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Notation

a — anisotropy ratio [-],

a— fitting parameter,

b — fitting parameter,

clay — percentage clay fraction content [%],
D — soil water diffusivity [ri/s],

d — micropore diameter [m],

h —hydraulic pressure head [m],

h, — air entry pressure head [m],

hs — soil matric suction pressure [cm],

K — hydraulic conductivity [m/s],

K — permeability tensor,

Ku — horizontal hydraulic conductivity [m/s],
Kjj — hydraulic conductivity tensor, i, j = 1, 2 [m/s]
k — permeability [rf,

K — relative hydraulic conductivity of soil [-],
Ks— saturated hydraulic conductivity [m/s],
Ky — vertical hydraulic conductivity [m/s],
K(8 - hydraulic conductivity [m/s],

| — fitting parameter ,

m — fitting parameter [-],

m - fitting parameter,

m — mass of soil [kg],

m,, — mass of water contained in soil [kg],

n — fitting parameter [], (eq. 1.10),

p — groundwater pressure [Nfn

pF — logarithmic water retention curve [-],

g — water flux [m/s],

g — groundwater flux [m/s],

gi — groundwater flux vector [m/s],

S— degree of saturation [-],

sand- percentage sand fraction content [%0],
S — specific storage compressibility [1/m],
S — residual saturation [-],

S — saturated saturation [-],

S(6) — sink or source term [1/s],

t—time [s],

V, — total volume of soil [,

V, — void volume [,

V,, — volume of water contained in soil 1]11

X — spatial coordinate [m],

z— elevation height [m],

X, Y, z— Cartesian coordinates [m],



Modeling of water flow and pollutants transporpiorous media

7

a— wetting angle [deq],

a — fitting parameter [1/m] or [1/cm],

0 — 3D gradient operator,

Ah — pressure drop [m],

Ax — flow length [m],

1) — porosity ratio [-],

W — dynamic viscosity of fluid [kg/(m-s)],
6— volumetric water content f#m?],

6— volumetric water content #m?’],

6, — actual volumetric water content Jim?],
6, — gravimetric water content [kg/kg],

8 —residual volumetric water content jm?,
6.— saturated volumetric water content/fmr],
p — water density [kg/m,

o— water surface tension [N/m],

w— water potential [N/A or [m],

Y, — gas pressure potential [N

%, — matric potential [N/rf,

%, — osmotic potential [N/Ap,

¥, — gravity potential [N/,

%, — overburden potential [N/
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Introduction

This elaboration, prepared in the textbook formyrhe treated as a learning
aid for computer laboratory of numerical modelirffggooundwater movement and
mass transport in soils, especially for the Envinental Engineering students. Our
main purpose was to present the theoretical fundtatseand practical applications
of groundwater flow and pollutants transport inlsdboth in the saturated and un-
saturated zones and the main rules of numericakhuelelopment. Definition of
required input data, water-transport parametersodf initial and boundary condi-
tions, simulation calculations as well as resulsspntation were practically illus-
trated by exemplary calculations elaborated byAt#hors and conducted in demo
version of FEFLOW, DHI-WASY.

Rapid development of computer techniques in thetlfage decades (1980—
2010) enabled popularization of numerical modelagplication, understood as
description of natural systems by the language athematics. Thus, mathematical
models represent concept description or estimatiessribing physical systems or
processes by mathematical equations. Modeling magrcdifferent types of sys-
tems: biological, economic and physical-electriechmnical, hydraulic and ther-
modynamic etc.

Technical literature presents different definitiarisnodel, usually with differ-
ent aspect underlined: mathematical, numericaborputer Kulbik, 2004.

The Polish encyclopedical definitiokricyklopedia, 2002states that model is
a physical system or mathematical description vés properties and characteris-
tics relating to the selected properties or cheratics of modeled object, and
modeling is an experimental method of researchdhaseonstructed models.

Usually models present simplified, to some extegftection of the real-world
studied phenomena. The efficiency of applicatidhmadels reflecting processes of
physical phenomena results directly from accepgsellof model simplification.
Thus, true and full understanding of modeled phesramand simplifications ap-
plied to the mathematical equations describingstiuelied process are required to
obtain the statistically relevant results. Ther, definition of required set of input
data allowing to develop the initial and boundaonditions is necessarBéar
et al. 1992, Grabarczyk, 20R0

The dynamic, deterministic mathematical models afewmovement and mass
transport in soils use mathematical equations baregskveral assumptions simpli-
fying the real systems, covering usually: geomefrthe system (basin or aquifer)
with the proper physical description. The heter@jgrof medium as well as prop-
erties of applied liquids, direction of flow, trggmt mechanisms and equations of
chemical reactions occurring inside the liquid badg consideredWind, 1979;
Maciejewski 1998
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Taking the above into consideration, we may stad¢ iinathematical model of
groundwater movement and pollutants transport bageseveral assumptions and
requiring significant number of input data, whicht@inment may be strained by
measure and calculation errors, should be treaesihgplified attempts of physical
phenomena description, but not as their precisggions. The available scientific
reports (e.gOlszta and Zaradny, 199&owalik, 1995; Maciejewski, 1998; Zhao
et al., 200% show that, despite the purposeful described sfivgtlions and
possible inaccuracy, modeling may be treated ageessful aid in scientific and
engineering activities.

Known applications of mathematical models into stifie and engineering ac-
tivities considering porous media cover:

» water movement in porous media (soil, building mats),

» water balance of catchments or aquifers,

» dynamics of water content distribution in unsatedazone of soil profile,

» influence of changes in water balance on ecosystmsplants growth,

water availability etc.,

» pollutants transport originated from point and aoef sources in porous
media, applicable at designing of direct and irddipgrotection zone of un-
derground and surface water intakes or in detetinimaf engineering ob-
ject on local environment (e.g. municipal solid tedandfill site),

» heat transport in porous media of different satoma(by water or various
chemical solutions).

The presented above exemplary applications of niealemodeling in scien-
tific and engineering activities of, commonly unsteod, environmental engineer-
ing show that modeling may be treated as an impbeéement in designing of
engineering objects and may be successfully intedunto management of devel-
oped environmental systems.

Employment of various mathematical models into eegring practice enables
management of the real, existing systems or arsabfsoperational conditions of
systems being just at the stage of design or dprredat.

Numerous authors (e.de Wit and Goudriaan, 1978; Heinrich and Pepper,
1999; Grabarczyk, 2000; Karafiat, 2000; Knapik, 20@ook, 2002; Kulbik, 2004;
Krol, 2006; Gromiec, 2007, Widomski et al., 2P&€ate that modeling may be very
useful and convenient in irrigation and drainagegficultural areas planning, de-
signing of building excavations drainage, localzatof various objects of water
supply or sewage systems, spatial planning of tdjectentially hazardous to the
natural environment (municipal solid waste landiites, petrol stations, fertilizers
and pesticides warehouses and reloading pointsjleMm may also improve the
assessment of agricultural and transport operagéfiests on water resources con-
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dition and characteristics, calculation of requipeessure head of pumping devices,
selection of disinfectants doses, analysis of waqteality onside distribution sys-
tems, assessment of thermal isolation efficiency Htus, introduction of modeling
may result in reduction of management costs andesfiag of designing time, in
many cases eliminating the expensive and time-coimgupilot, in-situ tests.
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1 Fundamentals of water flow in soils

This chapter contains the basic information conogrthe subjects of water in
soil (as a porous medium), soil matric pressuregemweetention curve, hydraulic
conductivity, as well as soil water movement.

1.1 Soil and water

Soil is a natural body consisting of layers (salihons) of mineral constitu-
ents of variable thicknesses different from theepaamaterials in their morphologi-
cal, physical, chemical, and mineralogical charésties Birkeland, 1999 Soil is
also a multiphase mineral and organic porous medisisting of three phases:
solid, liquid and gaseous. The solid phase conefsfmrticles of various distribu-
tion generated by partitioning of rocks by differeanvironmental (erosion,
transport, deposition), thermal and chemical preegsThere are three main types
of soil particles distinguished: sand, silt andycléhe relative amount of each frac-
tion in the soil sample, sorted according to it gparticle diameter) are presented
by particle size distribution or grain size distrilon Jillavenkatesa et al., 2001

Soil particles are usually packed loosely, witHeté#nt, even unique three di-
mensional spatial orientation, thus creating a solild structure filled with empty
pores, which may be occupied by fluids — liquidand gases. The fraction of void
space in the porous material/soil is defined byopity ratio (e.g.Orzechowski
et al., 1997.

VU
=%
(1.1)
where:n — porosity ratio [-]V, — void volume [, V; — total volume of soil [r.
The exemplary values of porosity for different recke presented in Table 1.1.

Table 1.1. Porosity of different rocké/{eczysty, 1982

Type of rock Porosity [-]
Gravel 0.25-0.30
Sand 0.36-0.45
Clayey sand 0.45-0.49
Granite 0.0005-0.0090
Basalt 0.006-0.013
Limestone 0.006-0.169
Peat 0.70-0.96




12 M.K. Widomski, D. Kowalski, M. lwanek, G. Lagod

Water in solil is located below the soil surface &ltglthe empty spaces among
solid grains — soil pores. Two different zones @it saturation may be observed:
saturated and unsaturated zone, divided by growatdrviable. If the water fills all
space of pores the zone is recognized as satuzatezl In the other case, when
water fills the pore spaces partially, above théewtable the zone is described as
unsaturated zone.

The amount of water contained in soil may be charemed by water content
or moisture content. Volumetric water contéhs defined by a fraction:

(1.2)

where: 8 — volumetric water content ftm?], V,, — volume of water contained in
soil [m?).
Thus, gravimetric water conteé, may be defined as:

m
O =72
(1.3)
where: @, — gravimetric water content [kg/kgh, — mass of water contained in soil
[kg], m — mass of soil [kg].
Additionally, we may define the degree of saturattunderstood as fraction
of actual volumetric content to the volumetric watentent of tested soil in satura-

ted conditions (e.d<owalik, 2007:

(1.4)

where:S — degree of saturation [-f , — actual volumetric water content Jim’],
8 — saturated volumetric water content/mr].

Water in unsaturated zone is held in microporesvdnyous capillary forces
connected to the surface tension of water — stérfiace. Forces holding water in
close distance to solid particles and inside theomainterstices between particles
are strong adsorptive forces known as van der \Maadion forces as well as the
osmotic forces exerted by solutes on nearby watéecules Chesworth, 2008

Scheme of capillary rise in narrow micropore andatigpn describing the
height of capillary rise are presented in Fig.,hereH is calculated as:

2o
cosay
rlgld (15)

where: o — water surface tension (0,073 [N/m] af@)) d — micropore diameter
[m], o— water density [kg/fl, a— wetting angle [deg].
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Fig. 1.1. Scheme of capillary rise phenomenon

Complicated structure of porous media and natureacibus forces holding
water in soil makes quantification of retentivecies hardly possibleChesworth,
2008. Thus, instead the term of water potential waduced.

According to numerous international sources (éddlel, 1982; Zaradny,
1990; Kowalik, 2007; Chesworth, 200&ater potential¥ (in [N/m?) is consisting
of several components:

* matric potential,¥%,: a negative value of work necessary to remove wate
from soil sample overcoming the forces of surfasesiton and particle sur-
face forces,

» osmotic potential ¥,: a negative value of work necessary to remove iwate
from ions in the soil solution,

e gravity potential, %,: a negative or positive value of work necessary to
move water in soil from one elevation to referelesel,

* gas pressure potentiafy: value of work needed to overcome soil gas pres-
sure gradient,

« overburden potentiali#,,: involves the weight of movable soil particles
which exert the pressure on soil water.

Thus, equation representing water potential may fsaform:

Y= P+ W+ W+ + Fop
(1.6)

Soil matric pressure, commonly described as poteryaessure is the sum of
matric and pneumatic pressuréS@ 11276:199p
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Another commonly used variable to describe poténfigroundwater is pres-
sure headh representing the internal energy of water duééopressure exerting on
the solil (the container of groundwater). Presseadmay be explained as:

p

pg
2.7)
where:p — groundwater pressure [N
After assuming action of gravity, we may transfgoressure head to ground-

water hydraulic head:

h = ;;%+Z
(1.8)

1.2 Water retention curve

Water retention curve, also known as soil moistivaracteristics is a relation-
ship between volumetric water contétand water potentiad.

