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FOREWORD

The U.S. Environmental Protection Agency is charged by Congress with protecting the Nation’s
land, air, and water resources. Under a mandate of national environmental laws, the Agency strives
to formulate and implement actions leading to a compatible balance between human activities and
the ability of natural systems to support and nurture life. To meet these mandates, EPA’s research
program is providing data and technical support for solving environmental problems today and
building a science knowledge base necessary to manage our ecological resources wisely, understand
how pollutants affect our health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory is the Agency’s center for investigation of
technological and management approaches for reducing risks from threats to human health and the
environment. The focus of the Laboratory’s research program is on methods for the prevention and
control of pollution to air, land, water, and subsurface resources; protection of water quality in public
water systems; remediation of contaminated sites and ground water, and prevention and control of
indoor air pollution. The goal of this research effort is to catalyze development and implementation
of innovative, cost-effective environmental technologies; develop scientific and engineering
information needed by EPA to support regulatory and policy decisions; and provide technical support
and information transfer to ensure effective implementation of environmental regulations and
strategies.

Bioremediation is uniqgue among remediation technologies in that it degrades or transforms
contaminants through the use, possibly with manipulative enhancement, of indigenous
microorganisms. Bioremediation can be used in many ways - degradation on concentrated organic
contaminants near their sources, as a secondary remediation strategy following physical or chemical
treatment methods, for sequestration of metals through microbially mediated transformation
processes, and for remediating large plumes of dilute contaminants that are broadly dispersed in the
environment. Thus, bioremediation has the potential to be one of the most cost-effective
technologies for dealing with environmental remediation problems. Yet, realistically quantitative
predictions and assessments of bioremediation technologies appear lacking. In order to meet the
objectives of having a realistic tool for predicting and assessing if a bioremediation technology can
be successfully implemented, the 3DFATMIC model has been developed. This numerical model
simulates 1) the fate and transport of multiple microbes, electron acceptors, substrates easl nutri
and density-dependent fluid flow in saturated-unsaturated subsurface media under either steady-state
or transient conditions; 2) multiple distributed and point sources/sinks as well as boundary sources;
and, 3)processes which degrade and transform contaminants, cause the growth and death of
microbes, and control the fluid flow.

Clinton W. Hall, Director
Subsurface Protection and Remediation Division
National Risk Management Research Laboratory



ABSTRACT

This document is the user's manual of 3DFATMIG;Rirdensional Subsurfacddw, FAte
and_Transport of Mtrobes and Remicals Model using a Lagrangian-Eulerian adapted zooming and
peak capturing (LEZOOMPC) algorithm. This 3-dimensional model can completely eliminate peak
clipping, spurious oscillation, and numerical diffusion; i.e., solve the advective transport problems
exactly, within any prescribed error tolerance, using very large mesh Courant numbers. The size of
mesh Courant number is limited only by the accuracy requirement of the Eulerian step. Since this
model also includes diffusion zooming in solving diffusion elemental matrix, the accuracy is
improved by specifying the number of local subelements in every global element. In other words,
the more subelements zoomed in diffusion step, the more accuracy at Eulerian step. To sum up, a
better solution with respect to advection transport can be obtained with larger time-step sizes; the
time-step sizes are only limited by the accuracy requirement with respect to diffusion/dispersion
transport and chemical reaction terms. However, the limitation of time-step size imposed by
diffusion/dispersion transport is normally not a very severe restriction.

The model, 3DFATMIC, is designed to obtain the density-dependent fluid velocity field, and
to solve the advective-dispersive transport equation coupled with biodegradation and microbial
biomass production. Water flow through saturated-unsaturated media and the fate and transport of
seven components (one substrate, two electron acceptors, one trace element, and three microbial
populatons) are modeled. For each specific application, 74 maximal control-integers must be
assigned using PARAMETER statements in the MAIN program. In addition, if a user uses different
analytical forms of boundary conditions, source/sink strength value functions, and soil property
functions from those used in this program, he is instructed to modify subroutines ESSFCT,
WSSFCT, VBVFCT, DBVFCT, NBVFCT, CBVFCT, and SPFUNC, respectively. The input data
to the program include the control indices, properties of the media either in tabular or analytical
form, the geometry in the form of elements and nodes, initial conditions and boundary conditions
for flow and transport, and microbe-chemical interaction constants. Principal output includes the
spatial distribution of pressure head, total head, moisture content, Darcy velocity component,
concentrations, and material fluxesaaty desired timestep. Fluxes through various types of
boundaries are shown in the mass balance table. In addition, diagnostic variables, such as the
number of non-convergent nodes and residuals, may be printed, if desired, for debugging purposes.
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1. INTRODUCTION

3DFATMIC (A 3-Dimensional Subsurfacddw, FAte and _Tansport of Mtrobes and Bemicals
Model) can be used to investigate saturated-unsaturated flow alone, contaminant transport alone, combined
flow and transport, or the fate and transport of microbes and chemicals in ground-water environment. For the
flow module, the Galerkin finite element method is used to discretize the Richards' equation and for the
transport module, the hybrid Lagrangian-Eulerian approach with an adapted zooming and peak capturing
algorithm is used taliscretize the transport equation. This approach can completely eliminate spurious
oscillation, numerical dispersion, and peak clippging to advection transport. Large time-step sizes as well
as large spatial-grid sizes can be used and still yield accurate simulations. The only limitation on the size of
time steps is the requirement of accuracy with respect to dispersion transport, which does not pose much severe
restrictions.

The purpose of this manual is to provide guidance to users of the computer code for their specific
applications. Section 2.1 lists the governing equatiait&l conditions, and boundary conditions for which
3DFATMIC is designed to solve. Section 2.2 describes the numerical procedure used to simulate the
governing equations. Section 2.3 contains the description of all Snkesit 3SDFATMIC. Since occasions
may arise that require the user to modify the code, this section should help the user to trace the code so the user
can make necessary adjustments for individual purposes. Section 3.1 contains the parameter specification.
For each application, the user needs to assign 74 maximal control-integers in the MAIN pfgcdon 3.2
describes the required modification of the code so that one might use a different analytical form of soil property
function from the ones used in this report. Section 3.3 describes files required for the execution of
3DFATMIC. Appendix A contains the data input guide that is essential for any specific application.

The users may choose whatever consistent set of units. Units of mass (M), length (L), and time (T)

are indicated in the input description.



The special features of 3DFATMIC are its flexibility and versatility in modeling as wide a range of
problems as possible. This model can handle: (1) heterogeneous and anisotropic media consisting of as many
geologic formations as desired; (2) both spatially distributed and point sources/sinks that are spatially and
temporally dependent; (3) the prescribed initial conditiorigfmyt or by simulating a steady state version of
the system under consideration; (4) the prescribed transient concentration over Dirichlet nodes; (5) time
dependent fluxes over Neumann nodes; (6) time dependent total fluxes over Cauchy nodes; (7) variable
boundary conditions advaporation, infiltration, or seepage on the soil-air interface for the flow module and
variable boundary conditions of inflow and outflow for the transport module automatically; (8) two options
of treating the mass matrix - consistent and lumping; (9) three options (exact relaxation, under- and over-
relaxation) for estimating the nonlinear matrix; (10) automatically time step size reset when boundary
conditions or sources/sinks changed abruptly; (11) two options, Galerkin weighting or upatighting for
advection term in transport module; (12) two options for the Lagrangian numerical scheme in transport
module, which are enabling and disabling adapted zooming scheme; (13) two options for solving Eulerian step
including the enable and disable of diffusiomming; (14) the mass balance checking over the entire region

for every time step; and, (15) modification of program if different conditions are used.



