.

Almost all aquifer material, flow, and transport parameber,
may vary in value throughout the simulated region. Sources  and
boundary conditions of fluid, solute and en&rgy may he specifij.l

to vary with time or may be constant.

AUTRA  dispersion processes tnelude diffusion and buo Lype
of fluid velocity-dependent dispersion. The standard dispersion
model  for isotrople media assumes dlrection independent  valuee
of longitudinal and transverse dispersivity. A velocitly depend
ent dispersion process for anisotropic media is also provided anid
i3 Introduced in the SUTRA documentation. This process  assame
that 1ongitudinai dispersivity varies depending on the angle
between the flow direction and the principal axis of oaqgniflor

permeability when permeability is anisotropic.

SUTRA simulation is based on hybridisalion of finite elomen!
and integrated finite difference methods employed in the  frame
work of a method of weighted residuals. The method 1s robus
acourate when employved with proper spatial and temporal Alooreetld
zation. Standard finite element approximations are employed only
for terms 1n the balance equations which describe fluxes of {Iuid
Nass. solute mass and energy . All other non flux terms are ap
proximated wilh a finlle element mesh version of Lhe inleprat.dl
finite difference methods. The hybrid method is the simplest andd
most  economical approach which prescerves the mathematical ele

. R ” o L s s wm . v - % . . .
gance and geometric flexibility of fine element simulation, whil.
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tadeing  advantage of finite difference efficiency . A flow diagram

cnclosed vide Annexure 5.
3

3.5 Neview of the papers presented in International conference.
On water quallty modelling in the i nland natural environment,
Pournements, Eyland sone rise to following state of art of At
Teins Research and Development, Survey, R.W. Raige et. al (1986),
presented  a chputer programme from analyﬁing groundwater flow
and ponllutant transport for sites where waste is to be buried in
the ground at shallow depth. It is shown that ignoring non liner
sarption muuhanpsm for pollutant transport, n%]on]atimns may have
t significant ,r.a'[’f';:f..'t on Lhe resulted. The model resulis are

mpared  with other computer programme reports for shallow land

waste disposal eto,

1.5. Wheater et. al. (1983) of jmperial college, London,
tdentified the parametric relationships for the material proper-
lLies, primarily the unsaturated hydr:’-lnfl ie r':f‘:r’frillr:t.i_vi't',y funection,
Lhe soll muiﬁture“pharamthristic and the functional relationship
for the coefficient of hydrodynamic dispersion from observed
ddala. Alternate parame:t,ér estimates are compared with respect to
cxperimentzal data for one dirnensﬁona] flow and solute transport
and  Lhe :fumerica] model adopted is showing to Dbe robust with
respect to parameter variability.

H.C.Ammentorp et al. of Danish Hydraulic Institute Hoersholm
and  T.H. ﬂhristérnsen of Dept. of  Environmental Fngineering,

Ivagby (1986) developed a tool for evaluation of {irrigation

selieqnes in areas with salinity problems is the form of a numeri-
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For solute “transpoert in the unsaluratbe
dimension and the

1 1 whee] i
hasic eqiation for soil water flow ig are
convection disperkion equation options for solute soil
Pmmobile

comprising

waker,

are included in the model
complexation, preci pitation,
sy bem

'\ ‘| i x[|j;
rarbonalid

in exchange, decay,
arntivity and

yep bion ,
.renpth effects on specles

(R I

red PH. '
of Danish Hydraulle

ol

Tash1 e
Twen
';',l

)
I"]_!.

Jems Chritian Refgard el

and T.H. Christensen of Technloal niversity
aub model to a general numaric
comprising

l.l' '11 ]

.
et Lyneby (1986) developer
mioeles | for olute transporl is the unsaturated zone,
diffusive and convective transport of oxygen in soil alr, convedo

P ransport and oxygen consumplion in free water, and diffuslive

and a r:r.;w;t.:mi. rate oxygen consumption in the water

The oxyvsgen model has been developad as a tmmi

and waste

{.ranapori.

\

of surface
o f

cruambs .
predictions of the behaviour

t.o optimlze the nperal.ion

carraled

order

making

f [
waler InPiltepation plants in
wh plants. -
of CSIRO division of groundwater re-
of methane

.B. Davis et.al.
searchs, western Antrata generated two simple models
the unsaturated zﬁcw1e; at a liquid waste dispns-

of  methane

through
Diffusive flux

fonnd ompare

diffusion
wal  site in Pertt, western Australia.
water at the site was est fmated and Lo
other anoxie environment
oy

diffusive

gryvonndd
poporled flux from
meLhane depleted zone hy diffusive
Timiting process

Transpord throngh  the
ive mechanigm {5 postulated as the rate
test

.+ to the unsaturated

zone at the

overning  wvolatiliszation st



D. Tolikas et. al of Department of Civil Fngineering Thes
»
4lonite, Greece presenled a mathematical model for opbimal
sronpndwater  quality management. Groundwater contamination 1s
Similated by a two dimensional transport model which requires Lhe
"\
mimerical solution of the partial differential equation describ-
ing solute transport in one dimension only. Although linear
programming problems are assumed in the present work, the pro-

P me:bhodology  oan aloo he used in conjunction with  other

types of managemenl problems.