The introduction of soil matric suction pressug¢cm], according to ASTM D
5298 understood as a sum of matric and osmoticosictllows to present the water
retention curve in logarithmic form, as presentedoty (e.g.Zaradny, 1990;
Kowalik, 2007.

pF = logiohs
(1.9)

where: pF — logarithmic water retention curve [f}s — soil matric suction
pressure [cm].
The exemplary shape of water retention curve infohe of pF curve is pre-

sented in Fig. 1.2.

Water retention curve is commonly used in soil, rbj@bical and agricultural
science to predict the amount of water storedénsthil profile, to calculate the water
field capacity, water availability to plants andl smgregate stability (e.@aradny,
1990; Raikai et al., 2004

Fig. 1.2. presents also two crucial points appliedvater retention curves
analyses — water field capacityQ, pF = 2.0) and wilting pointWP, pF = 4.2).
Water field capacity is the amount of water conteeld in soil after the excess
water drained gravitationally downward. Wilting pbdefines the minimal amount
of available water to plant not to unrecoverablk. wi
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Soil moisture retention curves

70 pF — - — Clay
) K — — — Loam
6.0 _\\ . Sand
\ A Y
~
50 \ ~ Unavailable water

W.P. 42

25

FC. 20N\ - - _ _"> N

1.0 water

10 20 30 40 50

Vol % water

Fig. 1.2. ExemplarpF curves for various soils (modified from www.nivakuk)

Usually, the hysteresis effect of water retentionve may be observed — see
Fig. 3.3. The drying curve is located above thetingtcurve — this means that dry-
ing soil preserves higher amounts of water thdtdseing water filling the pores at
the same value of soil pressupg-). Different approaches are observed in practical
application of hysteresis phenomenon — often omfting curve is used, or calcula-
tion are based on mean values for wetting-dryingecyBrzostowski and Olszta,
1996; Stauffer and Kinze, 2001; Werner and Locking2003; Kowalik, 2007

The most popular mathematical description of wegtgntion curve shape was
presented by van Genuchten (1980):

056,
0= [1+(an)"]™ + 0,

(1.10)

where: g — residual volumetric water content Jfm’], representing the amount of
water present in soil sample after drying in 205 a, n, m — fitting parameters,
m = 1-r", a in [1/m] or [1/cm], the others — dimensionless
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o]

=3

g Primary drying curve

a
ol

(3]
=

Main drying curve
Primary wetting curve
Main wetting curve
0

Volumetric water content a

Fig. 1.3. Exemplary hysteresis effect of watermgta curve Maqgsoud et al., 2004

The exemplary fitting parameters for water retemtiourve in the van
Genuchten’s model are presented in Tab. 1.2.

The above formula may be also presented in dedrsatoration based form
like applied in FEFLOWDiersch, 200%
Ss—Sr

5= e

+S5, @ <0)
(1.11)

where:§ — residual saturation [-].
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Table 1.2. Exemplary parameters of water retentiowes for various soils (modified from
Zand-Parsa and Sepaskhah, 2004; Schaap and vancBemy 2005

Saturated soi| Residual soil | Fitting parameters
Soil type moisturef; | moistured,

a n

[m¥m?] [m¥m? [1/cm] []

Sands (average for Sand
Loamy Sand, Sandy 0.396 0.052 0.0263 2.23
Loam, Sandy Clay Loam

Loams (average for Loan

1
and Clay Loam) 0512 0.056 0.0407 | 1.19

Silts (average for Silty

Loam and Silt) 0.428 0.031 0.0120 | 1.38

Clays (average for Clay,
Sandy Clay, Silty Clay | 0.512 0.098 0.0178 1.30
and Silty Clay Loam)

0.380 0.110 0.0260 7.700
Sand

0.250 0.153 0.0079 10.400
Silt loam 0.550 0.161 0.0367 1.572

0.500 0.060 0.0261 1.441
Loam

0.520 0.218 0.0115 2.030

0.042 0.010 0.0094 1.632
Sandy loam

0.335 0.074 0.0153 1.265
Fine sand 0.380 0.030 0.0226 7.339
Sandy loam 0.335 0.074 0.0153 1.265

0.388 0.173 0.0471 1.461
Silt loam 0.469 0.190 0.0050 7.090

0.369 0.131 0.0042 2.060
Sandy clay loam 0.402 0.112 0.0082 1.275

0.589 0.109 0.0007 1.419
Clay

0.446 0.000 0.0015 1.170
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1.3 Hydraulic conductivity of soils

Hydraulic conductivity of porous media (often matkasK) represents the
ease with which water can move through pore spacésctures. In other words,
the hydraulic conductivity is a measure of the psronedia (e.g. soil) ability to
transmit water when submitted to a hydraulic gnaidie

Hydraulic conductivity is related to porous mediarmeability (property of
soil, or other porous media, permitting the trarssioin of fluids) according to the
relation:

K=kKk2
u
(1.12)

where:K — hydraulic conductivity [m/sk — permeability [rf|, i — dynamic viscos-
ity of fluid [kg/(m-s)].

Saturated hydraulic conductivity, commonly markedKa, or K, describes
water flow through saturated porous media (all pdiled with water). The exem-
plary ranges oK for selected types of soil are presented in Tah. 1

Table 13. Approximated saturated conductivity of soils ¢ified from http://web.ead.anl.gov
and http://web.ead.anl.gov/resrad/datacoll/contra).h

Soil type [Sma/t;;?,;ed hydraulic conductivity
Gravel 30-30 000

Clear sand 0.3-300

Silty sand 0.03-30

Silt, loess 3.40°-0.3

Glacial till 3.010%-0.03

Unweathered marine clay 310°-3.010°

According to the significant time and workload nesagy to obtain thKsvalue
by means of in situ and laboratory methods as alin relation to the obtained
results variability, numerous empirical functioqedotransfer functions) allowing
to obtain hydraulic conductivity of saturated sditssing on their particle composi-
tion are available (e.dlietje and Hennings, 1996; Sobieraj et al., 200(Ggner
et al., 2001; Rajkai et al., 2004Below, the selected pedotransfer empirical
functions allowing to easily obtaifs as input data to hydrological modeling are
presented:
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» Cosby Cosby et al., 1984

KS - 70556[].0_6 10 € 0,6- 00126sand- 00064clay)
(1.13)

e Saxton Gaxton et al., 1986

K, = 277800° exp(x)
- 3895+ 367110 2sand- 0.110%lay + 8.7546010“clay?
e,

S

x=120121- 75510 ?sand+

(1.14)
» BrakensiekBrakensiek et al., 1984

K, = 278107 [&xp(X)

x =19523488, - 896847- 0.028212Zlay+1.8107010 *sand® — 9.4125010 *clay’
-8.39521986,” +0.07771&and#, — 0.00298&and [, — 0.019492lay” (B,

+ 17300 °sandfclay + 0.0273%lay? [#, + 0.001434and’ [#, — 35010 °clay’sand

(1.15)

where:sand- percentage sand fraction content [ty — percentage clay fraction
content [%].

Knowledge of hydraulic conductivity in unsaturatednditions is crucial in
modeling of ground water movement and pollutantgpagation in soils. But value
of hydraulic conductivity in unsaturated soil variaccording to changes in soil
saturation by water or/and soil pressure. Theioglatescribing the changes of K in
dependence t8, 6 ¥ or finally h (saturation, water content, soil potential and soi
pressure), necessary to mathematical descriptiovatdr movement in unsaturated
porous media is difficult to obtain by laboratomyda especially, in-situ methods.
Thus, several empirical models allowing to caleuldte value of unsaturated hy-
draulic conductivity are availabl8¢hne and Olszta, 1988Table 3 presents the
most popular formulas frequently used to obtainrdiative conductivity of unsatu-
rated soil, understood as:

(1.16)

where:K; — relative hydraulic conductivity of soil [4 — hydraulic conductivity [m/s].
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Table 1.3. The most popular formulas of unsaturdigdraulic conductivity empirical
models Wind, 1955; Gardner, 1958; Brooks and Corey, 1984tema, 1965,
Van Genuchten, 1980

Name Formula
Ky =Ks,h = h,
Brooks and Corey (1964) K, = (h—;)‘",h <h,
K=Kg,h=h,
Rijtema (1965) Ky = @0, hy < h < hg

h
K=K1<h_1> ,h<h1

wind (1955) K =alh|™
a
— ah‘ —
Gardner (1958) K, =e"" K A" +b
1 m
Van Genuchten (1980) K = K,S* [1 - (1 - Sm) }

where:h, — air entry pressure head [r8};- degree of saturation [4, b,a, n, m, |-
fitting parameters.

1.4 Darcy’s law

Darcy’s law (1856) is a basic law describing flofwiater or the other fluids in
porous, permeable media (soils, rocks, timber, @@nd other building materials,
membranes etc.). The general idea of Darcy’s lathas water flux in the porous
material is proportional to the water potentiathis point Glizski et. al., 201}l Co-
efficient of water conductivity is a coefficient pfoportionality in this equation.

Generally, Darcy’s law for water flow in unsatumhtenedium may be ex-
pressed as:

qd=-K(¥)-grad ¥
(1.17)

or

§=-K#) 5
(1.18)
where:q — water flux [m/s]x — spatial coordinate [m].
In the case of groundwater flow in saturated coowl#, the unsaturated hy-
draulic conductivity of soiK (%) is replaced by coefficient of its saturated hydra-
ulic conductivityKs.



Modeling of water flow and pollutants transporpiorous media 21

In case of three dimensional groundwater flow, &#qoaof Darcy’s flow trans-
forms to (e.gMigolo et al., 2003

qg=—-KVV¥
(1.19)

where K — permeability tensoF, — 3D gradient operator.

Gradient operatov, also known as nabla operator is a differentigrafor un-
derstood in Cartesian coordinate syst&m,9 as:

— (9 9 9
V= (ax’ ay’ az)'
(1.20)

In the simplest cases of groundwater flow throughgaturated soil (e.g. flow
through the aquifer) the Darcy’s law equation mayttansformed to the follow-
ing form:

Ah
V= KSE

(1.21)
where:v — saturated water flow velocity (Darcy’s velocifg)/s], Ah — pressure drop
[m], Ax — flow length (length of which the pressure didpwas observed) [m].

1.5 Richard’s equation

Modeling calculations of water movement in the gddsoil profile is usually
based on standard form of Darcy’s and Richard’saggos (i.e.Richards, 1931,
Raats, 2001; Pachepsky et al., 203

q=—-K@O)WVY¥
(1.22)

2 =vK@OWVY¥) - S(6)
(1.23)

where:q — groundwater flux [m/s]@ — volumetric water content fiim?], t — time
[s], K(#) — hydraulic conductivity [m/s]¥ — water potential [N/ or [m] when
expressed as pressure heyd,) — sink or source term [1/s].

The sink or source term reflects local increasdearease of water content ac-
cording to local inflows or outflows of water toettmodeled domain, e.g. water
uptake by plants’ roots, evapotranspiration, irdtibn and exfiltration etc.

For the simplest one-dimensional flow of water afissthe Richards’ equation
may have the formRachepsky et al., 20D3
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??f 62( ( )62)

where:D — soil water diffusivity [r/s].

Modeling calculations of two dimensional water maeat in the FEFLOW
are based on standard forms of Darcy’s and Richaeduations (e.gRichards,
1931; Raats, 2001; Pachepsky et al., 2003; Die?§i05:

(1.24)

dh
T (1.25)

oh _ _ dqi -
R (1.26)

where: g — groundwater flux vector [m/sh — hydraulic pressure head [m],
t — time [s],K; — hydraulic conductivity tensor [m/d],j = 1, 2,Q — sink or source
term [1/s],S, — specific storage compressibility [1/r§,= 1-10* 1/m.

The hydraulic conductivity tensor along the mainngpal directions in two
dimensional model may be expressed as diagonaixnedflecting the anisotropy

of soil:
KP 0

14
0 K (1.27)

Which can be transformed to the Cartesian systeithdyotation matrix con-
taining the angle of rotatiopbetween the involved directional axes:
_ [b11 b1z] [ cos¢ sind)]

by,; by, sing cos¢ (1.28)

The resultant hydraulic conductivity tensor may d¢mculated as follows
(Diersch, 200%

Kij == bliKlz]’(
(1.29)
So, the maximum value of hydraulic conductivityg(enorizontal or vertical),
anisotropy factor, understood as &gexKmin - or Ky Ky, and rotation angle are

required Diersch, 200%. Thus, anisotropy factor is used to calculatevhieie of
the second element of the diagonal matrix presantéq. 1.30:

KY =a-K?
(1.30)

where:a — a dimensionless anisotropy ratio.
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2 Fundamentals of mass transport in soils

The mass of water and substances dissolved in wiat@es in soil porous
medium in natural environment continually. The fantkntals of water flow
mathematical description were presented in theipusvchapter. The following
chapter contains the presentation of descriptiortrarisport of substances dis-
solved in water.