2. DESCRIPTION OF 3DFATMIC MODEL

2.1 Mathematical Statement of 3SDFATMIC

3DFATMIC is designed to solve the following system of governing equations, along with initial and
boundary conditions, which describe flow and transport through satursgatisrated media. The governing
equations for flow (detailed derivation shown in Appendix B.), which describes the flow of variable-density
fluid, are basically the Richards' equation.

Governing Flow Equation

p%%aa_:‘ = V{K K +(Vh +£Ww) +g—;q(or —iwq) 2.1)
The saturated hydraulic conductivky, is given by
(p/p,,)
s SW(H/—UW) (2.2a)

where h is the referenced pressure head definegagip/which p is pressure (M/I?T ), tis time (R, is

the saturated hydraulic conductivity tensor (L/T), K is the relative hydraulic conductivity or relative
permeability, z is the potential head (L), q is the source and/or Sink (L /T9,iartde moisture conten,and

u are the density (MAL ) and dynamic viscosity (M/LT) at microbial concentratipns,C ;C , C , and chemical
concentrations C, £,,C, and,C (M/L); aKd,, p, and |, are the referenced saturated hydraulic
conductivity tensor, density, and dynamic viscosity, respectively. The strength of the source/sink is the
discharge or withdraw flow rate g, angl is the density of the injected fluid. These referenced values are
usually taken as the saturated hydraulic conductivity at zero micenmlathemical concentrations. The
density and dynamic viscosity of fluid are functions of microbial and chemical concentrations and are assumed

to take the following form



L 1.y Lr-Llc:i-1,23s0np (2.2b)
pW i pW pI

UL =1+ BsCs + Boco + BnCn + chp * B]_C]_ + BZCZ * B3C3 (2'2C)
W

where C ang, are dissolved concentration and intrinsic density of substrate, respectively (M/L ); 5 and

are dissolved concentration and intrinsic density of oxygen{M/L ), respectively; @, and dissolved
concentration and intrinsic density of nitrate (M/L ), respectively; C pgade dissolved concentration and
intrinsic density of nutrient (MA. ), respectively; C apdare dissolved concentration and intrinsic density

of microbe #1 (M/E ), respectively;,C aipd are dissolved concentration and intrinsic density of microbe #2
(M/L?, respectively; G ang, are dissolved concentration and intrinsic density of microbe #33(M/L ),
respectively; an@, B., B.. B, B, B, andB; are viscosity-effecting factor of associated speciés (L /M). It is
assumed that microbe #1 utilizes substrate under aerobic conditions, microbe #2 utilizes substrate under
anaerobic conditions, and microbe #3 utilizes substrate under both aerobic and anaerobic conditions.

The Darcy velocity is calculated as follows:

V= —KSKr-( Pugn +Vz] (2.3)
p

Initial Conditions for Flow Equation

h = h(x,y,z) in R (2.4)

where R is the region of interest and h is the prescribed initial condition, which can be obtained hgléither f
measurement or by solving the steady-state version of Eq.(2.1).

Boundary Conditions for Flow Equation

Dirichlet Conditions:

h = hy(Xp, Yy 2, ) on B, (2.5)



Neumann Conditions (gradient condition) :

Pu

-n"KK-—Vh = q.(X., ¥ Z,: 1) on B (2.6)
P

Cauchy Conditions (flux condition) :

_n.KSKI’- = qc(Xbiybi Zb,t) on BC (27)

&Vh +Vz
P

Variable Conditions - During Precipitation Period:

h= N YeZe) I -IKK; %vmw .q, onBg, (2.82)
or

—n-KSKr-(%VMVz] = O,(Xp ¥ Z,ot) iff h<h, on B, (2.8b)

Variable Conditions - During Non-precipitation period:

h = DKo YpZpl)  Iff NKK, %vmw -0 onB, (2.80)
or

h = h (X, ¥, 2,1 iff n-KSKr-(%Vh +Vz| < q, on B, (2.8d)
or

—n-KSKr-(%Vh+Vz - Xy YeZy) f h=h  onB, (2.8¢)

where (%, ¥ , g ) is the spatial coordinate on the boundasyan outward unit vector normal to the boundary;

hy, g,, and g are the prescribed Ditet functional value, Neumann flux, and Cauchy flux, respectively; B ,

B. and B are the Dirichlet, Neumann, and Cauchy boundaries, respectively; B is the variable boyndary; h
is the allowed ponding depth angl g is the throughfall of precipitation on the variable boungary; h is the
allowed minimum pressure, ang q is the allowed maximum evaporation e weriable boundary, which

is the potential evaporation.



Only one of Egs. (2.8a) through (2.8e) is used at any point on the variable boundary at any time. It
normally occurs at air-soil interface. During precipitation period, it is assumed that only seepage or infiltration
can occur for any point on the air-soil interface. No evapotranspiration is allowed. If seepage happens, the
Dirichlet boundary condition, Eg. (2.8a), must be imposed. On the other hand, if infiltration dtoershe
Dirichlet boundary condition, Eq. (2.8a), or tBauchy boundary condition, Eq. (2.8b)ay be specified
depending on the soil property and throughfall rate g in Eq. (2.8b). The problem is which equation, Eq. (2.8a)
or Eq. (2.8b), should be prescribed for a point on the boundary. This problem is settled by iteration. The
procedure adopted is as follows. At each iteration, the solution is examined at each node along the variable
boundary and test whether the existing boundary condition is still consistent. Specifically, if the existing
condition is Eq. (2.8bjjCauchy boundary condition), the pressure head at the boundary node is computed.

If the head is greater than the allowed ponding depth h in Eq. (2.8a), too much water has been forced into the
region through the node. In other words, the throughfall rate is greater than that which the media can absorb.
To account for this, the boundary condition is changed to Eq. (2.8a), which in practice should result in
infiltration at a rate less than that q in Eq. (2.8b) or result in seepage. If the computed head is less than the
ponding depth, the media is capable of absorbing all throughfall and no change of boundary condition is
required. On the other hand, if the existing boundary condition is Eq. (2.8a) (Dirichlet boundary condition),
Darcy's flux at the node is computed. If the computed Darcy's flux is going out of the region (seepage) or into
the region (infiltration) but its magnitude is less than q in Eq. (2.8b), no change of boundary condition is
needed. However, if the computed Darcy's flux is directed into the region (infiltration) with a rate greater than
the throughfall rate,q , a change of boundary condition to Eq. (2.8b) is required since Eq. (2.8a) would force
more water than available into the region. By changing the boundary condition to Eq. (2.8b), it should in
practice result in a pressuread less than,h . The iteration outlined above is discontinued when no change-

over of boundary condition is encountered along the entire boundary.



Similarly, during non-precipitation period, it is assumed that only evapotranspiration or seepage can
occur and no infiltration is allowed. If seepage actually occurs at a node, Eq. (2.8c) (Dirichlet boundary
condition) must be specified at the node. tmother hand, if evapotranspiration happens, either Eq. (2.8d)
(Dirichlet boundary condition) or EqR.8e) (Cauchy boundary condition) may be imposed at the node. The
problem is again to determine which of the three equations should be used as boundary conditions. Iteration
procedure is used to solve the problem. If the existing boundary condition is Eq. (2.8@tayis flux is
calculated. When the computBarcy's flux is going out of the region, the existing boundary condition is
consistent and no change on boundary condition is necessary. When the Darcy's flux is directed into the region
(remember no infiltration is allowed), the application of Eqg. (2.8c) implies the infiltration and prohibits
evapotranspiration. Hence, the boundary condition is changed to Eqg. (2.8e), which in practigemeralie
evapotranspiration and would result in a pressure head lower than the ponding depth in Eq. (2.8c). If the
existing boundary condition is Eq. (2.8d), tharcy's flux is computed. Since the minimum pressure is
prescribed on the boundary, it is unlikely that this computed Darcy's flux will be directed into the region.
Thus, when the computed outgoing Darcy's flux is less than g in Eq. (2.8e), the existing boundary condition
is consistent and no change on boundary condition is needed. When the computed Darcy's flux is greater than
0. in EQ. (2.8e), the application of Eq. (2.8d) implies the imposition of too much suction at the node. Hence,
the boundary condition is changeddg. (2.8e), which in practice should result in a pressure greater,than h
in Eqg. (2.8d). If the existing boundary condition is Ej8e), pressure head at the node is calculated. If this
computed pressure head is not lower than h in Eg. (2.8d), the boundary condition is consistent and no change
is required. However, if the computed head is lower than h in Eq. (2.8d), the application of Eq. (2.8e) implies
too much water is removed through the node yielding a too low pressure head. Hence, the boundary condition
is changed to Eqg. (2.8d), which should yield an evapotranspiration rate less than q in Eq. (2.8e). This iteration
process is completed only when consistent boundary conditions have been applied to all thedesriaile

boundary.