’

. ?-?.|r":1~'.t:y/ of Department of Civil engineering New castle upon
Type et. al developed a 2-D finite element modte] incorporating
411 the major groundwaler flow controls. The data assigned to the
nodes of 1he model are generated nsing a 1linear interpolation

Lechniogne known as kriging

=1 .

3.6 . Second International conference he:1d in
Marralesh, Morocco, 1991 have ar_.-knmﬂedﬁé.,’i several studles conduct-
1 on groundwater and aquifer contamination modelling. H. W,
Dargarter &t al . from Anchen niversity of Technolopgy
(FWTH) , Germany  in thelr paper "Multiphase f1low  and  transport
modelling of surface contaminations by immiscible fluids",
presents  a numerical model for the simulation of coupled three
phase flow and transport phenomena, including interface mass
Lransfer processes. L Alt-sel et.al. of TNRS,Canada, in thelir
presentation "stochastic Modelling of the transport of pesticides

in soils  and Groundwater, Application to the  Vnluerability of
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wells”, explains a transport model in saturated zone using finite
li fference | technique Lo simelate flow, and the discrete parcel
riendom walk method to simmlate the solute transport. This model
wian o conples with the unsaturated zone VULPEST model which uses
the: Monte-Carlo approach to desirable the stochastic process
derived  from the spatial variability of soil parameters . They
comelnde  through demonstration that this model can be used  in
conbrol  and protection programmes of ground wvalter Quality. K
Ratsfelder et. al. from University of Michigan, USA , in their
paper  "Simalation of Immiscible Phase contaminant Transporl  on
TEMZ/AT personal Computers' developed a two fﬁmun:j i -'}JI"lJ‘i-l numertoal
K
meilie]l for similations of subsurface ilmmiscible phase contaminant

e anaport based on gas, water and orgs

anic phase mass balan

sonation named as VALORE model.

A, Bestman of Tnternational Center for Theoretical Phys-
[ u,Ttaly,in his presentation on “The diffusion of Buried Matter
Al L saibhle  pollution of Aquifer in Presence of  Hydrodynamic
Dispersion” deals with the problem of.diffusion of suried waste
in o4 moist soil. The model is their used to predict the possible

conlaminants of aquifers situated at a given depth.

“A  Vectorized Mallicomponent Transport Reaction & Models
Lhoory md_ Application” by M.Vogt of TLahmeyer international OGMBH
(lermany, presents a Vectorcomputer-oriented malticomponent trans
port  reaction model. Through demonstration it has been  shown
that nsing this model it is possible to realize even large-scale

dtmilations of coupled chemical and transport procosses within  a

pv-vsonable OPD soale.
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" Bircheran et. al. of France in their paper " Comparison of
the Pehaviours of Two Mercurial dompounds doring their Transpord
) ]

Lhrough a Natural saturated porous mediam”, presents a study il
Ji hility of an organic and a minsral pallntant t

s ‘,II?"‘:‘
Lheough a1 saturaled porous medinm wlth osh

ol colwnn exparioental

(i. Genlile et. al from Italy in their paper "Application of
EM  te 3L

D problem of Transport and Diffusion of pollutant into
Aaquifer" present the 3D Finite Element oode SIVAF aimed at
olving water flow and non-reactive pollutant

roaled/unsaturated porous

media, throusgh case study of salt
/

. . /
b in aquifer.

transport in SRAR

intra:

5.7 Base Studles

Mndelling of An Agriconltural

Site in Quebec City(18991)
The 5ite

The =studied site is located in the region of SBainte Carther-

ine-de la-Jacques-Cartier (Portneus' region) west of Quebec Cily.

The cultivated lands in this regilon conltain homogensous 301l
'

consisting of marine and fluvial sand with medium to

coarse grain
and deposited on the Champlain sea =lay with a

thickness
orf Jboul 20 m in some places. Potatoes are . intensively growun i1
region. Inthe cighties, a contamination by  the peslicide

dicarh was noticed in some wells of this reglion . The
b

f aldicarb is applied during the

granular
!.a LA T R

sowing period (mid May)

rate of 2.24 kg/ha. It has a high solubility

{.}1e

pecominerded

(6@ mg/t) and is leached by soil humidity. There is a water
npply vl ] whioh primps water o Lhe: oegud e ST ul

nler T the studled Cield. The depths of the
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mi
b

gpuifer are 5 miand 3 m respectively.

ffeoted by pamping 15 about 2m.