2.1 Equation of hydrodynamic dispersion

For any element moving in the porous medium spheeptinciple of mass
conservation must be preserved, which can be desci@as a continuity equation
(e.g.Dagan, 1989; Maciejewski, 1998; Diersch, 2R05

_apk :—ﬂ+sk

ot 0X; 2.1)
where:gf — intensity of flux of particles of speciksS — volumetric source term of
specie¥k, t — time,x — Cartesian coordinate.

One of the basic parameters describing a conteat safbstance dissolved in
water is a concentration according to the formula:

_ dm
dv® (2.2)

where:m denotes mass of a substance dissolved in the eobfie™ of ground
water.

The dependence between a concentra@ioof the substance and its density
pcan be expressed as:

dv dvV dVv (2.3)

'
where: 8 — volumetric water content (moisture§,=d—v, V —volume of soil

medium.

Velocities of particles of individual components ground water are usually
different. The difference between velocity of peles of one component and aver-
age velaocity of all fluid particles in the elememtaepresentative volume is called
dispersion velocityMaciejewski, 1998; Diersch, 2005
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Vi =v=yv (2.4)
where: V" — dispersion velocityy — velocity of particles of the component under

considerationy — average mass velocity of fluid (e.g. ground wate
In the general case, an average mass velocity tiicomponent fluid may be
defined as:

Zn“vkpk ivkpk
1

_ k=L

k=
Zpk P

k=l (2.5)

where: V¢ — velocity of particles of speciek, & — density of specie,
& — density of liquid phase,— number of liquid components.

Problems of flow of water with only one low-concextéd dissolved compo-
nent are usually considered in modeling the masssport. Thus, a parameter de-
scribing the relevant component is often omitted iris assumed that the average
mass velocity of a solution equals the velocitgfund water.

On the basis of the equation (1.56) defining aalisipn velocity, a dispersion
flux can be determined akléciejewski, 1998; Diersch, 20p5

V=

[

q" = pv’ = pv-pv=q-q (2.6)

where:q — flux of flow of the component mass in sail, — flux of the component
particles assuming that the particles move at acityl equal to average velocity of
the liquid, o — density of the component.

The total intensity of fluxq of mass of a substance dissolved in ground water

can be divided into a convective flux connected to an average mass velocity of
liquid flow in porous medium and a dispersion fiyfx In the as such complex me-
dium as soil is, it can be assumed that velocdfaadividual liquid particles oscil-
late around the average flow velocity. In the so@dium, a dispersion flux is as-
sumed to be proportional to the gradient of coredion C (e.g. Hassanizadenh,
1986; Maciejewski, 1998; Sawicki, 2003; DierschQ20

q' = —D;; HG_C

0x; 2.7)

where:D; — elements of tensor of hydrodynamic dispersion.
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On the basis of the relation (1.7), the total fafxmass of any substance dis-
solved in soil water can be described as:

g =g’ +q= -D; HO_C +COv,
0X;

J (2.8)
Applying the relation (1.8) into the continuity egion (1.1) results in the
equation of hydrodynamic dispersion with a sousrentS. This equation is com-
monly used to describe hydrodynamic dispersion. Tentioned source term
reflects external sources and sinks of a dispargasubstance. For the liquid
phase of saturated and unsaturated porous medaimehtioned equation has the
following form:

a(cer)=1[Dijga_c}_a(c\7i 9,
0X; 0X; (2.9)

ot 0X
For the case of flow in the saturated zone of hamegus soil, where
6 = 6 = const, the equation of hydrodynamic dispersian be expressed as
(Maciejewski, 1998

0

ac) _ a [D ac}_a(c\Z)+ S
t

- — ij
0X; 0X; 0X; Ot (2.10)
In the above description of movement of a substaissolved in water it is as-
sumed that the all ground water attends the movearah that velocities of indi-
vidual fluid particles inside a representative edatary volume vary around an
average value accidentally.

2.2 Hydrodynamic dispersion coefficient

Hydrodynamic dispersion coefficient expresses thiéty of a dissolved sub-
stance to mix with water in the soil medium (e/glson and Gelhar, 1981 The
mixing depends on a molecular diffusion, geomefrgal pores and a distribution
of soil water velocity, which in turn depends oe tontent of water in the medium.
If the velocity of water equals zero, the procefsnixing occurs as a result of
a molecular diffusion only. The extent of diffusipgrticles of a solution in porous
medium is lesser than the extent in open watetause particles of dissolved sub-
stance move in the tortuous pores of soil, wheoeiliin effective displacement of
the particles diminishes.
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According to ground water velocity increase, thedimixing rate caused by
differences of flow velocity in individual soil pes increases. This phenomenon is
called mechanical or convective dispersion. Thusghmanical dispersion character-
izes the influence of fluctuation of a fluid veltycfield in soil medium on a mixing
process. Hydrodynamic dispersion coefficiBnin porous medium is a sum of me-
chanical dispersion coefficielt;,, and molecular diffusion coefficiemy, what can
be expressed as:

D =Dy, + Dy (2.11)
Molecular diffusion coefficient in soil is given by

Dy =D+ [T (2.12)
where:D.q — diffusion coefficient in waterz — tortuosity of porous medium, which
is defined as:

2
()«
Le (2.13)

where:L — straight line distance of a diffusing partidle;- real distance covered by
a diffusing particle moving through pores amongdspérticles of soil.

In a general case molecular diffusion coefficientiitensor. For a flow in an
isotropic medium it can be assumed that hydrodyoatisipersion coefficient de-
pends on characteristics of both soil pores arld Hé flow velocity. This coeffi-
cient is a tensor of the second order even for lymeous and isotropic soil. Basic
properties of a hydrodynamic dispersion coefficiarg the result of the following
simple physical assumptions:

» during flow in porous medium fluid mixes in all dations,

* in homogeneous and isotropic medium only one domrds distinguished,

* in isotropic medium molecular diffusion process sio®t depend on flow

direction.

A process of mixing in the distinguished directilow direction) is called
longitudinal dispersionThe mixing in other directions is calléateral dispersion
Thus, in the coordinate system for which the dicecof theX', axis agrees with the
direction of a vector of a velocity of ground watlaw, components of a hydrody-
namic dispersion tensor can be given as:

Dj = DL5j15I1+DT(5j2a—IZ+a—j35l3)+Dda—jl (2.14)
where:D, — longitudinal dispersion coefficierd; — lateral dispersion coefficient,
D4 — molecular diffusion coefficient) — Kronecker's delta.
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2.3 Models of sorption

Liquid particles in soil medium interact with therface of grains and particles
of solid phase. Most colloidal soil particles hawegative surface charge, so the
positive ions are adsorbed on their surface dusigwater flow. The equilibrium
of adsorption and desorption of ions on the surfscgoil particles occurs virtually
immediately. Thus, in this case the model of statiption should be applied.

Analyzing the phenomena, adsorption and desoriooesses can be consid-
ered in microscopic and macroscopic terms. In rsimopic analysis the processes
are complex and their description is complicatenl.uSefulness of this analysis to
solve macroscopic problems of flow in the porousimme is limited. In the macro-
scopic term phenomenological approach basing omstigation of connections
between concentration of a substance solved inngrawater and mass of adsorbed
substance is practically applied. Therefore, mod#isHenry, Langmuir and
Freundlich are used in this approach.

The theory of the Henry adsorption isotherm assutimesexistence of steady
state conditions in the adsorption process, lowcentration of an adsorbate and
low value of surface coverage. The isotherm caexpeessed a$(utton, 1994

a —
m'=K-C (2.15)

where:m® — mass of an adsorbate on the surface of sorbahpésticles),C — con-
centration of an adsorbate in the liquid phaseha dtate of equilibrium (unit of
adsorbate mass per unit of solution volunke); Henry's adsorption constant, that
expresses adsorption ability of an adsorbate andtde the amount of mass that is
adsorbed per a mass unit of a sorbent at the ondentration of an adsorbate.

If the concentration of an adsorbate is higher, lthagmuir equation (also
known as the Langmuir isotherm) is appli@argwill, 1988:

m* _ KIC

m’ 1+KI[C (2.16)

where:m? — mass of soil particles, the rest of designatisnthe same as in the
equation of the Henry’s isotherm.
The generalization of the Langmuir equation wasppsed by Freundlich

(e.g.Sheindorf i in., 1981; Maciejewski, 1998; Sawi@ki03. It can be expressed as:

ma

— = (KC)"

me

(2.17)
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where: n — parameter depending on sort of soil and sorsadfite dissolved in
ground water, the rest of designations is the sasni@ the equations of the Henry
and Langmuir isotherms.

The Freundlich adsorption isotherm is applied widlean the Henry and
Langmuir isotherms. It is assumed in the equataintte Freundlich isotherm that
a sorbent has unlimited sorption capacity and dmeentration of a sorbate can rise
in the state of equilibrium. This assuming is cotr®r low concentrations only,
because each sorbent has limited surface ablestotadome maximum amount of
a sorbate.

The n parameter expresses degree of nonlinearity ofrptieo isotherm. It
was experimentally determined that for very low aamtrations of a sorbateap-
proaches 1 and the graph of an adsorption isottesna relationC(mf/n) is
a straight line.

The adsorption constait expresses intensity of adsorption and its absolute
value depends on the selection of measurement. Urtits constanK is usually
determined in a laboratory and used in models sitmg behaviour of a solute
during water flow in soil medium.

2.4 Decay reactions

A decay of components of a solution flowing in swiedium can occur as
a chemical or physical process. It is a complexnpheenon, so simplified models
are used to its description. The model of firstesrid the simplest one.

An example of a decay reaction is a decompositfdroth solute particles and
particles adsorbed by soil. The amount of this gexman be expressed introducing
a negative source term in the following for8a(vicki, 2003; Diersch, 2005

s +s% =-A(p% + p?) (2.18)

where: A — denotes decay constagt— source term expressing sources and sinks
for a substance dissolved in ground wasér; source term expressing sources and
sinks for a substance adsorbed by the solid phdfise,density of adsorbed sub-
stancep?— dry bulk density.

In the case of a decay of a substance in an enzataészed reaction the
Michaelis-Menten mechanism is appliebigrsch, 2005 The enzyme-catalyzed
reactions have the same properties and the mosirtiam one is maximum satura-
tion of an enzyme by a substrate, limiting a rdta geaction. It can by expressed by
the Michaelis-Menten model given as:
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C

VaVoax =
C+K, (2.19)

where:v — rate of reactiony,,, — maximum rate of reactiork,, — Michaelis
constant.

In the FEFLOW software the option of consecutivact®ns (also called de-
cay chains) typical for radioactive elements withd time of decay is available.
In this option it is necessary to define a decajirtiof these elements.
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3 Brief description of FEFLOW

FEFLOW (Finite Element subsurface FLOW systemeveloped by WASY
Institute for Water Resources Planning and Syst&esearch Ltd., nowadays
owned by DHI Germany is an interactive, based @plgical user interface (GUI)
tool for two (2D) and three dimensional (3D) modgliof water flow in saturated,
partially saturated or unsaturated, isotropic @s@tnopic soil domain.

3.1 Software characteristics

FEFLOW allows also the numerical calculations ofsmiand heat transport in
porous media. The model is based on finite elethettsnes method — FEM/FVM
(Huebner, 2001; Zienkiewicz et al. 2005a; Zienkiewat al., 2005pand was de-
veloped in ANSI C/C++ which allows its applicatiby Windows and Linux OS
users. Fig. 3.1. shows the GUI of FEFLOW in the defmrsion.

File Edit Run Postprocess IFM Options Dimension Tools Window Info

Fig. 3.1. FEFLOW's GUI

" All the figures presenting FEFLOW GUI are the pstreens of the demo version of
FEFLOW 6.0 by DHI-WASY.
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FEFLOW was many times positively verified in numgsccientific and engi-
neering applications (e.@iersch and Kolditz, 2002; Zhao et al., 2005; Mazand
Putti, 2006; Trefry and Muffels, 2007; Widomski, 020 Widomski et al., 2010;
Widomski et al., 2033

The known applications of FEFLOW cover:

researches focused on propagation of anthropogetigtants from point
and surface sources,

development of remediation and decontaminationegjies,

studies on changes in water resources in miningmeg

modeling of mines drainage,

designing of groundwater, surface water and iatilin water uptakes
projects of power plants using geothermal water,

infiltration and exfiltration from and to pipelinéscated in the soil,

water seepage through dams and floodbanks,

numerical simulations of infiltration and capillamge in soil columns,
assessment of available soil water resources,

validation and managing of water management stiegeg

designing the safe zones surrounding water suppitg wequiring direct
and indirect protection preventing the contamirngtio

reporting the influence of investment on naturaliemment.