The governing equations for transport are derived based on the continuity of mass and flux laws. The
major processes are advection, dispersion/diffusion, adsorption, decay, source/sink, and microbial-chemical
interactions.

Governing Equations for Transport

Transport of the carbonaceous substrate, oxygen, nitrate, and nutrient in the bulk pore fluid is
expressed by advection-dispersion equations coupling sink terms that account for biodegradation. The four

nonlinear transport and fate equations are (derivation shown in Appendix B)
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The transport equations for the three microbes are

oC P *
(6+pbKd1>87t1 + VVC, = VODVC, - A@+pKy)C, + q,Cp + ?WV'V(pL)_p Uin| G
(1) (2) (3) (4) (5) (6)

2.13
(1 Cs C0 p k(l) ( )

Ho KO c |lk®ic [k®yc °

+(e+pbKdl>Cl ©osbe ol ko P
(7) (8)
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in~2in

aC
(6+pbKd2)a—t2 + VVC, = VODVC, - A0+pK,)C, + q,Ch +

p *
_WV'V(L) B p_qin CZ
P Py

@) ) ®3) (4) ®) (6)

(2.14)

) ©)

oC
(e+pbKd3)7: + VNG = VODVC; - A0+pK)Cy + G, Cypy +

p *
Dwyg( £ - p_qm] C,
p p

Pw
6N ) ®3) 4) (5) (6)
e Cs G S |0
*lk®.c |k®.ic K;3)+C ° (2.15)
so s| ™Mo 0 n p
@) 8)
* (6 + pbKda)C:s< c c c (
. pf)[ s n E__lcy) - A
lKé§)+Cs K&+C,|KD+C, °
€) (10)

where6 is the moisture conteng, is the bulk density of the medium (M/L ), tis timé,is the discharge

(L/T), Vis the del operatoR) is the dispersion coefficient tensof (L /T). TheA,, A, A, Ay, A, Az and K,

Kao Kan Kgp Kan Kz Kgzare transformation rate constants and distribution coefficients of dissolved substrate,
oxygen, nitrate, nutrient, microbe #1, microbe #2, and microbe #3, respectjvely; gsasrterate of water;

and G, G, G. & & & and,C arethe concentrations of substrate, oxygen, nitrogen, nutrient, microbe
#1, microbe #2 and microbe #3 in the source, respectively.

In each of Egs. (2.9) through (2.15), term (1) represents the rate daliatgease per unit medium
volume, term (2) is the rate of transport by advection, term (3) is the rate of transport by dispersion-diffusion,
term (4) representbe rate of first order transformation, term (5) is due to the rate of artificial injection, and
term (6) is the rate due to the rewriting of the transport equation from conservative form to advective form.

In Eq. (2.9), term (7) through term (10) are the substrate removal rates under aerobic conditoobef#1,
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anaerobic condition of microbe ##erobic condition of microbe #3, and anaerobic condition of microbe #3,
respectively. In Eq. (2.10), term (7) through term (10) represent the oxygen utilization rates resulting from the
energy requirement for the growth of microbe #1, ¢nergy maintenance of microl#d, the energy
requirement of microbe #3, and the energy maintenance of microbe #3, respectively. In Eq. (2.11), term (7)
through term (10) are the nitrate utilization rates resulting from the energy requirement for the growth of
microbe #2, thenergy maintenance of micro#@, theenergy requirement of microl#8, and the energy
maintenance of microbe #3, respectively. In Eq. (2.12), term (7) through term (10) represent the nutrient
removal for the synthesis of microbe #1 under aerobic condition, microbe #2 under anaerobic condition,
microbe #3 under aerobic condition, and microbe #3 under anaerobic condition, respectively. Term (7) and
term (8) in Egs. (2.13) through (2.15) are growth rate and decay rate of microbe #1 under aerobic condition,
microbe #2 under anaerobic condition, and microbe #3 under aerobic condition, respectively. Term (9) and
term (10) in Eq. (2.15) represent the growth ratedswhy rate of microbe #3 under anaerobic condition,
respectively.

The dispersion coefficient tensbrin Eq. (2.9) to Eq.(2.15) is given by

0D=a,|V|d+(a -a;)VV/|V|+ba 16 (2.16)
where |V| isthe magnitude oV  § is the Kronecker delta tensor, a is lateral dispetsivity, a is the
longitudinal dispersivity, a is the molecular diffusion coefficient, and is the tortuosity.
1
I(CO) = 1+?° is an inhibition function which is under the assumption that denitrifgimgyme

C
inhibition is reversible and noncompetitive, where Khis inhibition coefficient (M/E ). | ,  ,f and

1@ are the maximum specific oxygen-based growth rates for microbe #1, the maximum spedcfibastdt
growth rate for microbe #2, the maximum specific oxygen-based growth rate for microbe #3, and the maximum
specific nitrate-based growth rate for microbe #3 (1/T), respectivgly; Y@, Y® Y 4ahdY are the yield

coefficient for microbe #1 utilizing oxygen, the yielding coefficient for microbe #2 utilizing nitrate, the
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yielding coefficient for microbe #3 utilizing oxygen and nitrate, in massiofobe per unit mass of substrate

(M/M); KB K@ K@ K@ KK K2 K Pare the retarded substrate saturation constants under
aerobic conditions with respect to microbe #1, microbe #3, the retarded substrate saturation constants under
anaerobic conditions with respect to microbe #2, mictihehe retarded nutrient saturation constants under
aerobic conditions with respect to microbe #1, microbe #3, and the retarded nutrient saturation constants under
anaerobic conditions with respect to microbe #2, microbe #3, respectivély; K¥ , K? , K¥ , K are the
retarded oxygen saturation constants under aerobic conditions with respect to microbe #1, microbe #3, and the
retarded nitrate saturation constant under anaerobic conditions with respect to microbe #2 and microbe #3
(M/L3, respectively. 1,%, 1,2, 1,@, andA,® are the microbial decay constants of aerobic respiration of
microbe #1 and microbe #3, and the microbdietay constants of anaerobic respiration of microbe #2 and
microbe #3 (1/T), respectively,?, v.,%, v.@, andy,® are the oxygen-use or nitrate-use for syntheses by
microbe #1, microbe #2, or microbe #3, respectivefy; ., o, @, ande, @ are the oxygen-use or nitrate-use
coefficient for energy by microbe #1, microbe #2, or microbe #3, respeciV&hr @, '@, andI',® are the

oxygen or nitrate saturation constants for decay with respect to microbe #1, microbe #2, or microb& #3 (M/L ),

respectivelyande ®, €., €,@, ande,® are the nutrient-use coefficients for the production of microbe #1,

microbe #2, or microbe #3 with respect to aerobic or anaerobic respiration, respectively.
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Initial Conditions of Transport

S

0O 0O 0 0 0 o

@

- Cy(x,Y.2)
- Cy(x,Y,2)
- Cy(%.Y,2)
- C,(x.Y,2)
- C(xY,2)
- Cy(x,Y,2)