Th developed bidimensional model MSTHP (Modele Stochastique du
Transpbyrd Horizontal des Pesticides), consists of both low il
Lransport modules. The model 1s writlen in FORTRAN 77 on VAX T8@
cichud na and uses the strongly implicit procedure  (S1FP; shone
(143) to selve Ghe alpgebrale equations syslaoms by Finike diffesr
nees  The VOLPEST model (Villeneuve et al. (16)) is a stochastic
model of pesticides transport in unsaturated zones. It uses the
Monte Carlo irr.;:'Txrninlli‘,: to take into accounl Lhe spatial variabili
¢ different parameters. For the linkage of VIULPEST and HATHFE
wodels concentiations reaching the water table and percolated
aater flux  beoth computed by the VULPEST model form the input
o ta Lo the MOTHP model . On a regional scale, the water £
infFiYlhrated in the phreatic aguifer does nol greatly modi Ly ibts
atiurated thickness in comparison to iks extent. Therefore,

the flow has been considered in steady state, whereas the contam

inanl feeding of the aquifer by the pesticides 135 in bransient

iee i|‘i'l'i"'1T teon of the pesticide aldicarb was don during 1982
el 1983 The smtochastie breakthrough cuarve o f o pezstd e s
Lration having reached the water table as cal mlated by th
VILPEST is shown in Figure 1. The concentration of pesticide

the water reaches its peak 6.5 months after every application
e ok b concentratblon reachlng the waler table were [ el fi

1) bt @5 :‘il,’_“'”l This l avel By CEe] ] pires ]y the walt.el Ilj'l!lll:_

T2




‘dterion of 9 pg/1 set by Health and Welfare: Nanada, and the one
ol 14 pe/l of the US5-EPA. The analysis of the waler e ] ] al
diflerent. periods of tima, betusen 1984 and 1988 shows concenlra
/1. The leaching of Lhe contaminant

into Lthe well, and its persistence in the 5011 and groundusater |

—

venrs after the lasl application.

The: simulated zone has been suhdivided into regalar grids of
1% w by 15 m with 345 nodes. The values of parameters used are
Fheaie measured Tod the  hydrawl i condirabivity (K=T7.7#18  w/s)
and  for the effective porosity (n=f1.35) or as re]_jq_r_‘t,erl in the
iterature  for,” the longltudinal 4l transverse  dispersivitby
s £ P Ll =0, Zm & o.Mm) . The absence of organic  mat
Leers in the saturaled wone leads bo o hon adsorption and thus an

it retlardation termo.

The: Sainte Cathoerine region does not present major hydrogeo

\

lopieal anomalies which may modify hydrodynamic characteristies
I the flow. The ground is almost flat and the regil onal hydraulic
pradiant is assumed to be 171000, However, the boundary condi

1\
Lions are ‘constant head (first type or Dirichlet condition) in

{he: direction of the flow and imperviouns (second type or Neumann

~endition) in  the transverse direction. With respect to the

pesticide concentrations, the extent of the mode]l may be onsid
pe:d Varee enpough te lmpose null concentrations on bhoundar e Al
tL woaber Lable level, Lhe concentrations glven by VULTPEST  oree

‘-mln- pise] i the nodes Lo atad A3 rect ]‘ ,-‘“‘.V'EI.!- 1

pplication of the pesticide.




FiguFEI aConcentratlon reachlng the water toble caleulated by VULPEST model
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Figure 2. .
v1». Hydraulic heads calcultated by MSTHP model
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tions for sand. The pits were subsequently used between 1945  and
P67  Lor l‘l.h'- disposal of mi nor quan titles of solld’ domestic
rifusee and rubble. Aften this period the site was adopted for the
disposal of liguid industrial waste. Records of the type and
volume of the dumped waste are not avalilable before the introduc-
Lion of the Deposit of Poisonous Wastes Act In 1972 . However, the
sharacter of the wastes disposed of at the site has apparently
changed little over the period of the site s usage. Waste dispos-

&l ('r_:(ii”.i-fl'] in 1980

The Wolston Sands formation, into which the lagoons penetrate, 15
the: primary dﬁuifﬁr unit of the upper sequence of sediments.
These unconsolidated lacustrine sands vary in thickness between 1
and 13 metres over the area.of interest, and are interbedded
between relatively mpermeable boulder clays. The lower clay 1is
vertically extensive and provides an effective low permeability

houndary to the sands. The upper clay is less substantial (1-3 m

]
thieck) restricting vertical seepage from surface flow.

The principal direction of‘groundwater flow is from east to
west . To the west and north the hydrogeélogicaal boundaries - are
formed by two streams which cut into the aquifer over most of
their length. However, the aquifer has been disturbed in the
vicinity of the narrow flood plain of the western prevenﬁing
aceurate analysis of through flow in this region. T  the north
and west the aquifer thins maarkedly and the elevation of the
base of the aquifer effeétive]y controls groundwater flow (in

mieh the same manner as a welr crest in surface flow regulatlion).
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The build up of sludge at the base of the lagoon restricts infil

Lration to the aquifer since the lagoon level has remained ap-

proximately three metres above regiona.l groundwater level
subsequent. to site closure. However, dredging, undertaken once or
twice each year during the operation of the site is knor;m to have
disturbed the sealing laver allowing periodic injection of con-
Laminants at relatively high rates for short time periods. The
yesnlts of its action can be observed by the presence of contami-
nants far upstream of the lagoons which cannot be explained hy

uniform discharge.