The main advantages of FEFLOW:

proven high quality of computations,

wide variety of applications:

0 saturated, partially saturated and unsaturatedrvlate, supported by
mass and heat transport,

o application of variable media density to calculasio

0 sorption modeling,

o random chemical reactions.

FEFLOW allows Diersch, 2005a

import and export of model data and maps to anoh fiites ASCI, GIS,
CAD and TIF (Fig. 3.2),

partial or total automatization of finite elememtdlmes elements mesh
with the possibility of manual adjustments anddatiion of the mesh quali-
ty (Fig. 3.3),

built-in regionalization of all applied parameters,
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File Edit Run Postprocess IFM Options Dimension Tools Window

Load superelement mesh ...

x Feflow Background Map Manager | = ‘

Map manager

Load finite element problem ...
Save finite element problem ...
Add map ...

Map manager ...

| kalumnal . duxf
] kolumna 2.dxf

Recent FEM files
Recent DAC files
Recent SMH files
Quit  <Alt+F4>
FE'FLDU.I {’—E'}FLEIU.I EE'{LEIU_I FE'FLDU.I
FE'FLDU.I EE‘FLDU.I E‘i‘—LDLU FE'FLDU.I

A1l on I A1l selected I
Colors. ..
A1l DFF' A1l unselectedl

Fig. 3.2. FEFLOW map manager

rx Feflow Mesh Density Input g

Estimating meshing density

Generate areally

Generate gradually

* ok ok

Total rnumber of elements to be proposed: [Relele

Generator options

Select elements

~ontinue mesh design

oblem summary

Exit to master menu

Fig. 3.3. Mesh generator

» application of sophisticated simulation algorithmscalculations for com-
plex, multi parameters processes,

 visualization and analyses of calculations results,

 tracking of flowing fluid element (particle trackjh

» application of iso-surfaces to modeling,

e open environment of programming,

» simulations for steady and unsteady flow conditjons
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e various methods of time step determination: consten variable time

step, including fully automated procedures of tstep length adjustments
(Fig. 3.4),

[5¢ Fefon

pinding

Fig. 3.4. FEFLOW temporal and control data menu

« various models for the free water table: movablesimef finite ele-
ments/volumes, linear relation between saturati@hleydraulic conductivi-
ty and modeling of unsaturated or partially satatatonditions according
to the Richards’ equation,

» PEST-based automatic calibration,



34

M.K. Widomski, D. Kowalski, M. lwanek, G. Lagod

IV Genuchten™ model :

h

variable solvers based on the Newton and Picardtibe technique, fast
and direct iteration PCG and Restarted-OR-THOMIN afternative alge-
braic solver SAMG,

mass transport calculations for unlimited numbempofiutants, diluted
or absorbed, based on linear on non-linear equatfohydrodynamic
dispersion,

application of the first order reactions and Midia®dlenten reactions
model,

available sorption models: Henry, Freundlich anddrauir,

users defined rate and degree of the reaction,

simulation of radioactive mass transport with aggpliime of decay.

Mathematical description of water flow in porousdizeapplied to FEFLOW

is based on Darcy and Richards equations, alsosinttisource term, solved ba-
sing on soil media paramertization, applied sdanhpfit data, initial and boundary
conditions.

Parametrization of the modeled porous media magdsrmed according to

the following models: van Genuchten, Brooks-Cotdgyerkamp, exponential and
linear (Fig. 3.5 — Fig. 3.9)0jersch, 2005; Diersch 200%alt is also possible to

reflect the phenomenon of capillary hysteresi©iadalculations.

=8,+

1.0 T T T

0.8

S Sr
L 7 m(u<0)
[1+ v
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04 | A

Capillary head [m]
=)
T

Relative conductivity [1]

02 =

10?3 4 = - 0.0 - L
02 04 06 08 10 02 04 06 08 10

Saturation [1] Saturation 11

Fig. 3.5. Van Genuchten model

1.0 T T T
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Fig. 3.6. Brooks-Corey model
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2 Saturation [1] Relative conductivity [1]
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Fig. 3.7. Haverkamp model
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Fig. 3.9. Linear model

FEFLOW, based on finite elements/volumes methoguires creation of the
model in three different stages described bebigréch, 20051
» preprocessor allowing determination of geometriarabteristics of mo-
deled domain, generation of finite elements medhioa of problem class,
method of solution, temporal and control data isgttdetermination of hy-
draulic properties of the domain, characteristicpalutants and models of
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their propagation, definition of initial and boumgaonditions. Mentioned
settings options are presented in the Fig. 3.10,311 and Fig. 3.12.

o FEFLOW

File |Edit Run Postprocess IFM Options
gesign
FeF BN superelement mesh ...

Edit
| problem attributes ...

EITLDUJ FE'FLDLLI FE'FLuLu FeFLm.u

Fig. 3.10. Main menu of FEFLOW preprocessor

I Flowr initials
Problem class I Flow boundaries
Temporal & control data oW matcrinle
- Return
FlOW’ dala I—

Transport data
Reference data
Discrete feature elements Mass transport initials

Problem measure Mags transport boundaries
Mesh geometry Mass transport materials
[FM modules

#* #*

Return

Fig. 3.11. Problem editor menu with Flow Data amdriBport Data submenus
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£ FLol and

al praklem prajection

A Gxisynmetric problem projection

(Re-) Run simulator
Edit/modify problem

Halt and view results

Content analyzer

Special operations

Control output

Problem summary

Fig. 3.13. Menu of FEFLOW processor
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processor allowing the main numerical calculatiohsvater flow, satura-
tion dynamics and mass transport in the studiedadorof porous media,

Fig. 3.13,

postprocessor (Fig. 3.14) allowing graphical or etioal visualization of

calculation results.

FEFLOW {3D) = DEMD

| Fileinformation

| Browsefile
View results at 1.000e+00 [d]

| Fluid fluxanalyzer [

I—m operations

[ Reflect about symmetric plane
History of observation points

[ Recreate

[ Toproblemeditor

[nl
5, 00e-01
1,938e+00
3. 375e+00
4,813e+00
B, 250e+0
7. E88+00
9,125e+00)

1,06Ee+01
1, 2008+01

—_—
5.8 [n/d]

r |
% Legend @

Fig. 3.14. Postprocessor menu of FEFLOW

The data set required to numerical calculationsEfFLOW'’s finite elements
method covers (e.@iersh, 2005a; Widomski, 2007; Widomski et al.,301
physical and hydraulic parameters of soil: porgditydraulic conductivity
in saturated conditions, anisotropy ratio, saturated residual saturation as
well as shape parameters of water retention curdeuasaturated hydraulic
conductivity model (Fig. 3.15 and Fig. 3.16),
initial conditions for water flow: saturation, vohetric moisture content,
pressure head and pressure are allowable (Fig)..3.17
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I Conductivity [Kmax]

Anisotropy factor [Kmin/Kmax]

Angle from +x-axis to Km

I Density ratio

Storage compressibility
Source(+)/sink(-)

In Transfer rate

Capillary pressure head - saturation:

Ed
[1+ A"

Relative conductivity:

gl

: ~ PR (]

Porosn.y Saturated props ->

F=5,+ (v«

-
I Return

Fig. 3.16. Unsaturated properties of soll
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I Return

Fig. 3.17. Initial conditions for water flow

* mass transport parameters of soils, including piy;,asorption model, lon-
gitudinal and transverse dispersivity, model ofdision, molecular diffu-
sion coefficient and type and coefficients for degeaction (Fig. 3.18),

| Porosity
Sorption | Coeff
Molecular diffusion
Longitudinal dispersivity

Transverse dispersivity

Linear dispersion r—

Return

Fig. 3.18. Input data for mass transport modeling
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* initial condition for mass transport (Fig. 3.19).

Mass

Reference mass (Co)

Content analyzer

Fesh Global
IREpEEEy Elemental

Return

Fig. 3.19. Mass transport initial conditions

The initial conditions and characteristics of soidy be prescribed to model
area in several ways: to the single nodes, to teelealements of FEM mesh, to the
greater area selected by the popular window tdohajly to the whole area and
finally data may be imported from data base prepaneESRI, dBASE or ASCII
formats.

Introduction of the boundary conditions to model$-EFLOW is based on se-
lection of one of four offered types of boundaryndgition, definition of its value
(constant of time varied) and assignment of thelitmm to FEM mesh.

-
X oo e =
Time-varying power functions editor

Eamatant 7|
Import curve data Edit Delete all wnused entries
dat.
" ]]elata selected 10 entries || Mon cacllc f

Fig. 3.20. Time-varying functions editor
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Available in FEFLOW types of boundary conditions fwater and mass
transport (Fig. 3.21 and Fig. 3.22) are as foll¢ligrsch, 2005; Diersch, 200%a

» First type (Dirichlet) describing pressure headtémaand concentration
(mass) for the given node.

» Second type (Neuman) determining water flux or niassleaving or en-
tering the modeled domain through the selected binihe model.

» Third type (Couchy) defining reference pressuredh@eater) and concen-
tration (mass) of the area located outside the fedddomain allowing in-
flow or outflow.

* Fourth type, a single well allowing water and massow or outflow
through a single node.

Return

Fig. 3.21. Boundary conditions for water flow in HEDOW

(1stkind) [£ .

I Flux (2nd kind) I_

Transfer (3rd kind) I_

[ Well (4th kind) |_
| Erasing

I Return

Fig. 3.22. Boundary conditions for mass transpofEFLOW
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The results of numerical calculations in FEFLOW nheypresented in many
ways. The software allows visualization by isoline@ntours (both BW or in color),
velocity field, time dependant curves etc. etcg(Bi.23 — Fig. 3.26).

Budget analyzer

Fluid flux i\nzﬁyzer

Content analyzer

Special operations

| Reflect about symmetric plane
| Hi y of observation points

Recreate

To problem editor — ol | Teolines plus welocities | |=ike FI ]
Continue simulation - S e oF S
Exit to master menu [ . [2.4370150001 |
" Jram - g e . T

Eavs]l lsbel fre

Ling thickness Frequency (0 = all thin)

Hunber of bl

I Nen-Equidistan

Y-Scale
e
1,000

E R

X: -0.4970
Y: 6.6023

Fig. 3.23. Visualization setup for mass transpastleling results — isolines fringes and
velocity vectors
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Fig. 3.24. Resultant mass distribution 2D contdat p
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File informat:

Browse file {

Budget analyzer
Fluid flux analyzer

r
|
} Content analyzer
|

Special operations

i“Ref'l'ect about symmetric p-iane ]

History of observation points

Recreate

To problem editor
Continue simulation
Help
Exit to master menu
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Fig. 3.25. Settings for saturation distribution gibt
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Fig. 3.26. Calculated saturation distribution

More precise information concerning FEFLOW GUI, atien of the model
domain, generation of FEM mesh, input data as aglhitial and boundary condi-
tions assignment, performing the numerical calootat viewing and exporting of
the results, various ways of results analyses lig{uFEFLOW tools, re-creating
and re-hacking of the simulation are availablehe software documentation and
FEFLOW help files.
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4 Exemplary calculations of water flow and mass
(pollutants) transport in soil by FEFLOW

4.1 Simulation of fine sand column wetting by capillaryse

Perform numerical simulation of fine sand columrB%Q2.0m) wetting by ca-
pillary rise during 6 hours of the experiment. Rrgssoil saturation for the final
time step and time dependant graphs for soil mastontent. Calculate the water
volume for the first and final time step.

The column is saturated by water in 20% at thet sthithe experiment.
The bottom boundary of modeled column is set atlével of water free sur-
face. There is no water flux through the side bauies, the top boundary is
also sealed.

Table 4.1. Required soil input data (afferhing et al., 1994for fine sand

Residual |Saturated |WRC WRC

Saturated water hydraulic fitting fitting
Type of soil \g’/a:[er content .o ntent conductivity| parameter | parameter
5[] 4 [ K[mis]  |A[U/m]  |n[]
Fine sand 0.380 0.03 6.2E-06 2.26 7.339

We assume:
» fine sand applied to modeling is an isotropic mater
* no hysteresis fopF (WR) curves,
e porosity equal to maximum saturation,
* automatic time step control.