= G4(x,y,2)

Prescribed Concentration (Dirichlet) Boundary Conditions

Cs = CoaXp Vi Zpit)

C

(o]

C

n

@]

0

N

O O
w

= CoyXp Y Zi)

= Ca(Xp Y Zpit)

Coa (X Vi Zpy1)

= Cy(Xp Yo Zi1)

= Cyi(Xpp Vi Zpit)

= Cay(Xpy Vi Zpo1)
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Variable Boundary Conditions
n(VC, - 8D-VC,) = n-VC_, (X, Yy, Z,t)

n(VC, - 6D-VC,) = n'VC_ (X, ¥y Z,:1)

n(VC, - 6D-VC.) = n'VC_ (X, Yy, Z,1)

n(VCp GD'VCp) = n'VCpV(Xb,yb, Zb’t) |f n'VﬁO (219&)
n(VC, - 6D-VC,)) = n'VC,, (X, ¥, Z1)

n(VC, - 6D:VC,) = n'VC,, (X, ¥, Zt)

n(VC, - 6D:VC;) = n'VC, (X, Y, Z1)

n-(-6D-VC,) = 0
n-(-6D-VC)) = 0
n(-6D-vC,) = 0
n-(—OD-VCp) =0 if n-vV>0 (2.19b)
n-(-6D-VC,)) = 0
n-(-6D-vC,) = 0

n-(-8D-VC,) - 0
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Cauchy Boundary Conditions

n(VC,-6D-VC)) = q..(X, ¥, Zt)

n-(VC,-6D-VC,)

Aoc (X Y Zr1)
n(VC -6D-VC ) = q,.(X, ¥y, Zp1)
n(VC,-6D-VC)) = 0, (X, ¥,Z,t)  on B (2.20)
n-(VC,-6D-VC,)

01 (Xpr Y Zio1)
n(VC,-6D-VC,) = Q,.(X;, Yy Z,t)
n-(VC,-6D-VC,) = d,. (X, Yy Z,:0)

Neumann Boundary Conditions
n-(-6D-VC,) = d.,(X,: Vi Zt)

n:(-6D-VC,) = q,,(Xp, ¥y, Z1)
n:(-6D-VC,) = q,,(Xp: Yp Z,:1)
n(-0D-vC)) = 0,,(Xp¥Zyt)  on B (2.21)
n(-6D-VC)) = q,,(X, Y Z,h)
n:(-6D-VC,) = d,,(X, Yy, Z,h)

n:(-6D-VC,) = d,, (X, Yy Zoh)

where G, G, G .G . € .£ ,and,C , are the initial concentrations of substrate, oxygen, nitrogen, nutrient,
microbe #1, microbe #2, and microbe #3; and R is the region of integest; (X ,y ,z ) is the spatial coordinate on
the boundaryn is an outward unit vector normal to the boundagy; G;, Gy, & & . & . & . C @and,C ,C ,
Cw Gv. G/, G , G , are the prescribed concentrations of substrate, oxygen, nitrogen, nutrient, microbe #1,
microbe #2, and microbe #3, on the Dirichlet boundantla@dpecified concentrations of water through the
variable boundary, respectively; B , and B are the Dirichlet and variable boundaries, respegtively; g ., q ,q ,

Ooor Ghc» G, G and g . H .4 8 8 20 a0 ,arethe prescribed total flux and gradient flux of substrate,
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oxygen, nitrogen, nutrient, microbe #1, microbe #2, and microbe #3 through the Cauchy and Neumann

boundaries B and B , respectively.

2.2 Numerical Approximation

Flow Equation

The pressure head can be approximated to Eq.(2.22) by the finite element method.

N
h = ) h(ONx2) (2.22)
j=1

where N is the total number of nodes in the region gnd N ;and h are the basis function and the amplitude of
h, respectively, at nodal point j. Substituting Eq.(2.22) into Eqg.(2.1) and choosing Galerkin finite element

method, the governing flow equation can be approximated to the following.

fN.iFN.dRﬂ+ f(VN.)-K-(VN.)dRq -
i i dt [R i i }

R Pw
[ N2 (or- 2 )qdR- [ONYK-(L-V2)dR+ [nk(vh-LvNdB,  @23)
R pW w R pW B w
where ¥1,2,...,N. F= do
dt
Equation (2.23) written in matrix form is:
dh B

MK E} +[SKh} = {G} +{Q} +{B} (2.24)

where {dh/dt} and {h} are the column vectors containing the values of dh/dt and h, respectively, at all nodes;
[M] is the mass matrix resulting from the storage term; [S] is stiffness matrix resulting from the action of
conductivity; and {G}, {Q} and {B} are the load vectors from theavity force, internal source/sink, and

boundary conditions, respectively. The matrices, [M] and [S] are given by
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My = 3 [NSEFNGAR
eR

w

(2.25)

S - egﬂ: ! N s R (2.26)
where
R. = the region of element e,
M.= the set of elements that have a local sigecoinciding with the global side i-j,
N,° = thea-th local basis function of element e.

Similarly, the load vectors {G}, {Q} and {B} are given by

G = - (VN KL vzdrR
gﬂ: Rf o (2.27)
B - - N &[-K-(Vh+-Lvz)]dB
| egzN:Bf o [=KA - z)] (2.28)
Q = Y [NE(or-t)qdr (2.29)
egMeR w W

where

B, = the length of boundary segment e,

N, = the set of boundary segments that have a localmodaciding with the global node i.

The reduction of the partial differential equation Eq. (2.1) to the setiofary differential equations
Eq. (2.24) simplifies the evaluation of integralstiba right hand side of Egs. (2.25) through (2.29) for every

element for boundary surface e. The major tasks that remain to be done are the specification of base and
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weighting functions and the performance of integration to yield the element matrices. Linear hexahedral
elements are demonstrated in the Appendix C of users' manual of 3SDFEMFAT (Yeh et al., 1994).

The following steps demonstrate the incorporation of boundary conditions into a matrix equation by
the finite element method.

For the Cauchy boundary condition given by Eq.(2.7), Eq.(2.7) is simply substituted into Eq.(2.28)

to yield a boundary-element column vectorYB } for a Cauchy segment:
B = {9 (2.30)
where {g°} is the Cauchy boundary flux vector given by

o = —fNaechdB , wa=1lor2
B P

W

(2.31)

e

The Cauchy boundary flux vector represents the normal fluxes through the two nodal points of the segment
B.on B..
For the Neumann boundary condition given by Eq.(2.6), Eq.(2.6) is substituted into Eq.(2.28) to yield

a boundary-element column vector,{B } for a Neumann segment:

B, = g, (2.32)
where {q,°} is the Neumann boundary flux vector given by:
0 = f NSnK-Lvz-Nfq |dB; « =1 or2 (2.33)
B Pw

e

which is independent of pressure head.

The implementation of the variable-type boundary condition is more involved. During the iteration
of boundary conditions on the variable boundary, one of Egs.(Br8ajph (2.8e) is used at a node. If either
Eq.(2.8b) or (2.8e) is used, it is substituted into Eq.(2.28) to yield a boundary element column v&ctor {B }

for a variable boundary segment:
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B, = {9} (2.34)
where {q°} is the variable boundary flux given by:

e B e p o e p . _
%o = =[N =08, or g, = -[N.~=qdB ; « - 1or2 (2.35)
B, w Be W

Assemblingover all Neumann, Cauchy, and variable boundary segments, one obtains the global boundary

column vector {B} as:

B = {g (2.36)
in which
{a = Y {@ad+X fa}+Y {a,} (2.37)
€N €N, €N

where N., N., and N are the number of Neumann boundary segments, Cauchy boundary segments, and
variable boundary segments with flux conditions imposed on them, respectively. The boundary flux {B} given
by Egs.(2.36) and (2.37) should be added to the right hand side of Eq.(2.24).