Mode] d \

Although the protlem is three dimensional, a two dimensional
horizontal flow model giu’res a valuable init_ial éppraisal of the
spatial anki temporal groundwater flow patterns. Figure 5 shows a
schematic cross section of the aquifelr.For the partially confined
port.ion of the aquifer, the two dimensional areal equation of

fluid movement takes the form

P K
Sh _ & (Kk{j(h-bo)8h ) - L )-T Rixs, ;-2 ) =0
me 90 E—ti( td(*\ . )g'-'-j) R(xi,t) K”ﬂ (x;,t) 8(=i-2i

where:e h 1s the hydraulic head of the flud, n.is the effective
porosity, ij: is tl}:)e vertically averaged hydraulic conductivity
tensor. bgsis the elevation of the base of the aaquifer, R is the
rate of recharge t;:> the aquifer and akare the point sources of

fluid injection at the polnts x'i",icg the Dirac delta functlon.
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?

Under the partially confined ronditions observed at Villa Farm
where: Lhe overlying clays lie within the capilary sone above  the
mieon fined surface the storage term is a funct.ion of the unsatu-
roaled thicknesst A linear variation in the phreatic storativity
Was adopted between the limits defined by fully confined and

fuully nneconfined conditions.

For the case of a fully confined aquifer, the equation of fluid
movement is
[ P K .‘l \ "Z(
Bs, 8¢ _ 3 (kj8S®)_g(xi,t)-Z & (xi,8) & (ri- 28 ) =0
/
where 8yis the porous mediam storativity B is the aquifer thick

ness and o is the vertically averaged fluid potential .
.llowing assumptions are considered

(1) fluid density is essentially constant throughout the aquifer.
(ii) the interfaces between the aquifer and the confining strata

are non deformable.

The hydrographic records at the site. available for the years
1982-1983, show a seasonal variation of water level about an
apparent. static mean. In order to establish a satisfactory ini-
tial condition for transient calibration the aVverage water
levels were used in the steady state analysis of the flow regime.
The stendy state heads produced are then used as  the f1d b ial
conditions for transient runs. Compatible starting dates for

{ransient runs are estimated from the hydrographic record

13




the  base of the aquifer zero vertical flow 1s  assumed.
oo hiirge through' the upper econfining clay was estimated from
vertical permeability ,and varied in reupmhs& to  the available
meteorological data for the area. An average recharge value of 3

169 metres per day has been calculated. The recharge is applied

nnd formly over the entire model area.

Foor Lhe numerical solution scheme a Galerkin finite olement

Soorimilation was considered to be the most sultable (see Huyaliorn,
Ir L5 and Pinder, G.F. ). The particular f[ini te  element code
cmployved used quadrilateral elements with linear sides for mesh
construction. 'T:hrh. mesh for the Villa Farm site is shown in Fig {' .
The:  size and  okientaion of the mesh elements were varied in
ceespone Lo the spatial distribution of the data and to Lhe more
complex  conditions in the vicinicity of the lagoons. A bllinear
inLerpolation function is used to desecribe the heads within each
vlements ., .'}"he: values of heads at the nodal positions being the

parameters to be determined. ' |

loundary conditions are incorported directly ‘into the finite
| emen formilation. For boundary. nodes of prescribed head, the

finite element equation at these nodes is replace by for example.

Whies e éoi:;a the prescribed Qalue of ¢ at the houndary node .
RBoundaries where the potential is not prescribed are treated as
e Flow ‘}‘nrﬁ.'mldar‘ies. The formulation of the finite element eaqua-
{ions made provision for time stepping by explicit or implicit

choems . For this application an fmplicit formultion was adopted,




A direct iteration approach was adopted and was found to convergs

stisfactorily for all cases considered.

Mol ling Results »

Msing the Kriged estimates of the various surfaces defined at the

grid points of the finite element mesh, the numerical model has

T exdibraled. An iterative procedure for Lhe calibration was
wlopted The permeability estimates fed inte the model WEeTa

noerassively  adjusted in response to the derived head distribu
tion for o nuamber of plausible boundary condtions whilst main
laining  the same aquifer geometry. Throughout the modelling it
i been  necessary  to re-evaluate the total flow pattern  to
cusnre at each stage a conceptually valid system (i.e. no extra-

s semrces and sinks). For all calibration runs performed, t.’ﬁr.-‘_-.
cormeability distribution showed higher values 1in  the central
j«irion  of the area with rapidly reducing values close to the
benindaries of the system. This aspect of the model results sup
port the evidence .(“lerived from the field i.l'th‘!S't,i.gﬂtiﬂllﬁ which
Jhowed  increasing permebility with aquifer thickness and an
increased median grain size in. the thicker units. Ths coupled
vith a higher percentage of clays mixed in the aquifer near the

tios of the model area governs the changing [.»r:r‘rue:al»ﬁi:'t.y pat.-
feern. Figure 7 .S}L!\rSJWS a typical smoothed representation of the
permeability,averaged over the model area,used to simualate the
water level patterns.