Solution

* Create the finite element mesh (or load existireyetbped earlier) repre-
senting the modeled soil profile (Fig. 4.1).

» OpenProblem editor (preprocessor) and set type of model — Bditblem
class— setUnsaturated or variably saturated mediaandFlow only using
standard Richards equation transient flow (Fig. 4.2).

» Define time and time step control for the simulatio Temporal & con-
trol data, according to Fig. 4.3, set time of simulation3day.
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Problem class
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Fig. 4.2. Problem class settings
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Fig. 4.3. Temporal & control data

» EnterFlow data according to Fig. 4.4.

Flow data

- Flow initials
Reference data

Discrete feature elements Flow boundaries

Problem measure ‘ Flow materials

Mesh geometry . [ Return
IFM modules ' o
Problem summary
Help

Exit to master menu

Fig. 4.4.Flow Data menu
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* OpenFlow materials to assign characteristics of soil to model.

» Set saturated hydraulic conductivity 6.2E-06 m/sKasax (be careful
about the format of the data — 0.062E—4 m/s isirequ Fig. 4.5) irSatu-
rated properties, then go tdJnsaturated props(assume isotropic soil).
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25
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Fig. 4.5. Input data — saturated conductivity

* In Unsaturated propertiesassignPorosity as 0.38 (Fig. 4.6).
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Fig. 4.6. Input data — porosity
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* Now we need to assign van Genuchten’s water retemtirve parameters,
starting from Saturated degree of saturati@pdqual to 1.0 (Fig. 4.7).

IG an Genuchtenr— |model :
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Fig. 4.7. Assignment of saturated degree of saturat

» Next we input residual saturatiof) which can be calculated by division
of residual water content by the saturated watetert (Fig. 4.8).

IG an Genuchtenr— model :
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Fig. 4.8. Input of residual saturation
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» Next we assign thA in [1/m] according to Fig. 4.9.
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Fig. 4.9. Fitting parametek [1/m)]

* And, finally, we can add dimensionless fitting paedern (Fig. 4.10).
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Fig. 4.10. Fitting parameter

» Let's check the input data for soil water retentraracteristics. Select
Mesh inspectorand move the cursor over the modeled domain (Fid.)4
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Fig. 4.11. Inspection of WRC input data

* Now go back td~-low data and selecFlow initials (Fig. 4.12). Then select
Saturation and assign 0.2 [-] representing 20% of saturdtoriimet = 0
to the whole model domain (by settiGdpobal).
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Fig. 4.12. Assignment of initial conditions
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Go back toFlow data and entefFlow boundaries then selecHead and
assign head equal to 0.0 m to the nodes of therhdtbundary of the mo-
deled domain (Fig. 4.13), to reflect the localiaatof groundwater table.
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Fig. 4.13. Bottom boundary conditions

Go back to the main window &froblem Editor and enteReference data

— Observation single pointsand set observation points by choosing the
commandSet at nodal pointsaccording to Fig. 4.14.
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Fig. 4.14. Observation points
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* Now our model is ready, go to the main menu of FBRL and enter the
solver by selectinun — Start simulator (Fig. 4.15).
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Fig. 4.15. Starting the simulation

» SelectControl output, choose format and location of data file (Fig.63.1
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Fig. 4.16. Setting output control
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* Run the simulation and check the results in salvgrostprocessor (Fig. 4.17,
Fig. 4.18 and Fig. 4.19) — after loading the resulbutput data file.

{Re-) Run simulator -
- - 5 Legend ===
Edit/modify problem T
B 8.008e-02
L.951e-01
Budget analyzer gl
Fluid flux analyzer 4,250e-01
Content analyzer S
= - 6.550s-01
Special operations B 7700601
Control output W _8.0%e 0l
B 1000800
Problem summary
Exit to master menu o5

feflow. feflow feflow feflow
feflow feflow feflow feflow

Heasure [n]
ps 243

Qo

["X-Scale [

Exaggeration
= 111

Fig. 4.17 Saturation distribution in modeled soil profile timet = 0.25 day (6 hrs)
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Fig. 4.18.Time dependant soil water content for selectedrvbsien points
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Fig. 4.19.Time dependant soil saturation for selected observaoints

* To calculate the water volume for the first andafitime step we need to
open the postprocessor by selectigstprocess— Load and run..., ac-
cording to Fig. 4.20.

File Edit Run |Postprocess IFM Options Dimension Tools Window Info
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Fig. 4.20.Entering postprocessor
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* In PostprocessorselectBrowse file and choose time stép= 0, than press
Apply andClose(Fig. 4.21).

File information

Fluid flux ana]yzer

Content analyzer

. 398028e-06
.1359860-05
. 979050e-05
2. 363217e-04
.890636e-04
023057203
.0453622-03
. 1128228-03
.225015e-03
24461303
.379551e-03

Fig. 4.21.Selecting the required time step

« SelectContent analyzer and calculatéluid content [m’] by selecting it
from the list and pressingypply according to Fig. 4.22.

File information
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Fluid ﬂllx;{z-ﬁ}zel'

ry of observation poin

Recreate

Fig. 4.22.Calculation of water volume for the first time step
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» Press Close and repeat points 20 and 21 for théinse step, fot = 0.25
day, as it is presented at Fig. 4.23 and Fig. 4.24.
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Fig. 4.23.Selecting the final time step
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Fig. 4.24.Calculated water volume for the last time step
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4.2 Simulation of water capillary rise in two-layered soil gitle

Perform numerical calculations of water capillaiserin two-layered soil pro-
file of dimensions 0.3x1.0 m during 10 days of expent. Water enters the bottom
boundary of the modeled domain with the head ob-28, while the upper bound-

ary shows the constant flux of evapotranspirati@n®m per day.

Check soil saturation by water distribution aftebland 10 days of simulation
and calculate water flow through the horizontafate located in the middle of the

column.

Table 4.2. Required input soil data

Saturated |Saturated |WRC WRC
. hydraulic | water fitting fitting
Soil Depth conductivity| content parameter| parameter
Ks(cm/d) | &[] Alllcm] |n]-]
Layer 1 0-50 cm 18 0.433 0.00596( 1.2489
Layer 2 50-100cm| 2 0.37 0.00113 1.2946

Soil profile at the beginning of the experiments&urated by water in 50%

(the upper layer) and 60% (bottom layer).

We assume:

e residual saturatiof = 0,
» soils applied to modeling are an isotropic material
* no hysteresis fopF (WR) curves,
* porosity equal to maximum saturation,
* automatic time step control,

» two observation points in the vertical axis of t®@umn and observation

line in the border of two layers.

Solution

» Create the finite element mesh (or load existireyetbped earlier) repre-
senting the modeled soil profile — two layers oil #0 0.3x1.0 m profile

(see Fig. 4.25).
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Fig. 4.25. Developed modeled domain and finite eletsimesh

Set type of simulation (Fig. 4.26), time duratidiig( 4.27) and time control
options (Fig. 4.28).

Problem definition

2GR TN EREETESEEY STANDARD RICHARDS EQUQTIDN.I'
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A FLOW and MASS — | TRANSFORT

+w Wertical problem projection

A Axisymmetric problem pr

Fig. 4.26. Problem class editor
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000000
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Error tolerance BN . 000000
Applied to: I =i

~ Lim :!ﬁl
- }1.000000

Fig. 4.28. Specific options for time control segtn

In Flow data menu assign saturated and unsaturated hydrawdiacteris-
tics to soil profile, separately for each layetusated conductivity and wa-
ter retention curvepf) parameters, according to Fig. 4.29.
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IG an Genuchtenr— model :

Capillary pressure head - saturation:

Ed B
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AIR-ENTRY PRESSURE Psialml & 0,000000

Fig. 4.29. Unsaturated properties assignment

* Go back taFlow data and selecFlow initials. Then selecBaturation and
assign 0.5 [-] representing 50% of saturation forett = 0 to the upper
layer and 0.6 [-] (60%) saturation to the bottogela(Fig. 4.30).
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feflow feflow feflow Feflow
Feflow feflow feflow Feflow
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KEYEDARD REQUEST:

Unit: [11
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Fig. 4.30. Initial conditions
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Go to Flow boundaries and assign the bottom boyndandition as
Head =-2.0 m, according to Fig. 4.31 and the top boundanydition as
Flux = 0.005 m/day, as it is presented in Fig. 4I188te: + and— signs
are crucial here.

o Inspector Echo

HEAD iz set

=2,000000 In]l  (time-constant?

IFHKRTS
SR
P vavAY

by Inspector Echo @

FLU% is set

0005000 [nsd]  {time—constanty

Fig. 4.32. Top boundary condition

Now go to theReference data— Observation single pointsand set obser-
vation points and observation line according ta Big3.
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Fig. 4.33. Observation points and surface (line)

» Save finite element problem, go to tBemulator, input Control output
settings and run the simulation (Fig. 4.34).

(Re-) Run simulator
Edit/modify problem
a
Halt and vievwr results W Legend —
[nl T S R,
Budget analyzer B 5.isest ST
: 5 o .
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Control output - a0 e e oot ;
. . Lo T
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Time Step History
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feflow feflow feflow feflow
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Fig. 4.34. Working model in Simulator (solver) t@@ectors of soil water velocities

» Having finished the calculations, ent@ostprocessand load results data
(Fig. 4.35).
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saturation [1] (2]

Saturation [11

g
Elapzed time [d]
Fig. 4.35. Time varied saturation in observatiomfso

» Using Browse file and View results check distributions of soil satura-

tions by water for 1 (Fig. 4.36), 5 (Fig. 4.37) abd day of simulation
(Fig. 4.38).

File information

Browse file ‘
Budget analyzer - 01
Fluid flux analyzer i = :
Content analyzer . .
Special operations " ) <
Reflect about symmetric plane E af
Recreate E i 4 T
; i N Hlegend [
To problem editor . o 1]
— - . - W 2730
. - 3 3,B31e-01
G ' ey 4,52e-01
. - 541301
£.3042-01
7.1382-01
o B.087e01
B 89780
B 9.mese01

- —_—
2.73e-02 [n7d]

Heasure [nl
1,EE

ala|

3¢ Close-up Lacation

Fig. 4.36. Soil saturation distribution for 1 dayé duration
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I File information
| Browse file
|

Budget analyzer

Fluid flux analyzer
Contetit analyzer
| Special operatios

Reflect about symmetric plane

B Legend [
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B Lo

o 223401
3,377e-01
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Fig. 4.37. Soil saturation distribution for 5 daiyse duration
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Fig. 4.38. Soil saturation distribution for 10 dadiyse duration
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« SelectFluid flux analyzer and calculate the water flux through selected
observation line (surface) according to Fig. 4.38egment 1for the whole
time duration of simulation (Fig. 4.40).

Fluid flux analyzer: Integration of
horizontal / vertical flux components

problem)

.000019
.000035

172: 9.862766

History of flux in vertical plane
r time perio 00000 - 10.000000 Ld]
Length of e section: 0

Flux @ [m3/d per m depth] /Adccumulated maszs M [mi per m depth]

-000000
.0oo019
000035
-000051
.000z21
-000393
-000566
-000754

R NN T
o000 O0Oo0

e

D1 0,013273 It -0,013273
b 000000 13 0,013253 2
, 000000 000000 0,013235

, 000000 000000 1 0,013218

000000 000000 : 0.013041 ¢ 2.911e-06 42-0,013041 8

000000 000000 : 0.012865 ¢ 5.135e-06 5:-0,012065 :-5,1362-06

J— - J— -

Fig. 4.40. Calculated water flow and accumulateldwe for the full period of simulation
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4.3 Simulation of water capillary rise in three-layered soitqggile

Perform numerical calculations of water movemerthnee-layered soil profile
of dimensions 0.3x1.0 m during 20 days of the erpent (variable time step — the
Euler/Euler scheme) for input soil data presentetiable 4.3.

Table 4.3. Input soil data required for simulation

Saturated | SaturatedResidual WRC WRC
Soil Depth | hydraulic |water water | fitting fitting
cm conductivity| content |content | parametefparametef
Kslem/d] | &[] al-] al[Vcm] |n[]
Layer1 | 0-100 | 52.91 0.43 0.02 0.0234 1.801
Layer 2 | 100-18014.07 0.40 0.00 0.0194 1.250
Layer 3 | 180-30012.98 0.42 0.01 0.0084 1.441

Initial and boundary conditions:

The initial condition — saturation of the soil colo — layer 1 — 30%, layer 2 —
35%, layer 3 — 31%.