At nodes where Dirichlet boundary conditions @pglied, an identity equation is generated for each
node and included in the matrices of EQ.(2.24). The Dirichlet nodes include the nodes on the Dirichlet
boundary and the nodes on the variable boundary to which either Eq.(2.8a), (2.8c), or (2.8d) is applied.

Transport Equation

To simplify the notationthe subscript s, o, n, p, 1, 2, or 3 in Egs. (2.9) to (2.15) will be dropped for
the development of numerical algorithm in this section. Since the hybrid Lagrangian-Eulerian approach is used

to simulate Eq. (2.9) to (2.15), it is written in the Lagrangian-Eulerian form as

(© +pbKd)%(t: _V-(D-VC)-A(8C+p,K ) +QC - F; QC-+ %V-V(i)c

w

(2.38)

-f(C,C, C,.C, C, C,,C)C +9(C,, C,, C,, C, C,, C,, C)C
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.V
0+ppKy

(2.39)

where f(G, G, ¢, C, £ ,C,,C) is amicrobial-chemical interaction function and ¢C ; C, C,, G,, G, C,C)
is a microbial growth function . Applying the Galerkin finite element method to Eq. (2.9) through Eqg. (2.15),

one obtains
[M] {%?“([A] +[D] +[K] +[B]XC} = {Q} +{B} (2.40)

where {C} is a vector whose components are the concentrations at all nodes, {DC/Dt} is the time derivative
of {C} with respect to time, [M] is the mass matrix associated with the time derivative term, [A] is the stiffness
matrix associated with the velocity term which is only computed as steady-state is considered, [D] is the
stiffness matrix associated with the dispersion term, [Kjasstiffness matrix associated with the decay term
and microbial-chemical interaction, [B] is the stiffnesatrix resulting from boundary conditions, {Q} is the

load vector associated with all source/sink terms, and {B} is the load vector associated with boundary

conditions. These matrices and vectors are given as follows.

M. = N, (6 +p K )N;dR

i eezw:l! « (07 PK Ny (2.41a)

— . €
A = gﬂj Rfo\/VNBdR (2.41b)

e e
D, = ). fVNa-D-VNBdR (2.41¢)

R
Ki=X | N#A(e+pb|<d)+f(cl,cz,cs,cs,co,cn,cp)+ P g, - Doy v P N SR

Me, PP P (2.41d)
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[EEB: [NWN dB+Be€BC E{N « (N"V)NgdB (2.41e)

= 2 [NGCpdR+ 3 [NJB(C,C,C,CiCo G, IR (2.410)
R e

[BE; fN (n V)C,dB +BEGBC BfN chB +B§n BfNaqndB] (2.419)

where B® is that part of variable boundary for which the flow is directed into the regiop, C is the
concentration of the incoming fluid through the variable boundary segnient B , and B, B are the Cauchy and
Neumann boundary segments.

The numerical algorithm for solving this partial differential equation is a modifegtangian-
Eulerian method with adapted zoom and_gak @pturing (LEZOOMPC). Before the LEZOOMPC
algorithm is described, two terms need to be defined, namely smooth elements and rough elements, which shall
be used throughout this document. A smooth element is defined as an element within which any physical
guantity at all points can be interpolated withnode values to within error tolerance. A rough element is
defined as an element within which there exists at least one point for which the physical quantity cannot be
interpolated with its node values to within error tolerance. Basically, LEZOOMPC is a modified method of
the Lagrangian-Hleran decoupling with zocable (LEZOOM) hidden fine-mesh approach (Yeh, 1990) and
exact peak_@pturing and scillation-free scheme (EPCOF) (Yeh et al., 1992) to solve advection-dispersion
transport equations. To compute the concentratith C  attimet , the Lagrangian concenfration, C 's, must
be determined first [It is noted that the Lagrangian concentratipns C 's at all global nodes are exact if
concentrations C at timg t represtrd exact solution through the region, not just at the nodes]. The diffu-

sion transport problem is then solved over all the global nodes and activated forward-tracked nodes, at time t
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with the Galerkin finite element method, taking the Lagrangian concentrations C at all global nodes and
activated forward-tracked nodes as the initial condition, to complete the computation.

Figure 2.1 shows the basic concept structure of solving transport of SDFATMIC. It contains two main
steps, namely the Lagrangian and Eulerian steps.

First, the concentrations at the last time step't, C's, are the known quantities for the computation of
this time step. Second (GNTRAK module), one computes the Lagrangian concentfation C 's at global nodes

using the backward node tracking as

N+NrI
C = Z Cjan(Xi*’yi*’Zi*)’ i-1,2,.,N (2.42)
j-1
in which
tn+1
X, = X - fVth
tn
tn+l
yi* =y, - fvydt (2.43)
tn

tn+1
z' = zi—fvzdt i=1,2,..,N
tn

where N (X y ,z ) is the base function associated with nqde (x,y,z) evaluatéd at {x ,y,,z,);V,V,, and V

are the velocities along x-, y-, and z-directions, respectively.
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GNTRAK

Lagrangian St HETRAK

SFDET

FGDET

!

ISEHIL

(s

Eulerian St SEMBL

SOLVE

(o)

Figure 2.1 The basic structure for coding transport part of 3DFATMIC

Third (HPTRAK modules), all the activated fine grid nodes and the global nodes are forwardly tracked

to obtain the Lagrangian concentratioh C by the following equations:

¢ - C(xjf,yjf,zjf,tml) = O, ¥;2zpt) =G j=1,2, NNy (2.44)

in which
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tn+1 tn+1 t
f f f
X :Xj+fodt Y, :yj+nydt . :zj+fvzdt (2.45)
t t

t

n+1

n n n

It should be noted that/C 's are exact;if C 's are exact and Eq.(2.45) is integrated exactly.
Fourth (SFDET and FGDET modules), it is determined whether an element is a rough element in the

SFDET module (Yeh et al., 1992) based on prescribed error tolefHneeriteria is shown in the following

formula:
a f f
|(Cj -G )’Cj <€
(2.46)
a f f
lc®-ckeui<e,
where G is the approximate value determined from finite element interpolatione, are two error

tolerances and,§ is the maximum concentrationjfof C 's. FGDET module generates the regular fine-mesh
points in every rough element determined in the SFDET module.

Fifth (ISEHIL module), if theelement is a smooth element, all forward-tracked nodes for dispersion
computation at the present timg &ind advection computation at the nexttijpg t are removed. Otherwise,
the number of regular fine grids, which is determined by users, is imbedded into every rough element. The
indices of subelements are stored in the ISE array. In addition to regular fine grids refinement, this module
also captures all the highest and lowest concentrations within each subelement. This demonstrates the idea
called adapted zooming and peak capturing. The above five steps form the Lagrangian computation of the
advective transport.

The next three steps (DFPREP, ASEMBL, and SOLVE modules) are Eulerian steps to solve the
dispersion matrix equation. The module DFPREP prepares all the needed information for assembling the
subelemental matrices, which are zoomed in the Eulerian step. The inclusion of this module gets rid of the
inaccuracy due to the dispersion calculation. In this module, the number of fine grids generated in each global

element is determined by users andy bedifferent from that in the module FGDET. If the element is a
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smooth element, no fine grids are imbedded. If the element is a rough element, the element is zoomed and
connected with the surrounding smooth elements. At the end of this module, the nodal connection information
of each point has to be prepared to compose the matrix and solve the matrix equation.