§
Tt, is estimated from the modelling of the site that the total

' teral  inflow in the region is of the order of 14,00 cum p&r
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I FIGURE 7 .
MODELLED PERMEABILITY VARIATTON
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i, With this low level of flux the stresses induced by even
<mnll changes in the levels of recharge are sufficient to change
hee head distribution f’-nnid-ﬁ.r‘:ﬂﬂy: Tt is apparent therefore that

w leddpe of the ’t.v:f;rll'lr»'r‘}\] distribution*of recharge needs l.-:_» be
improvedd  hefore extending the studies to the transient casc and
L in:lude three dimensional flow components.Figure 8 .shc.-w;% the

ranoe of possible flow directions determined from the calibration

rins Tor & nuamber of points over the model area.

The  present studies of Villa Farm Lagoons have so  far at-
tompted o analyse the range and availability of data neadad Drow

i

1d investigations for input to a staandard "flow model. There
e oa pnmber (:JTI areas which have been shown to be of Iimportance

hee development. of a numerical modelling capability for extben
ion Lo mass transport studies at landfill sites. These can e

nmmarised as follows.
1 The determinatlion of the processes of infiltration of the
whate into the \saturated zone.

The analysis of the boundary conditions controlling the flow
st lern, and  the requirements for collection of field data
1ilable for analysing the response of the boundary conditions in
v i
1 The development of alear proceduraes for quantifying the nNCer -
tainty in model predictions based on the errors in the estimation
amd interpolation procedures adopted.

4. The evaluation of the vertical components of the groundwater

flow pattern.

Thes  model studies of t’-[l".?‘v.l.'].]‘f-l Farm site have =50 far been




successful in demonstrating the feasibility of formulating a two

dimensional model descoribing the macroscopic processes.of ground

vater  flow However, the modelling has shown that even L

1e aguifer system, the level of data required to pr vide

nifident. prediction:



4. ¢ REVIEW OF WORK ©N MODELLING IN TNDIA

Groundwater quality modelling is comparatively a new field

1 1

gl s such there is not* mach research work has been acknowledged

Anand Prakash (1982) developed simple analytical -models to
simmlate  groundwater contamination due to point,line, plane oOr
parallelopiped  sources in a confined or unconfined aqulfer. The
ol fecls of the upper and lower confining boundaries 1is an arte-

an anquifer and those of the bedrock and water table to an
unconfined aquifer are accounted for by the method of images. The
3 fl \ . ]
ame: btechniques is used to model the contribution of a constant
neentration boundary in the flow field like the one provided by
Fiill penetrating perennial stream the number of images at which
1

wenracy  of the results is indieated. Uniform flow velocity has

Leon assumed in the analysis.

Third symposium on Hydrology at, CWPRS, ’nnr;: noticed the work
»nf ,Pawar et.al.on Fffert of Vibration in the Quality of Ground
gater iLn Bhairoba Basin,Pune and Patil et.al.on Geochemistry of
(round water and its Tmpl jcations on the Preciplitation of Carbon:

15 in the Saswad-Nira Area,Western Maharashtra.
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S5.ARTFFERED PROBLEM T0O NIH

Pollution Studies In

river basin 15 located

in Tamil Nadu and alseo in p

area of the basin within Tami

(i, Tedbltude 12 273" 13 @5 "and

The area Vanlyambadi and

rdinate N. Latitude 12 35°08" to

79 25,;96".

b

(Location map
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|
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24 me trs.

ATTON OF INDUSTRIES

himber of industries

of which Tanneries Constitut

sngnr, soaps, leather

DACTTOROTND AND JUSTIFICATION

Vaniyambadi

are located

goods and

Ambur Arca of Palar URiver

in North Arcot Ambedkar

arts of Andhra Pradesh.

1 Nadu is about 1#6LE s5q. Lo
E. Longititude 78 28" @An" £

lies between i

Walajapet

15 @37 (3" and K. 76

Longitade

appendead)

studies is covered by granites
which is in turn covered by

Thickness varies

and gravel .

in Vaniyambadi-Walajapat
e 9% and the rest are chemi
paper industries.

i, surface water and also groundwater are petting contamd
1 and rendering it unuseable for drinking or for irripgation
veral parts of the river basins. Pollution may be one of
auses for the reported ocecurrences of various wabter  borns




diseases confron t&3(§_r by human population and poor production

apability  of Agricultural land! Industrial effluents which are
v . - “

nt roated for partially treated are Tetont into river and exten

ive: application of fertilisers in the agricnltural areas are the

main  source of pollution which needs special study, monitoring

givel et 1"?51 3

Moniloring of the rate of pollution in already affected

e 1t will be the-most handy test with whirh, control conld e
Pteeted elther by reducing or by eliminaling such area =
LK o water\ supply . Farther by such studies areas of  good

B

el by and bad quality waters can be delincated, earmarking for
future proundwater development on the basis nf users demands.