The top boundary condition — varying day transmragccording to Table 4.4.

Table 4.4. Top boundary condition for simulation

Day of experiment Average day transpiration [mm]
1-4 1.2
5-12 1.8
13-16 25
17-20 2.7

Additionally, in the 18 day of the simulation period at 12.00 the preaijiin
(22 mm per 1 hour) occurred. The surface runofffeanent equals 0.1.

The bottom boundary condition — constant potentiehd of water equals
150 cm.
We assume:

* variable time step,

» maximal length of time step — 0.1 day,

» model of unsaturated conductivity calculation —tha Genuchten model.

» two observation lines on the borders of the layers,
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* no hysteresis fopF (WR) curves,

» residual saturatio§ = 0,

e porosity equal to maximum saturation.

Determine the balance of water flow through theiaesd observation planes.

Solution

» Load the map of the profile developed earlier i@ thdxf file according to
Fig. 4.41.

Fig. 4.41. Loaded electronic map of calculatioraare

» On the basis of the loaded map create the finimeht mesh and locate the
coordinate origin on the soil surface (Fig. 4.42).

59

Fig. 4.42. Creation of the finite element mesh elmange of the coordinate origin
localization
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» Define the initial conditions according to the tettthe exercise — Satura-
tion — layer 1 — 0.3 [-], layer 2 — 0.35 [-], lay&Fr 0.31 [-] (Fig. 4.43).

ANIAN

T
PO Inspector Echo (]

HEAD is zet

5,284116 [nl

PRESSURE:
-8,019176 [kPal

SATLRATION:
0,200000 [11]

MOLSTURE COMTEMT:
0,030000 [1]

Fig. 4.43. Defining of initial conditions

» Assign physics and hydraulic — saturated and uredatl — parameters of
soil to the mesh elements (Fig. 4.44).

pog Inspector Echo 2]
WAW GEMUCHTEM PARAMETRIC MODEL

POROSITY ¢HAX CONTENT) [11 & O,300000
MAXIMUM - SATURATION S= [11 ¢ 1,000000
RESIDUAL SATURATION S [11 ¢ 0,000000
FITTING COEFFICIENT A [1/m1: 1,940000
FITTING EXFOMENT n o [11 & 1,250000
AIR-EWTRY PRESSURE Psialml & ,000000

Fig. 4.44. Assignment of physics and hydraulic paters of soil to the mesh elements

» Assign the boundary condition of the first type eadd = —1.5 m, to the
bottom edge of the finite element mesh (Fig. 4.45).

i . Inspector Echo 2]

HEAD iz =et :E

=1, 500000 [nl  (time-constant

Fig. 4.45. Bottom boundary condition

» Define a function determining the top boundary ¢tol (Fig. 4.46).
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Fig. 4.46. Function of top boundary condition, aaie in time

» Assign the variable boundary condition Flux — tBell function in figure
below (Fig. 4.47) — to the top edge of the finiengent mesh.

1 1

1 1 1 1 1
AN AN AN ANTAN
Se———

Time-varying function (1D 1} : L
(Units: [mAd] we, days?

[-0.000.

1 4

Fig. 4.47. Top boundary condition

» Locate the observation lines (Fig. 4.48).

Fig. 4.48. Observation lines
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* Check if the model is ready to rurProblem Summary (Fig. 4.49).

Problem Summary

FILE MAME | Przuklad 2.fem (BIMARY 5,23
FROELEM TITLE | Ruch wody - profil trojwarstuowy
ECENT UPDATIM | Thu Mow 26 11315;57 2003
| Two-Dimenzional
| Ungaturated
| Irrelevant
| Irrelevant
[ 10,9588 [ml
S L0000 3 1
| Wertical
| Separate flow process
| Unzteady flow
| Forward Euler/Backward Euler {(FE/BE} predictor-corrector
UPWINOI | Mo upwinding {best-accurate Galerkin-based formulation?

HUMBER OF S :

SREUE RS 3-noded triangle UM = g Specified Unzpecified
MESH ELEMENT 344 Y 2 Specified Tiefault
139

| Mot dane Specified Dlefault

READY TO RUN % Al S 5 Specified Unzpecified
y of Specified Tlefault
| Yes [T No
MATER: b Specified Dlefault

Fig. 4.49. Summary of model creation

Save the created numerical model as *.fem and galtmulation processor.

» Select the way of saving of output data files -erdaf complete data with
the filename extension *.dac.

* Run the simulation selecting the butt@®e-)Run Simulator according to
Fig. 4.50.
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Fig. 4.50. Simulation calculation of water movemirthree-layered soil profile

» After calculating go to the postprocessor.

* Load the saved output data file.

e SelectFluid flux analyzer to verify the volume of water flux through the
observation lines 1-1 and 2-2 according to Figl4bd Fig. 4.52.

4 y e

Fluid flux analyzer: Integration of
horizontal / vertical flux components

plane ( P

1: 0.
2: 0.011092

Geometric units to be selected by 5
~ ~ ~ 216: 19.930254

217: 19.994860
~ -~ ’ 3

Fig. 4.51. Calculations of intensity of water flthrough the selected observation lines
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History of flux in vertical plane
for time period: 0.000000 - 20.000000 [d1
Length of line section: 9.99 m

Flux Q [m3/d per m depth] JAccumulated mass M [m3 per m depth]

[0: 0.000000
: 0.000390
: 0.000676
: 0.000962
: 0.001376
: 0.001852
: 0.002394
: 0.003021

=
[z 0.000000
:-5.495-06

1 0,000014
: 0,000019
1 0,000025

History of flux in vertical plane
for time period: 0.000000 - 20.000000 [d1
Length of line section: 9.99 m

Flux 0 [m3/d per m depth] [ Accurulsted mass ¥ [m3 per m depth]

0: 0.000000
: 0.000390
: 0.000676

1 0.000962
: 0.001376
: 0.001852
+ 0.002394
: 0.00302L1

1=

Fig. 4.52. Results of calculations of intensityafter flux through the selected observation
lines

4.4 Simulation of cadmium transport in fine sand column wigty by
capillary rise

Perform numerical calculations of cadmium transpora soil column of di-
mensions 100x30 cm for time duratibs 10 days (variable time step, Euler/Euler
scheme) for the data according to Table 4.5.

Table 4.5. Soil characteristics for example of nrioa calculations

. Ks oA a n
Material Layer [cm/d] L (/e [
Sand 0-100 cm| 769.0000 0.4200 0.0100 1.9600

Apply the parameters of the contaminant transpamtiling to Table 4.6.
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Table 4.6. Input data required for simulation adrwéum transport in soil column

Sorption | Molecular Decay rate | Longitudinal | Transverse
Henry diffusion coefficient dispersivity | dispersivity
coeff. [] | coeff. [nf/s] | [1/s] [m] [m]
78.97 1.0-10 1.727-10° | 7.60 0.5

Initial and boundary conditions:
Initial condition for water — saturation of sandwuan — 20%.
Top boundary condition — constant evapotranspma@i@ mm/d.
Bottom boundary condition — constant pressure &80 cm.
Initial condition for mass transport: contaminaahcentration 0.01 mg/din
Boundary conditions: the boundary condition of fmst type — Mass = 0.1
mg/dn?, on the upper edge (10 cm in width) of soil pefil
The contaminant distribution for time duration 1& days should be analyzed.

Assumptions for calculations:

variable time step,

maximum length of time step — 0.1 d,

unsaturated hydraulic conductivity model — van Giduten,
three observation points in the vertical axis &f tlolumn,
no pF curve hysteresis includgui,

residual saturatiory) equal to O [],

porosity equal to maximal saturation.

Solution

Create the mesh of finite elements of dimensio@gQl3 m (Fig. 4.53).

Feflow Mesh Density Input

QI_J_I

’:vuﬁ

Fig. 4.53. Generation of finite elements mesh
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* Move the origin of coordination system to the uppamer of the modeled
domain according to Fig. 4.54.

¥
"fl' PR TR
e Nty
TP )
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R
"%Aﬂ';‘ "Av_‘
uvﬂ.s?ev
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I

A VAT AT AT AT ALV AV ATAT LY
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AT R

b Far
ANin A
FAPATA TR APAT LTS

Fig. 4.54. Shift of coordination system origin

» UsingMenu Edit — Edit problem attributes to open the preprocessor.

* Change the parameters of a simulation — in the avindroblem Class set
the option of modeling single-species transportandient flow of water
and transient transport of contaminants accordirfgd. 4.55.

Problem definition
ol Padsiak kapilarny i transpot]

A FLOW ONLY TANDARD RICHARDS EQUQTIDN-I'

: :

w FLOW and MASS = I TR

v Wertical problem projection

ymmetric problem projection

Fig. 4.55. Basic settings of contaminant mass parsnodel
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Set the time duration of simulation and selectrtioelel of time step control
according to Fig. 4.56.

v Automatic time step control wvia

predictor-corrector schemes =

0. 001000
1. 000000

Fig. 4.56. Selection of time duration and time steptrol options

Limit the allowable time step length to 0.1 dayg(H.57).

Fig. 4.57. Limit of the maximum allowable time step
Assign saturated and unsaturated characteristisgildlo mesh (Fig. 4.58).

- BT ATAVAYANLYAY. S
4'IllllIIIII!.g'!!!gp!!.gllllllnnnnlii. AR

R AT
WA GEMUCHTEM PARAMETRIC HMODEL

PORDSITY (MAX COWTEWTY [11 3 0,420000
MAXIMUM - SATURATION S= [11 & 1.000000
RESIDUAL SATURATION Sr [11 & 0.000000
FITTING COEFFICIENT A [1/ml: 1000000
FITTING EXPOMENT no [11 ¢ 1,360000
AIR-ENTRY FRESSLRE Psialml & 0,000000

Fig. 4.58. Assignment of soil parameters to fiikements mesh
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Set the initial condition — saturation 20% (Fih9).
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Fig. 4.59. Determination of the initial conditions

Assign the bottom boundary condition for water HEA&Bual to —1.0 m,
according to Fig. 4.60.

oy Inspector Echo Q

HEAD is set

=1,000000 [m] {time-constant?

I

Fig. 4.60. Bottom boundary condition

Set the top boundary condition for water as FLUBOQ. m/d (Fig. 4.61).

=7 Inspector Echo

FLUX is set

0,002000 [mAd]l  {time-constant?

o B o A e B ]

Fig. 4.61. Top boundary condition for water
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» Assign transport parameters of the selected contarhito the elements of
the mesh according to Fig. 4.62.

5% Inspector Echo

AL, THICKMESS [11 + 1,000000
FOROSITY [11 + 0,300000
SORPTION HEWRY [11 + 78970001
DIFFUSION [10-3 m2/z1s 1000000
LONG, DISPERS, [ml + 7600000
TRAMS, DISPERS,[m] ¢ 0,500000
+++ LINEAR ¢STANDARD} DISPERSION +++
REACTIONSTECAY [10-4 /=1 3 1,727000=-04
SOURCEASTNK [g/m3/d] & 0,000000
IN - TRAMSFER [m/dl + 0,000000
OUT - TRAMSFER [m/d] + 0,000000

Fig. 4.62. Assignment parameters of transport afaminant mass

« Assign an initial condition according to Fig. 4-631ass = 0.01 mg/din

Reference mass (Co) ‘iﬁ#"‘%ﬁﬂ'
KELESER
v
: A
Assign = | v I A‘ﬂ
v A
e
Return : ‘N“)
ieee
FEFLDLU FE'FLDLU "_E"'_Lou_l FEFLDLU <§hﬁ§
S
FEFLDLU FE'FLDLU "_E"'_Lou_l EEFLDLU #hgﬁh
FEFLDLU FE'FLDLU "_E"'_Lou_l EEFLDLU ] sa%sg}
Eflow feflow [eflow feflow | ggégi,
Feflow feflow feflow feflow ; 5;;%,
ChO_. . CO.. CO... CO. . 4&%’1’
KEYBOARD REQUEST: %ﬂkﬁ
IUOI-O]][: /11 E sﬂA‘Q‘;‘%%g
hit: [mg ; 4’“&"‘§
ZRATREE
SORRER
ngﬁﬂmﬁﬂg

Fig. 4.63. Assignment of initial condition of trgwst of contaminant mass
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« Assign the time-constant boundary condition — Mags1 mg/dm, on the
upper edge (10 cm in width) of the simulation dam{&iig. 4.64).

¥ Inspector Echo S &J

s

HASS is-set

0,100000 [mgfl]  {time-constant?

Fig. 4.64. Upper boundary condition of transportoftaminant mass

» Set three reference points according to Fig. 4.65.