The module ASEMBL is designed to yield the following element matrix equation
asfced - RY (2.47)

which is based on Egs.(2.9) to (2.15), where [A]is the element coefficient matrix, {C } is the unknown vector

of the concentration, and {R } is the element load vector. Element e can be a global element or a subelement
generated in a rough region by DFPREP. Then, this module assembles all the element matrix equations to a
global matrix equation with the slave point concept to take care of the interface between rough regions and
smooth regions. The resulting matrix equation will be solved by a diffusion solver.

The module SOLVE solves the assembled global matrix equation by a block iterative solver, pointwise
iteration, or preconditionedajugate method. If the diffusion zoomed approach is activated in the Eulerian
step, the block iteration method is changed to pointwise iteration solver forcefully.

At the very end of this time step, i.e., gt t , the concentrations at all activated fine grid nodes

generated in the Lagrangian step are obtained by finite element interpolations as follows:

N
c - Ckf+Zl:(Ci””—Ci*)Ni(xl:,yJ,Z;f), K=12,...N+1 (2.48)
i=

2.3 Description of 3DFATMIC Subroutines
3DFATMIC consists of a MAIN program and 120 subroutines. The MAIN is utilized to specify the
sizes of all arrays. The control and coordinate activity are performed mpttoeisne HTMICH. Figure 2.2

shows the structure of the program. The functions of these subroutines are described below.
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Program MAIN

The MAIN is used to specify the sizes of all arrays. The flow of data input for the model is also
anchored by the MAIN. The subroutine RDATIO is called to read the geometric and material data. MAIN
then calls subroutine PAGEN to generate poiateays;SURF to identify the boundary sides and compute
the directional cosine. The source/sink data for flow and transport computations are read in by the subroutines
FSSDAT and TSSDAT, respectively. The boundary conditions for flow and transport calculations are then
read in by the subroutines FBCDAT and TBCDAT, respectively. Control is then passed to subroutine
HTMICH to coordinate and perform flow and/or transport computations.

Subroutine RDATIO

The subroutine RDATIO is called by the program MAIN to read in the soil property functions and
geometric data for the area of interest.

Subroutine FSSDAT

The subroutine FSSDAT is called by the program MAIN to read in the sources/sinks profiles, nodes,
and/or elements for flow simulations. The source/sink type for each node/element is also assigned in this

subroutine according to the data given by the users.
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ELENOD

READN — RDATIO MAIN — PAGEN
LRL3D
READR || — SURF —ELENOD
HTMICH | LRN3D
| | IBE3D
READN FSSDAT
READR
ESSFCT — ESSFCT TSSDAT —READN
READN FBCDAT
WSSFCT — WSSFCT| || TBCDAT |— READN
READR
CBVFCT | CBVFCT|H CKBDY
NBVFCT — NBVFCT
VBVFCT | VBVFCT
DBVFCT — DBVFCT
SPROP — THNODE
HMCHYD — DISPC
VELT - AFABTA
ESELOW — ADVW3D LRL3D
FPRINT 4 HMCTRN
FSTORE —  FLUX
— TSFLOW
| TPRINT
L TSTORE

Figure 2.2 Program Structure of 3DFATMIC (MAIN)
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Subroutine TSSDAT

The subroutine TSSDAT is called by the program MAIN to read in the sources/sinks profiles, nodes,
and/or elements for transport simulations. The source/sink type for each node/element is also assigned in this
subroutine according to the data given by the users.

Subroutine FBCDAT

The subroutine FBCDAT controls the input of boundary condition, in time and space, assigned to each
boundary node/element for flow simulations. Users need to give the boundary profiles, to specify the global
node/element numbers of the boundary, and to assign boundary profile type to each node/element.

Subroutine TBCDAT

The subroutine TBCDAT controls the input of boundary condition, in time and space, assigned to each
boundary node/element for transport simulations. Users need to give the boundary profiles, to specify the
global node/element numbers of the boundary, and to assign boundary profile type to each node/element.

Subroutine CKBDY

This subroutine checks all the boundary sides and generates the arrays, including NBDYB and IBDY,
for later use in along boundary tracking on both the unspecified and the Neumann boundary sides. NBDYB(I)
represents the accumulated number the unspecified/Neumann boundary sides connecting with the 1-st through
the (I-1)-th global node. IBDY(l) indicates the global boundary side to which the I-th unspecified/Neumann
boundary side relates.

Subroutine HTMICH

The subroutine HTMICH controls the entire sequence of operations, a function generally performed
by the MAIN program. It is, however, preferable to keep a short MAIN and supplement it with several
subroutines with variable storage allocation. This makes it possible to place most of the FORTRAN deck on
a permanent file and to deal with a site-specific problem without making changesyndimensions

throughout all subroutines.
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Depending on the combinations of the parameters KSSf, KSSt, NTI, and IMOD, the subroutine
HTMICH will perform either the steady state flow and/or transport computations only, or the transient state
flow and/or transport computations using the flow and/or transport steady-state solution as the initial
conditions, or the transient flow and/or transport computation using user-supplied initial conditions.

HTMICH calls the subroutines ESSFCT, WSSFCT, CBVFRBYFCT, VBVFCT, and DBVFCT
to obtain sources/sinks and boundary values; subroutine SPRORitothe relative hydraulic conductivity,
water capacity, and moisture content from the pressure head; subroutine VELT to compute Darcy's velocity;
subroutine FSFLOW to calculate flux through all types of boundaries and water accumulated in the media;
subroutine FPRINT to print out the results; and subroutine FSTORE to store the flow variables for plotting;
subroutine HMCHYD to perform the flow computations; subroutine FLUX to compute material flux;
subroutine AFABTA to obtain upstream weighting factor basedadocity and dispersivity; subroutine
TSFLOW to catulate material flux through all types of boundaries and water accumulated in the media;
subroutine TPRINT to print out the transport computation results; subroutine TSTORE to store the transport
computation results for plotting; subroutine THNODE to compute the value of moisture content plus bulk
density times distribution coefficient in the case of linear isotherm, or the moisture content in the case of
nonlinear isotherm at all nodes; subroutine DISPC to compute the dispersion coefficients; and subroutine
HMCTRN to perform the transport computations.

Subroutine READR

This subroutine is called by the MAIN as well as subroutines FBCDAT and HTMICH to automatically
generate real numbers if required. Automatic generation of regular patterned data is built into the subroutine
(see Appendix A).

Subroutine READN

This subroutine is also called by the subroutines RDATIO, FBCDAT, and TBCDAT to generate integers if

required (see Appendix A).
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Subroutine PAGEN

This subroutine is called by the controlling program MAIN to preprocess pointer arrays that are needed
to store the global matrix in compressed form and to construct the subregional block matrices. The pointer
arrays automatically generated in this subroutine include the global node connectivity (stencil) GNOJCN(J,N),
regional node connectivity LNOJCN(J,1,K), total node number for each subregion NTNPLR(K), bandwidth
indicator for each subregion LMAXDF(K), and patrtial fill-up for the mappngy between global node
number and local subregion node number GNPLR(I,K) with | = NNPLR(K) + 1 to NTNPLR(K). Here
GNOJCN(J,N) is the global node number of J-th node connected to the global node N; LNOJCN(J,I,K) is the
local node number of the J-th node connected to the local node | in K-th subregion; NTNPLR(K) is the total
number of nodes in the K-th subregion, including the interior nodes, the global boundary nodes, and intra-
boundary ndes; LMAXDF(K) is the maximum difference between any two nodes of any element in K-th
subregion; and GNPLR(I,K) is the global node number of I-th local-region node in the K-th subregion. These
pointer arrays are generated based on the element connectivity IE(M,J), the number of node for each subregion
NNPLR(K), and the mapping between global node and local-region node GNLR(I,K) with | = 1, NNPLR(K).
Here IE(M,J) is the global node number of J-th node of element M; NNPLR(K) is the number of nodes in the
K-th subregion including the interior nodes and the global boundary nodes but not the intraboundary nodes.
If a preconditioned conjugate gradient solver is selectexblve linear matrix equations, this subroutine will
rearrange LRN(J,N) such that LRN(1,N) = N.