=]

“f~1iminafﬁ data collection,processing and analysis of various

\

de-tails pive rise to following conclusions.

Total dissoveﬂ'zulida are much more in the locations like
Ambur, Minnur, Vengili, Kailasagirl, iudiyattam and Pernampet.
Prakenp detalls shows Lhat sodium and .chloride concentration are
more  in  all  the above said locations and with an increasing
temporal trend. Bicarbonate is found more in Vaniyambadi, Vengil
lidq Kailasagiri and Gudiyattam. ‘In Ambur, Minnur, it is more in

OINEs YEnns but reduceds subsequently with good amoun! Wb Eain et

18 109603-1983 depicts that for drinking purpose desirable
Timit for ™S is @@ mg/1 and tolerance level is 156003 me/1.
Mhepresfore locations like Vaniyambadi, Ambur, Minnur, Vengill,

voncunpe: . has already corssed the tolerance 1imltl. Cudlyattam and

&7




has also corssed the desi ralle 1imit bul yet Lo peach
Fby bl wrance 1lmit, as far as drxinklng parprise R 3 1 0t = s T
Vet ey Foor some of the wells may well be us ed for irrigatioo  buad

A1 pletnre s grim as Bicarbonate conbenl 1s more in mosl ol

Tn general contaminant lavel of the ground water systemn has

Leecn  on the increasing trend. Most of fected areas are Ambur and

Minnmr
The: prelimiovary stady reveal s that contanminants avre  more
when proundwater recharge 1 less bthat is when rainfall is less.,

Thierefore it may be concluded that if proper flushing arrangement
r  Lhe surface and sub-surface contaminants can be made during

dry periods, the con taminant levels may be con trolled.

Overall picture of the deteriorating phenomenon reveals tht
Lrees f pollution may be 1 argely due to the disposal of un-

t reated  affluence  from tanner ies and other small scale indus
Ui, This may be Jolned hands by some non [x int source oreabe:d
i hrough excess use of fert ilizers in the command areda. In crease
Af the numbers of tanneries are manifold in the Vani yambadl Ambur
repion,  Effluen t‘.\ tanneries should be trea ted before disposal Lo

{1 river which is the only way to protect further deterioration.

3}
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6.0 UHAT THE SCTENTIST PROPOSES UNDER UNDP TRATHNTHG AND HOW IT

WITL PR UTTLTSED SUBSEQUPNTLY .

Nver Lhe last two decades there was bean a substantial o

SR

ol . more complate understanding of prounduwater cont
-nid how Lhe impacts of contamination can be mitigated by

priate management actions and technological development:s.

Cround walter quality modelling 1is a rizlatively new area and
ich Lheres is stdll much research to he nndertake before  an

Admal approach, cavironmentally sound waler manapgement can b

evlizd only yield information with the level of confidence

pii et on the availability and quality of field data and the

B

111 F] interrelation of the results by an experienced mode] e

with a strong background in ground water analysis.

the UNDP training author wonld like to pain

mi ol

refore under

cwledge of latest modelling techniques and its impli cations in

v pround  water qualily modelling studies. Development of a

i sl o an exercise in conceptualizing the true nature of the

dd water regime from the available data and not simply of thie:
Lervalion of pumbers by a computer code. Outcome of the training

t the requirement of exercilse in groundwater polluted

| 1o npper Palar sone in palar river basin, near Tyiahny An




Ve

1

r basin,
ato

ntion

all

salt

problams

and

,"\‘f»".‘i

water

in Tamilnadu

in

Trptur

50

Mundargi e

all

intrusion i

ahats

Tumkur,

1B 4]

Karnal

LIl
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7.@ CONCIU MG REMARKS

fGiven present stresses an groundwater resources in most countries
G L world, 14 is important thatl resourcs managers  begin Lo
o o terms with very real. Complex or multidisciplinary prob

J g of  quality management. Advancement of  hknowledpe in Lhis

cannot have second idea 1In the national context..