Fig. 4.65. Reference points
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 Go to the main menu, ent®un — Start simulator and selectProblem
Summary according to Fig. 4.66, to verify basic settindggh® model and
its readiness to run.

Problem Summary

| Przyklad 1 Tranzport,fem {(BINARY 5,23

| Podziak kapilarny i tranzpotr

| Wed Dec 02 123136357 2003

| Two-Dimehzional

| Unsaturated

| Irrelevant

| Irrelevant

| 4,55 [l

U

| Wertical

| Combined flow and MASS transport

| Unz=teady flow - unsteady MASS transport

| Forward Euler/Backward Euler (FE/BE} predictor-corrector
| Mo upwinding thest-accurate Galerkin-based formulation:

|1 isingle-zpecies transport}

| 3-noded triangle \UMDARIES 3 Specified Unspecified
| 508
S| 230
| Mot done

Specified Default

Specified Default

READY TO RUM ? (OUNDARIES - Specified Unspecified
M 8 Specified Default

1 Yes [T HNe
MATER: 3 Specified Default

Fig. 4.66. Summary of created model

» Save the developed model as *.fem.

» Go to the processor of the FEFLOW software.

» Select the way of saving of output data files -erdaf complete data with
filename extension *.dac.

* Run the simulation selecting the butt@®e-)Run Simulator according to
Fig. 4.67.
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a (587 Local Mass [mg/] & ]

{Re—) Run simulator

= 0,015

Edit/modify problem
Halt and view results
Budget analyzer

Fluid flux analyzer
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Special operations

Control output

Problem summary
Help

Exit to master menu

feflow feflow feflow feflow
FeFLm.u ][;FLOL.u FE'FI_DUJ FE'FLDLU

M legend | S
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E7 W Exaggeration L 2.001e-02
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1, 000e-01 J sﬂzejﬁz
Y-Scale f L) ?&‘1594}2
i B s.egTe-n2
1,000e-01 i B L0000
X: 5.2858 Slice: 1 | 2.16e-03 tnid]
Layer: 1 = ]

Fig. 4.67. Numerical calculation of water flow acwhtamination transport in the processor

» After calculating go to the postprocessor.

» Load the saved output data file *.dac.

» EnterBrowse file and select a time step.

» Enter View results at... to see results of calculation for the assumed
time step.

» Generated diagrams can be exported in any fornigt 4568).
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a

57 Legend O
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I 8.407e-03
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———
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Fig. 4.68. Diagram of results of calculation of taaminant intensity in soil column

4.5 Simulation of chromium transport in two-layered soil prdsi

Perform numerical calculations of transport of ataminant (chromium) in
a two-layered soil column of dimensions 0.3x1.0 umirth 10 days of experiment
(variable time step — the Euler/Euler scheme).

Input data should be applied according to TablefdrAvater transport and
Table 4.8 for mass transport.

Table 4.7. Soil characteristics applied as inpt& diar water transport

K é. a n
Layer Depth S
Y P lem/d] [ [wem]  |[]
Layer 1 0-50 cm 18 0.433 0.00596 1.2489p
Layer 2 50-100cm | 2 0.37 0.00113 1.2946
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Table 4.8. Input data required for Exercise of datian of chromium transport in two-
layered soil column

No | Sorption | Molecular Decay rate | Longitudinal | Transverse
Henry diffusion cofficient dispersivity | dispersivity
coefficient | coefficient | [1/s] [m] [m]

[] [m?/s]
0.20 1.0-10 2.886-10° | 36.00 0.5
0.191 1.0-10 2.886-10° | 2.50 0.5

Initial and boundary conditions:

« initial condition for water flow - saturation of iso— layer

| — 50%, layer Il — 60%,

top boundary condition (water flow) — constant wabf infiltration equal to
—1.8 mm/d during first three days of a simulatiodl hen constant value of
evapotranspiration equal to 1.2 mm/d,

bottom boundary condition for water transport — stant pressure head
equal to =200 cm,

initial condition for mass transport — constantKggound concentration —
0.7 mg/dr,

entry of a contamination to the profile through ki half of the top edge,
top boundary condition — constant intensity oftaominant inflow to the
profile Flux = 5 mg/dmy during first three days of a simulation,

reference concentratiag = 0.0 mg/dm

Modeling assumptions:

variable time step,

maximum length of time step — 0.1 d,

unsaturated hydraulic conductivity model — van Gduten,

two observation points in the vertical axis of gt@umn and observation
line between two layers,

no pF curve hysteresis includgu,

residual saturatiory) equal to O [],

porosity equal to maximal saturation.

Check a contamination distribution for time dunatas simulation 5 and 10 days.
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Solution
* Go toMenu Edit — Edit problem attributes to run the preprocessor.
» Create the finite elements mesh of dimensions 0.3 xn for two-layers pro-
file (at least approx. 300 elements, 150 for eagkr) according Fig. 4.69.

Fig. 4.69. Finite elements mesh

» Set the location of coordination system origin g. #i.70.

S VAVAVAVA"
RVAVATE,
0

7

Fig. 4.70. Shifted origin of coordination system
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» Set the parameters of a simulation — in the winBoablem Class set the
option of modeling single-species transport — fientsflow of water and
transient transport of contaminants.

» Assign the initial conditions for water flow: layér— saturation 0.5 [-],
layer Il — saturation 0.6 [-] according to Fig. 4.7

i;E'FLEH_LI &'FLDUJ i;E'FLDLLI &'{LDUJ
Feflow feflow feflow feflow
Feflow feflow feflow feflow

- rm - rn
KEYBOARD REQUEST:

[0.600000
Unit: [1]

Fig. 4.71. Initial conditions for soil water flow

» Assign the saturated and unsaturated soil chaistater(Fig. 4.72).

an Genuchtenr— model :

Capillary preszure head - zaturation

7@_ — (w<OWlf T __________
[1+ @

Relative conductiwity:

§= Sr+

o Inspector Echo
WAM GEMUCHTEM PARAMETRIC MODEL

FOROSITY (HAX COMTENT) [11 3 0,433000
HAXIMUM  SATURATION S= [11 @ 1.000000
RESITUAL SATURATION Sr [11 3 0,000000
FITTING COEFFICIEMT A [1/ml: 0596000
FITTING EXPOHENT no [11 ¢ 1,248330
' oRer AIR-ENTRY PRESSURE Psialml 3 (000000

Treeien o |

Fig. 4.72. Unsaturated soil characteristics
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» Set the bottom boundary condition for water flowading to Fig. 4.73, as
HEAD =-2.0 m.

HERD is =et

-2,000000 [m]  (time-constant?

Ty AV
oAraN
] VA

Fig. 4.73. Bottom boundary condition for water flow

» Assign the top boundary condition for water — efdtiene varying func-
tions’ ID to create a function reflecting the assuming topriaary condi-
tion, and assign the new boundary condition ontdipeedge of the simula-
tion domain, according to Fig. 4.74 and Fig. 4.75.

i

0 ~0,0018
2 -0,0018
40,0012
10 0.0di2

Fig. 4.74. Time-varying function of top boundaryndd@ion
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v
wa
g Inspector Echo 2]

FLUX is zet

Time-warying function {10 1) %
tUnitz:  [mAdl ws, days?

i1, Q00

Fig. 4.75. Time-varying top boundary condition gasid on the border of model

Determine the initial condition of the contamina&oincentration Mass =
0.7 mg/dm using the commandransport Data, Mass Transport
Initials , Mass according to Fig. 4.76.

P Inspector Echo @

MASS iz set

0.700000 [mg 11

Fig. 4.76. Initial condition of calculations of daminant transport

Define a time-varying function reflecting the tomndlition of mass
transport Transport Data, Mass Transport Boundaries Time varying
functions’ ID) and assign time-varying condition of the secoyue tFlux)
on the left half of the top edge of the calculatalomain (Fig. 4.77 and
Fig. 4.78).

Next, assign the requested parameters of the cormdatntransport to the
finite elements mesh (Fig. 4.79).
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Time-varying power functions editor

T
I -

Constant |/

]Inlal:e all urused entries
Belete selected ID entries

bl Inspector Echo @

FLUX is set

Time—warying function (100 23 3
tUnits:  [madl mdd] ws, days)

0,000

=5, 000
0,0

Fig. 4.78. Time-varying top boundary condition ohtaminant transport

Porosity

Sorption | Henry
Molecular diffusi
Longitudinal dispers

Transverse dispersivity AL, THICKNESS [1] + 1,000000

- - - POROSITY 11 : 0.300000
Linear dispersion SORPTION HENRY [11 < 0,200000
- DIFFUSION [10-9 n2/s]: 1,000000
First—order decay Rate LONG. DISPERS, [ml + 36.000000
= TRANS, DISPERS, [n] < 0.500000
Source(+)/sink(-) +++ LINEAR ¢STANDARD? DISPERSIDN et
o = REACTION/DECEY [10-4 /=] 1 0,002886

In  Transfer rate | Out SIURCE/SINK  [g/n3/d]  + 0,000000
IN - TRAMSFER [n/d] : 0,000000

OUT - TRAMSFER [n/d) +0,000000

IAVERVARVAVAN

Fig. 4.79. Transport parameters of soil mediumgaesd to finite elements mesh
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» Set two reference points and observation line —4R&p.

Fig. 4.80. Observation points and reference line

FILE HAME o, vrirsvansst
FROELEM TITLE wuuvuusst
RECENT LPDRTING ......t
DIMENSION oovrvrvnnsst

2 soosssecoesesososd

HUMEER OF LA

UPMINDING .. ....
NUMBER OF

ELEMENT TYPE .....:

OPTIMIZATION &

READY TO RUN

3-noded triangle
EEEMERTSSSES et

| 1FE
Mot done

{BIMARY 5,23
Tranzport - kolumna dwawarstwowa
Sat Dec 05 21:03:14 2003

Two—Dimenzional

Przyklad 2 Transport,fem

Uneaturated

Irrelevant

Irrelewvant

1.26 [m]

1,00 31

Yertical

Combined flow and MASS transport

Unzteady flow - unzteady HASS transport

Forward Euler/Backward Euler (FE/BE} predictor-corrector
Mo upwinding {best-accurate Galerkin-based formulation®

1 {=zingle-speciez transport}

Specified
Specified

Specified

Specified
IMITIALS oissauset Specified

MATERIALS +.iausst Specified

Unspecified
Default
Default

Unzpecified
Diefault

Default

Fig. 4.81. Summary of the model
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» EnterProblem Summary to verify settings of the model and its readiness
to run — Fig 4.81.

» Save the created model as *.fem and go to the gsoce

» Select the way of saving of output data files -erdmf complete data with
filename extension *.dac.

* Run the simulation selecting the but{@te-)Run Simulator (Fig. 4.82).

» After calculating go to the postprocessor.

¥ Legend
[mg/11

B 234700
2,36de+L
2,380e+01
2,397e+01
2, 41de+il
2,431e+01

L 2dTesid

B 2.46der01

B 2.481ev01

Elapsed time [d]

Saturation [1]

| .
4,24e-03 [n/d] |

Elapsed time [d]

Fig. 4.82. Numerical calculations in the FEFLOW gessor
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* InPostprocessoioad the saved output data file — *.dac.

» EnterBrowse fileand select a time step.

» EnterView results at...to see results of calculation for the requestad 8tep.
» Generated diagrams can be exported in any forrmat4B3).

= L[r:::_;;l;i ¥ Legend
B 1 RR0=+01 S
s W 2.347ev01
] 9823'01 | 2.364e+01
2.305e+01  2.3me01
z.szmu 2.397e+01
3.23133'01 2.414e+01
. 272e+01 2.431e+01
U 3.53des01 :
- ! 2.447e+01
2 B 2.454e+01
B 423501 W 2.48ie01
—_— -
7.24e-03 [n/d] | 4,24e-03 [m/d]

|

Fig. 4.83. Distribution of contaminant (chromium)modeled domain in requested
time steps

4.6 Simulation of water and contaminant balance for theikprofile
consisting of four layers

Perform numerical calculation of water and contantnbalance for the soil
profile of dimensions 10.0x3.0 m consisting of fdagers of soil. Simulation
should cover 60 day time duration. The source diupon is a failure of under-
ground pipeline starting after 8@ay of simulation and lasting 4 days. The water
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inflow to the modeled domain from the single powas 100 L/day with concentra-
tion of pollution equal to 120 mg/L while backgralooncentration was 20 mg/L.
The initial saturation of modeled soil profile waegual to 70%. Bottom boundary
condition should allow free gravitational drainagfewater to the lower layers of
soil. Top boundary condition should reflect wateeam consisting of rainwater
infiltration and evapotranspiration according te table below.