Subroutine ELENOD

This subroutine determines the number of nodes, the number of faces, and the elemental shape index
of element M by using the IE(M,5) and IE(M,7) information.

Subroutine LRL3D

This subroutine is called by subroutines PAGEN and ADVW3D. This subroutine generates the node-

element connection pointer arrays NLRL, LRL, NLRLW, and LRLW used in particle tracking.
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Subroutine LRN3D

This subroutine is called by subroutine PAGEN. This subroutine generates the node-node connection
pointer arrays NLRN and LRN used in composing the linearized matrix equations.

Subroutine SURF

Subroutine SURF identifies the boundary sides, sequences the boundary nodes, and computes the
directional cosine of the surface sides. The mappings from boundary nodes to global nodes are stored in
NPBB(l) (where NPBB(l) is the global node number of the I-th boundary node). The boundary node numbers
of the four nodes for each boundary side are stored in ISB(I,J) (where 1SB(l,J) is the boundary node number
of I-th node of J-th side, | = 1 to 4). There are six, five, or four sides for each hexahedral, triangular prism,
or tetrahedral element, respectively. Which of these sides istineléry side is determined automatically in
the subroutine SURF and is stored in ISB(5,J). The global element number, to which the J-th boundary side
belongs, is also preprocessed in the subroutine SURF and is stored in ISB(6,J)ecTioaa cosines of the
J-th boundary side are computed and stored in DCOSB(I,J) (where DCOSB(l,J) is the directional cosine of
the J-th surface with I-th coordinate, | = 1 to 3). The information contained in NPBB, ISB, and DCOSB, along
with the number of boundary nodes and the number of boundary sides, is returned to subroutine MAIN
program for other users.

Subroutine IBE3D

The subroutine IBE3D is used to generate the index of boundary element stored in IBE array. If
IBE(M) = 0, it means no boundary element side in the M-th element. If IBE(M)=12, the element side 1 and
2 are the boundary element sides of the M-th element globally.

Subroutine ESSFCT

This subroutine is called by the subroutine HTMICH to compute the elemental source strength. It uses
the linear interpolation of the tabular data or it computes the value with analytical function. If the latter option

is used, the user must supply the function into this subroutine.
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Subroutine WSSFCT

This subroutine is called by the subroutine HTMICH to compute the well source strength. It uses the
linear interpolation of the tabular data or it computes the value with analytical function. If the latter option is
used, the user must supply the function into this subroutine.

Subroutine VBVFCT

This subroutine is called by the subroutine HTMICH to compute the variable boundary values. It uses
the linear interpolation of the tabular data or it computes the value with analytical function. If the latter option
is used, the user must supply the function into this subroutine.

Subroutine DBVFCT

This subroutine is called by the subroutine HTMICH to compute the Dirichlet boundary values. It
uses the linear interpolation thfe tabular data or it computes the value with analytical function. If the latter
option is used, the user must supply the function into this subroutine.

Subroutine CBVFCT

This subroutine is called by the subroutine HTMICH to compute the Cauchy fluxes. It uses the linear
interpolation of the tabular data or it computes the value with analytical function. If the latter option is used,
the user must supply the function into this subroutine.

Subroutine NBVFCT

This subroutine is called by the subroutine HTMICH to compute the Neumann fluxes. It uses the
linear interpolation of the tabular data or it computes the value with analytical function. If the latter option is
used, the user must supply the function into this subroutine.

Subroutine FPRINT

This subroutine is used to line-print the flow variables. These include the fluxes through variable

boundary surfaces, the pressure head, total head, moisture content, and Darcy's velocity components.
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Subroutine FSTORE

This subroutine is used to store the flow variables on Logical Unit 11. It is intended to for plotting
purposes. The information stored includegion geometry, subregion data, and hydrological variables such
as pressure head, total head, moisture content, and Darcy's velocity components.

Subroutine TPRINT

This subroutine is used to line-print the simulation results of contaminant transport. These include
the material flux components and the concentration at each global node.

Subroutine TSTORE

This subroutine is used to store the simulation results of contaminant transport on Logical Unit 12.
It is intended for plotting purpose. The information stored includes region geometry, concentrations, and
material flux components at all nodes for any desired time step.

Subroutine ADVW3D

This subroutine is called by HTMICH to generate all the working arrays including IBW, IEW,
NLRLW, and LRLW, for 'in-element' tracking in the Lagrangian step computation used in the transient-state
simulation. The more subelements generated for particle tracking, the more accurate result obtained. In this
subroutine, the working arrays are for the following types of elements: (1) tetrahedral elements (if ISHAPE=4
or 0), (2) triangular prism elements (if ISHAPE=6 or 0), and (3) hexahedral elements (if ISHAPE=8 or 0).

Subroutine HMCHYD

HMCHYD calls subroutine SPROP to obtain the relative hydraulic conductivity, water capacity, and
moisture content from the pressure head; subroutine VELT to compute Dafoygisy; subroutine BCPREP
to determine if a change of boundary conditions is required; subroutine FASEMB to assemble the element
matrices over all elements; subroutine FBC to implement the boundary conditions; subroutine BLKITR, PISS,
PPCG, or ILUCG to solve the matrix equations; subroutine FSFLOW to calculate flux through all types of

boundaries and water accumulated in the media; subroutine FPRINT to print out the results; and subroutine
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FSTORE to store the flow variables in binary format for plotting. Figure 2.3 shows the flow chart of this
subroutine.

Subroutine SPROP

This subroutine calculates the values of moisture content, relative hydraulic conductivity, and the water
capacity. This subroutine calls subroutine SPFUNC to calculate soil property function by either tabular input
or analytical functions.

Subroutine BCPREP

This subroutine is called by HMCHYD to prepare the infiltration-seepage boundary conditions during
a rainfall period or the seepage-evapotranspiration boundary conditions during non-rainfall periogteslit dec
the number of nodal points on the variable boundary to be considered as Dirichlet or Cauchy points. It
computes the number of points that change boundary conditions from ponding depth (Dirichlet types) to
infiltration (Cauchy types), or from infiltration to ponding tiepor from minimum pressure (Dirichlet types)
to infiltration during rainfall periods. It also computhe number of points that change boundary conditions
from potential evapotranspiration (Cauchy types) to minimum pressure, or from ponding depth to potential
evapotranspiration, or from minimum pressure to potential evapotranspiration during non-rainfall periods.
Upon completion, this subroutine returns the Darcy flux (DCYFLX), infiltration/potential evapotranspiration
rate (FLX), the ponding depth nodal index (NPCON), the flux-type nodal index (NPFLX), the minimum
pressure nodal index (NPMIN), and the number of nodal points (NCHG) that have changed boundary

conditions.
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Figure 2.3 Program Structure of 3DFATMIC (Flow Part)
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Subroutine SPFUNC

This subroutine calculates the soil property function by either tabular input or analytical functions.
When analytical functions are used, the users must supply the functional form and modify this subroutine.

Subroutine FASEMB

This subroutine calls FQ468 to evaluate the element matrices. #uhenover all element matrices
to form a global matrix equation governing the pressure head at all nodes.

Subroutine FQ468

This subroutine is called by the subroutine FASEMB to compute the element matrix given by

A - | N RN IR (2.492)

QB(LJ) = [(VN)IKK(VN,JdR (2.49b)

e

Subroutine FQ468 also calculates the element load vector given by

RQ()) - f[—(VNie).K.pﬁ(Vz)+NieS—*q]dR , (2.490)

e

where q is the source/sink.

Subroutine SHAPE

This subroutine is called by subroutines SPROP, FQ468, FQ468DV, Q468TH, TQ468DV,TQ468,
and Q468R to evaluate the value of the base and weighting functions and their derivatives at a Gaussian point.
The computation is straightforward.