Due to the complexity of most groundwater systems the solu-

a3, the selution to the flow and transport problem is general

]

Aerived by numerical treatment of the cquation. A variety o

seronndwater flow and

3

imerieal  scheme have becsn applied to the

¥
transport  problems using computers and a number of generalized
mputer codes are now available which can be used for the simu-
Lion  of  most wauifer systems. However, although simulation
TS T can be  very o Jrnp‘! ex In Lheir formulation, it must be

vemembered that they remain highly simplified representation of

tLher true aguifer system.
b

The literature contains a wide t'énge of studies demonstrat:

iup  the use of simulation models to both groundwater flow and
s laminant, migration studies. However, it must be pointed out

b het Ly far the majority of studies presented in the 1literature

have bheen related to research programs and less Lo real manage-

nl applications. Tt unfortunate that most real wpplications
nndertaken by consultants are not presented in open literature.

reover while consultants are frequently employed Lo develop and

use a groundwater for analysing particular problem it is more for

9l




the client to take over these models and use then for. conbtinuon:

dtoring and mppralsal srounndwale? reSonrseEs th

(11ven e limitations of the models, 11 must Thes stressed
modell 5 require experienced personnel who have knowleds F

i nn‘w!al.i(’ﬁ mexthosd: nd  groundwater system in orde: L
imise the benefit of a modelling exercise Extensive training

therefore of primary lmpartance in this field

32
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ANNEXURE - 2

Finlie dilterence solile trnnaport codes

I huabed 1 o
Provesses

Tinnsicnt
Well haore
Naonisothermal
Conveclion

Transient

Unsaturated

Homopencous, isotrepic
media

Saturated/
unsaturated

Pinnsient
Conlined/uncon-
fined nquiler

Fiansicm

Conlined, semi-
condined, water
tabde ngniler

Dilluse leakape

Injection/with-
drawal

Transieni
Satueatedy,
unsaturnted

Tiansient

Satweatedy
unsatuated

Deformable
parous medinm

Heat-induced
mipration

Lrancicnt
Nounded aquiler

[iansient
Monizothermal
Convection

Sobhate Peanspont

Mocesaes

Advection
|Jl-;;!('|<inll
Dillusion
Adsorption

lon exchange

Advection
Dispersion
Diflusion
Sorplion; Decay

Advrertion
Dispersion
Diffusion

Adveeting
Dispersion
Adsorption
Deeay

Advection
Dispersion®
‘Adsorption®

Advertfon
Adsorption

Advectjon

Advection
Dispersion
Sorption; Decay
lon exchange

Ay
Difhusion
Atlsorption
Devay



Finite clement solutc transport codces

ANNEXURE -

Code Name

Autliors (Reference Date) Numerieal IFluid 1ow Solute Trapsport
(Institute) Simulation Examples Characteristics Processcs I’roccsscs

IR. (5. Baca MAGNUAM2I»-CHAINT® Two-dimensional isopara- Nonisothermal Ac.h'ccﬁ‘on

R.C. Arnctt (19281) metiic clements for Cnnvccljon- DIS[,‘C‘FSItH]

1. P. King, Multicomponent nuclide porous maltrix diffusion Sorplion

Rockwell Hanlord
Operations)

transport, basalt
repository

One-dimensional clements for

discrete fractures

Douhle porosity

Decny chajns
Mass relcase

CGalerkin
Solute tansporl in fractinces

J. Q. Duguid Dissolved Constituent ‘Two-dimensional vertical Given saturated A(IJvcc!i.Dn
M. Recves Transport Code Galerkin or unsaturated Dispersion
(Ozk Ridge (1976) Lincar basis functions flow DtlTusm_n
Tl 1ah) Scepage pond L-1T decomposition Adsorption
Decay
D. B, Grave Grave/Galerkin Twao-dimensional arcal Finite dilference Advectipn
(11, 5. Geological (1977) Cialerkin lor MNow Dispersjon
Survey, Denver) Chloride, Tritium, Linear and Hermite cubic Deceay

S. K Gupta

and ™Sr transporlt

',' .
FEIDGW, CFESTT

basis [unctions
SOR iterative

lon exchange

Three-dimensional Transicnt Advection

C. R Cole (1910) Cialerkin Multi-aquiler Dispersjon

C. T, Kincaid [ypothetieal salt and hard FEIDG -mixed vrder Nonisnthermal DifTusinn

], 1L Kaszetla rock 1cpositorics isoparametric clements Convection

(I"acific Northwest CFLEST lincar clements
Lab.) , Scyuential solution

P. S. Huyakorn FTRANS® Two-dimensional for flow Transicnt Advectinn®

B. tl. Lester (1983) and transport in fractures Flow through Dispersion®

J. W. Mercer Transport of ’Np Onc-dimensional for the fractured Diffusien'

(GeoTrans, Inc.) ' from a wasle repository matrix porous media Adsorption'

: in a uniform flow ficld Upstream weighting for Dccay
' fractures ’

Intera VCHFLD Two-dimensional areal Confined aquiler Advection
Environmental Multi-species or cross-section Injection/ Sorption
Consultants, Inc. chemical transpont Galerkin production Multi-specics

Bilincar basis functions ' reactions
.Giaussian climination or SOR

J. Marlon-Lambert Groundwater computer Two-dimensional areal Transicnt Advection

I. Miller package or axisymmetric Layered aquifer Dispersion

(Golder Assoc.) (1978) Galerkin Conflincd or DilTusion

3 L-U Jdecomposition, unconlined aquiler Adsorption
: , Doolittle method Deccay

“

0
n cxchange



Authnny
(Institute)