Table 4.9. Top boundary condition values

Time [day] | Flux [m*/day]| Time [day]| Flux [m*day]| Time [day]| Flux [m*/day]

0 0.0002354 21 5.69e-05 42 —0.0038136
1 0.000202 22 9.21e-05 43 —0.0012932
2 0.0001699 23 5.82e-05 44 —0.0009291
3 0.0002305 24 —0.0005131 45 —0.0033021
4 0.0003539 25 —0.00071 46 —0.0002819
5 0.0003729 26 —0.0014386 47 —6.1e—06

6 0.0001245 27 0.0002964 48 —0.0002589
7 0.0001047 28 0.000253 49 —0.0002064
8 0.0002024 29 —0.0001185 50 —0.0002521
9 0.000102 30 —0.0008418 51 —0.0005631
10 3.85e-05 31 —0.0044779 52 —0.0007701
11 1.74e-05 32 —0.0027086¢ 53 —0.0032719
12 3.03e-05 33 —0.0045881 54 —0.0005357
13 0.0001267 34 —0.0030664 55 —6.66e—05
14 -3.95e-05 35 —0.0005851 56 —0.0001106
15 0.0001508 36 —0.002909 57 —0.0002498
16 0.0001545 37 —0.0034462 58 —0.0063844
17 7.15e-05 38 —0.0026084 59 —0.0005289
18 7.39e-05 39 —-0.0023687 60 —0.0001073
19 5.84e-05 40 —7.53e-05

20 —-0.0003279 | 41 —0.0006574
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Table 4.10. Required input soil data

Saturated | Residual | Saturated | WRC WRC
Soil laver water water hydraulic fitting fitting
y content content conductivity | parameter | parameter
@[] 4 [] K. [m/d] A[l/cm] n[-]
Layer 1 0.3895 0.07 0.492 0.0051 1.4245
Layer 2 0.4428 0.0082 1.3664
Layer 3 0.4434 | 0.051 0.62 0.0090 1.3572
Layer 4 0.4428 0.0082 1.3572

Table 4.11. Mass transport data

Sorption | Diffusion | Longitudinal | Transverse| Decay rate
Soil layer | Henry coeff. dispersivity | dispersivity| cofficient

coeff. [] | E-9 [nf/s] | [m] [m] E—4 [1/5]
Layer 1 0.1485 36.0
Layer 2

1.0 0.5 0.0146
Layer 3 0.1408 15
Layer 4
We assume

» soils applied to modeling are an isotropic material
* no hysteresis fopF (WR) curves,

» porosity equal to maximum saturation,

* automatic time step control.

Simulation

» Create the finite element mesh (or load existirayetbped earlier) repre-
senting the modeled soil profile — four layers oil én 10.0x3.0 m profile
according to Fig. 4.84.
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Problem cla

Temporal & control data

Flow data

Transport data

Reference data

Discrete feature elements

Problem measure

Mesh geometry
IFM modules

Problem summary
Help

Exit to master menu

Fig. 4.84. Finite element mesh for modeled soififgo

» Set type of simulation (Fig. 4.85), time duratidig( 4.86) and time control
options (Fig. 4.87).

p
$¢ Feflow Problem Classifier
Temporal & control data

Flow data

Reference data
ete feature elements
Problem measure
Mesh geometry
IFM modules
Problem summary

Help

Exit to master menu
0 ol =

cal probl

metric problem or

Fig. 4.85. Problem class setting
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| $4¢ Feflow Temporal & Cantrol Data Menu

Problem class

tant time St
wda tant time st

Transport data
Reference data

Discrete feature elements

Problem measure
Mesh geometry
IFM modules
Problemn summary
Help

Exit to master menu
i N =

Fig. 4.87. Setting the maximum allowable time demth

* In Flow data menu (Fig. 4.88) assign saturated and unsatuhgteéhulic
characteristics to soil profile, separately for tedayer, saturated conduc-
tivity and water retention curvel) parameters.



96 M.K. Widomski, D. Kowalski, M. lwanek, G. Lagod

an Genuchten— |model * 1
. I f | 3¢ Inspector Echo [
. ; Ul CENUCHTEN PARAHETRIC HODEL

PORDSITY (MEX CONTENT) [1] ¢ 0,442800
MAKIMUM  SATURATION Ss [1] & 1,000000
RESIIUAL SATURATION Sr [1] § 0,115000
FITTING COEFFICIENT & [i/m]: 0.520000
FITTING EXPONENT  n [4] : 4.366400

Fig. 4.88. Assigned soil parameters to variousriagé modeled profile

* Go back toFlow data and selectlow initials (Fig. 4.89). Then select
Saturation and assign 0.7 [-] representing 70% of saturdtiortimet =0

to the whole modeled soil profile.

Hydraulic head

qy' ! 3 Inspectorcho. | N
a%vézmv HEAD 15 sst

KA

[P Ve
ARAT 4040100 [n)
PRESSURE:
|| -31.047589 [kPal

SATURATION:
0700000 [1]

HOISTURE CONTENT:
0,3039960 [1]

feflow, feflow feflow feflow
Eflaa BFlan R EHa

Fig. 4.89. Initial conditions for water flow

* Go toFlow boundaries (Fig. 4.90) and assign the gradient tyflex bot-
tom boundary condition of value equalke

(1st kind)

Flux (2nd kind) !
g bt 491244 244 b8 s P4t LY 491 2R L LA ST

Transfer (3rd kind) |= Sl 3
Well {4th kind) %@{

¢ npectorichs o]

CRADIENT-TYPE 2ND KIMD is set

% 2; | 0.520000 [n/d] (time £)
ﬁ/\:ﬂ\/\/, I BN avavaYaYa | |

Return

Fig. 4.90. Gradient type FLUX bottom boundary cadiodi
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» EnterTime-varying function ID, then create the new function (Fig. 4.91),
press button Edit curve data and input data frobi€T4.7.

S Feflow Power Functions Editor

=

15 0,0001508

i | 17 7.156-08
lew all unused entries 15 73505
Telete selected 10 entriesf| | ; -

B

Fig. 4.91. Curve and table for top FLUX boundarpdition

» Assign the time dependant function of FLUX boundampdition to the up-
per boundary of the modeled domain according to£Rp.

[Head
l- Flux (2nd kind ‘
[Trnwter . Grand) [ [ :1_11111111 ERTRLERE R IR E DN
[wielt {4th Kind)
[ B T
q 3¢ Inspector Echo ¥ b=y

FLUK 15 set.
Time-varying function (10 1) :

$ \}é {nitss [w/d] us, daus)
PRRRRRORRRERE,

Return

RFlaw Fofiow feflon feflow

(=i fElfs =t =

Fig. 4.92. Assigned top time varied FLUX boundaoydition
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» EnterTime-varying function ID, then create the new function, press but-
ton Edit curve data and input data representing water flux for theejpe
failure, according to Fig. 4.93 — be careful akthetsign.

% Fetlow Power Functions Editor =
Pouer functions editor Cancel|| | Hey ]
I 2
bt [d] fualue:
|
00
30 -0.1
30
.................. 2
- Edit | Telcte all uniacd entries I 7
| Ex e T j 2 1+

Fig. 4.93. Graph and table for time dependent Flfthpipeline failure

» Assign the time dependant functionWELL boundary condition to the se-
lected node of the modeled domain according to4:&y.

|I Head

:]11]!]Ii]ililllllilllilllll]‘_llij

Return

F‘{Lﬁm .'EE'F-LOL\J .!:EFL.BUJ Fgﬂmu

4

= 3
KEYENART! BEMHESTs

Fig. 4.94. Assigned WELL boundary condition for eratiow
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* EnterTransport data and selecMass transport materials, then input the
all required mass transport parameters to the raddébmain (Fig. 4.95)
according to the Table 4.8.

Porosity ‘
Sorption| Henry = | Coeff e

Inspector Echo =5

Molecular diffusion perenec iohe — T
IAOU, THICKNESS [1] + 1,000000
Longitudinal di it POROSITY [1] 3 0,442500
SORFTION HENRY [1] +0,140800

DIFFUSION [16-9 n2/s]: 1,000000 |

LONG. DISPERS. [m] 1 1.500000 l
TRANS. DISPERS.[n] + 0.500000

|+++ LINEAR (STANDARD) DISPERSION +++

REACTION/DECAY [10-4 /3] 2 0.014500
' OURCE/SINK  [g/m3/d] 1 0.000000

1% IN - TRANSFER [n/d]

3 1,000000
2 0,000000

OUT — TRANSFER [m/d]

Fig. 4.95. Mass transport materials parameters

» Go toMass Initials and set initial condition for mass transport mougl
(Fig. 4.96) — concentration of 20 mg/L.

Ma
Reference mass (Co) ‘
Content analyzer R

Return
S (B i e

HASS is set

% 20000000 [mas1]
[l

fefLow
I;E'{LDLAJ
feflow

il

(I

feflows
il
felow
feFlow

i

{E i’—LEI L
Fflas

feflow

FEFLDLU
eflow
fefLows

s oflou

i

Fig. 4.96. Mass transport initial condition
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» EnterMass transport boundariesand selecTime-varying function 1D,
then create the new function, press butalit curve data and input data
representing changes of pollutant concentratioindypipeline failure ac-
cording to Fig. 4.97.

o Prames Fumessones EATOE ==

gae [ Zelote all i
dat. :
™ S elete salacted 1D entriss - J

Fig. 4.97. Graph and table for time dependent aatnaton for WELL boundary condition
of mass transport

» Assign the recently created curve as WELL masspran boundary condi-
tion exactly in the location of WELL condition farater flow (Fig. 4.98).

rx]nspacto(Edm LTSN
_ MRSS s set

7| Tine-varuing function (1D 4) :
| (Unitst [mas1]

Fig. 4.98. Assigned WELL boundary condition for mamnsport
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Now go to theReference data— Observation single pointsand set obser-
vation points, according to Fig. 4.99.

Set at nodal points

Import points

Set arbitrarily e A R e A e~ A R T~ e T A e e~ T~ e e~ P~ A = e~ e~ A~ = 7~ e~ P A

Export points
Delete points

Points properties... .
Return %

T P PO

Fig. 4.99. Observation single points

Save finite element problem (Fig. 4.100), go to $i®ulator, input Con-
trol output settings and run the simulation (Fig. 4.101).

Output control

of timz

Fig. 4.100. Settings for output control
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ator egend |_ % |
(Re-) Run simulator I Legend | H |

[ma/1]

Edit/modify problem B 2oe0s

Halt and view results b

3.0008+01

Budget analyzer 4,500e+01

Fluid flux analyzer e

= 7.500e+01

Content analyzer 1 s.00met

Special operations | s

- W 1.200e02
Control output

—
7.362-02 [n/d]

3¢ Saturation [1] =

i

Saturation [1]

e Finite Elemer

Nodes  (np):
Elenents (ne)

5 2
Elapsed tine [d]

Fig. 4.101. Simulation run

 After finishing the calculation @&ostprocesdoad results data (Fig. 4.102).

[ View results at 6.000e+01 [d] | A A eV s
[ Fluid flcanalyzer
leymmetricpl ane

¢ Local Mass [mg/1] ==}

0

40 50
Elapsed tine [d]

Fig. 4.102. Postprocess
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» Enter Budget analyzer (Fig. 4.103) and perform balance calculations
(selectTotal balancing...) for water after selecting the whole period of
simulation for calculations (Fig. 4.104).

File informa

Wiew results at 6.000e+01 [d] i

Fluid flux analyzer

Content analyzer -
wFluid flux

Special operatis
P P A Coprtaninant

Reflect about symmetric plane
| History of observation points |
Recreate

To problem editor

59900002
£0.000000

7 Accumilated mass ¥ [

Fig. 4.104. Calculated water balance
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» Then perform budget calculations foontaminant flux mass(Fig. 4.105).

File information

Browse file
View results at 6.000e+01 [d]

Fluid flux analyzer

Reflect about symmetric plane

History of observation points
= 1 : : £ Currert time

Remeat.er J (IND OF 2A ol o

To problem edi

Continue simulation s
1 S

Fied as follow

709: 59.900002
710: 6£0.000000

/ decumilate

Fig. 4.106. Calculated mass balance

Now the water flux and accumulated volume and cuirtant flux and accu-
mulated mass are ready to export (Fig. 4.106) k asttable data and as graphs.
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