Conde Nonpe
(Reference Date)
Simulation Examples

ANNEXURE - 3

(continucd)

Numericnl
Characteristics

[l Flow
I"tocesses

Solute Frnnspon |

Processes

1. Hoorishad

M. Mchian

(Lawience Derkeley
[.ah)

J. F. Pickens

G. E. Grisak

(Favitonment
Canada)

L. Picking

(Stone and
Wbt
Engineering)

GoI Pinder
(F'rinceton Unpiv )

G Seanl
12O Tl
iy Yaterlon)

LW Warner
(C elordo Seage
Thiis )y

G T Yeh

12,5 Waid

(kb Rigdpe
Tl 1 ah )

"Caleulates Muid Now

‘In fractuies
In matrix

Flows
(1782)

SHALT
(1979)
Well testing, Chalk River

SALTRP
(I rind and Trudeau, 1980)
Salt transport and
dissolution

IseQuAan
(1973)

Cluominm contamination,

Long Island, N, Y.

3D Saruratedy
Unsatieared
Transport Model
(1976)
Flow fiom ponds

RESTOR
(1981)

[wo solute tansport

FEMWATER-FEAMWASTTY

(1981)
Seepape pond

Two-dimensional arcal
Or cross-seclion
Gialerkin
Upstieam weighting
Quadrilateral isoparametric
elements

Two-dimensional arcal
Or cross-scction

Triangular clements

Sequential solution

Two-dimcensional vertical
cross-scclion
Galerkin

Two-dimensional arenl
Cinlerkin

Three-dimensional
Galerkin
Isoparametric clements

Two-dimensional areal
Frinnpulin clements
Gianss-Seidel or point SOR
Leap fiog solution

Two-dimensional arenl
Or cross-section

LIpstream weiphting

Quadhilateral bilinem
clements

"Caleulates solule transport using Muid flow calculated hy (1)
"CTEST is an extension of FEIDGW (o include eneigy and solute transport

“One member of a family of codes, otl
transport [International Ground 1 arer

ter members consider variably-saturated Now,
Maodeling Cenier, 1983

Transient
Discrete fiactures

Transient
Nonisothermal
Convection

Transient
Conlined aquifer

Transicnt
Conlined aquifer

Transient

Saturated,
unsaturated

Free surface

Transient
Conlined or leaky aquiler

Saturated/
unsaturated

Diensity a2 linction
ol muoisture
content

Advection
Dispersion
Adsarption
Decay

Advection
Dispersion
Sarption; Decay

Advection
D|spersion
DifTusion
Dissolution

Advection
Dispersion
Dillusion

Advection
Dispersion
DifTusion
Adsorption
Decay

Advection
Dispersion
Diflusion

loy exchange

Adveetion
Dispersion
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Code Name
(Reference Dale)
Simulation Examples
AMMT
(1977)
Radionuclide contamination,
Hanford, WA.

NWFT/DWAM
(1981)
Radionuclide transport with
chain decays

' PATHS
(1980)

Accidental contaminant release

evaluation, S.C., WA.
Copper tailing seepage

Random-"Walk
(1981)

NUTRAN
(1979)
Long-term hazard from waste
repositorics

‘ necr
(1980)
Long-term cffects of waste
repositorics

Numerical
Characteristics

I wo-dimensional

Monte Carlo lor dispersion
(discrete-parcel-random
walk approach)

Flow in network of one-
dimensional path scgments
Dispersion by distribuled
velocity method with
Gaussian distribution
for contaminant packels

Two-dIm¢nsional arcal
Analytical flow potential
Numerical pathline

Two-dimensional areal

Particle-in-a-cell for
advection

Ctndomeawalk for
dispersion

Flow in network of one-
dimensional paths

Green's function for
ransport

Two-dimensional vertical
cross-section

Particle tracking with
random number for longi-
tudinal and tinnsverse
ditpersion

Fuid Flow
IMuocesses

CGiiven saturated

or unsaturated
low

Steady state
Stratified sedi-
mentary rocks
Density varics
with salt
concentratien

Steady/transient
Uniflorm confined
aquiler
Linec-source wells
Constant head pond

Transicnt
Confined, semi-
conlined, or
unconlined

ayniler

Resaturation of
reposilory

Withdrawal
through wells

Steady stale

Describe water
table

Finite clement for
Tow

Solute Transpaort
IMrogestes

Adveetion
Dispersion
Adsorption
Decay

fon cxchange
Precipitation
Dissolution

Advection

Dispersion

Sorption

Dceay chains

Equilibrium
solubility

Kinetic leaching

Advection’
Adserption
lon exchange

Advection
Dispersion
DifTusion
Adsorption
Decny

Advection
Dispersion
Sorption
Decay chains
Leaching
Dissolution
Diffusion through
barriers -

Advection
Dispersion
Sorption
Decay
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