Subroutine FBC
This subroutine incorporates Dirichlet, Cauchy, Neumann, and variable boundary conditions. For a

Dirichlet boundary condition, an identity algebragquation is generated for each Dirichlet nodal point. Any
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other equation having this nodal variable is modified accordingly to simplify the computation. For a Cauchy
surface, the integration of the surface source is obtained by calling the subroutine Q34S, and the result is added
to the load vector. For a Neumann surface, the integrations of both the gradient and gravity fluxes are obtained
by calling the subroutine Q34S. These fluses added to the load vector. The subroutine FBC also
implements the variable boundary conditions. First, it checks all infiltration-evapotranspiration-seepage points,
identifying any of them that are Dirichlet points. If there are Dirichlet points, the method of incorporating
Dirichlet boundary conditions mentioned above is used. If a given point is not the Dirichlet point, the point

is bypassed. Second, it checks all rainfall-evapora@page points again to see if any of them is a Cauchy
point. Ifit is a Cauchy point, then the computed flux by infiltration or potential evapotranspiration is added

to the load vector. If a given point is not a Cauchy point, it is bypassed. Bduwirgdtration-evaporation-
seepage points are either Dirichlet or Cauchy points, all points are taken care of in this manner.

Subroutine Q34S

This subroutine is called by the subroutines BCPREP, FBC and FSFLOW to compute the surface node flux

of the type

o

RQ() = (NP qdB , .
E{e . (2.50)

where q is either the Cauchy flux, Neumann flux, or gravity flux.

Subroutine BLKITR

This subroutine is called by the subroutines HMCHYD and HMCTRN to solve the matrix equation
with block iteration methods. For each subregion, a blakixrequation is constructed based on the global
matrix equation and two pointer arrays GNPLR and LNOJCN (see subroutine PAGEN), and the resulting
block matrix equation is solved with the direct band matrix solver by calling subroutine SOLVE. This is done
for all subregions for each iteration until a convergent solution is obtained. This subroutine and the subroutine

SOLVE, to be described in the next paragraph, are needed only when the block iteration option is used.
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Subroutine SOLVE

This subroutine is called by the subroutine BLKITR to solve for the matrix equation of the type

[Cix} = {y} (2.51)

where [C] is the coefficient matrix and {x} and {y} are two vectors. {x} is the unknown to be solved, and {y}
is the known load vector. The computer returns the solution {y} and stores it in {y}. The computation is a
standard banded Gaussian direct elimination procedure.

Subroutine PISS

This subroutine is called by subroutine HMCHYD and HMCTRN, if necessary, to solve the linearized
matrix equation with pointwise iteration solution strategies.

Subroutine PPCG

This subroutine is called by the subroutines HMCHYD and HMCTRN, if necessary, to solve the
linearized matrix equation with the preconditioned conjugate gradient method using the polynomial as a
preconditioner. It calls to POLYP to invert the preconditioner.

Subroutine POLYP

This subroutine is called by the subroutine PPCG to solve for a modified residual that will be used in
the preconditioned conjugate gradient algorithm.

Subroutine ILUCG

This subroutine is called by the subroutines HMCHYD and HMCTRN, if necessary, to solve the
linearized matrix equation with the preconditioned conjugate gradethiich using the incomplete Cholesky
decomposition as a preconditioner. It calls to LLTINV to invert the preconditioner.

Subroutine LLTINV

This subroutine is called by the subroutine ILUCG to solve for a modified residual that will be used

in the preconditioned conjugate gradient algorithm.
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Subroutine VELT

This subroutine calls FQ468DV to evaluate the element matrices and the derivatives oflieadotal
It then sums over all element matrices to form a matrix equation governing the velocity components at all nodal
points. To save computational time, the matrix is diagonalized by lumping. The velocity components can thus
be solved point by point. The computed velocity field is then returned to HTMICH or HMCHYD through the
argument. This velocity field is also passed to subrolB@EREP to evaluate tHearcy flux across the
seepage-infiltration-evapotranspiration surfaces.

Subroutine FQ468DV

Subroutine FQ468DV is called by the subroutine VELT to compute the element matrices given by

QB(1,J) = fNieNjedR , (2.52)
B

e

where N° and R are the basis functions for nodal point i and j of element e, respectively. Subroutine

FQ468DV also evaluates the element load vector:

QRX(l) = —fNﬁ-K-&(VNje)hde - fNﬁ-K-VzdR (2.53a)
R, P Re

QRY(l) = —fNiej-K-%(VNje)hde - fNﬁ-K-VzdR (2.53b)
Re Re

QRZ(l) = —fNiek-K-%(VNje)hde - fNiek-K-VzdR (2.53c)
Re Re

where
h = the referenced pressure head at nodal point j,

i = the unit vector along the x-coordinate,

j = the unit vector along the y-coordinate,

k = the unit vector along the z-coordinate,

K = the hydraulic conductivity tensor.
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Subroutine FSFLOW

This subroutine is used to compute the fluxes through various types of boundaries and the increasing
rate of water content in the region of interest. The function of FRATE(7) is to store the flux through the whole

boundary enclosing the region of interest. It is given by

FRATE(7) = f (V,n, +Vn, +Vn)dB, (2.54)
B

where B is the global boundary of the region of interest;  , V, gnd V are Darcy's velocity components; and
n,, n,and p are the directional cosines of the outward unit vector normal to boundary B. FRATE(1) through
FRATE(5) store the flux through Dirichlet boundary B , Cauchy boundary B , Neumann boundary B , the

seepage/evapotranspiration boundayy B, and infiltration boundary B, respectively, and are given by

FRATE(L) = f (V,n, +V,n +Vn)dB, (2.55a)
By

FRATE(2) = f (V,n, +Vyn +V,n)dB , (2.55b)
BC

FRATE(3) = f V.0, + Vo +Vn)dB, (2.55¢)
Bn

FRATE(4) = f (V,n, = Vyn +Vn)dB, (2.55d)
BS

FRATE(S) = f (V,n, +Von +Vn)dB, (2.55¢€)
BR

FRATE(6), which is related to the numerical loss, is given by
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5
FRATE(6) = FRATE(7) - }_ FRATE()) (2.56)
1=1

FRATE(8) and FRATE(9) are used to store the source/sink and increased rate of water within the

media, respectively:

FRATE(8) = - f —‘; qdR , (2.57)
and
do oh
FRATE(Q) = [LZNyR | ,
9) o dh ot (2.58)

If there is no numerical error in the computation, the following equation should be satisfied:
FRATE(9) = -[FRATE(7) + FRATE(8)] (2.59)

and FRATE(6) should be equal to zero. Equation (2.58) simply states that the negative rate of water going
out from the region through the entire boundary and due to a source/sink is equal to the rate of water
accumulated in the region.

Subroutine Q468TH

This subroutine is used to compute the contribution of the increasing rate of the water content from

an element e

do oh
THP = [P N4R
Q fpo e (2.60)

The computation of the above integration is straightforward.

Subroutine HMCTRN

The subroutine HMCTRN controls the entire sequence of transport computations. HMCTRN calls

subroutine AFABTA to obtain upstream weighting factor basededocity and dispersivity; subroutine
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DISPC to calculate the dispersion coefficient associated with each Gaussian point in every element; subroutine
THNODE to compute the value of moisture content plus bulk density times distribution coefficient in the case
of linear isotherm, or the moisture content in the case of nonlinear isotherm at all nodes; subroutine GNTRAK
to compute the Lagrangian concentrations at all global nodes, subroutine HPTRAK to perform forward particle
tracking to obtain the Lagrangian concentrations at all activated forward nodes; subroutine ADVBC to
implement boundary conditions in the Lagrangian step; subroutine ADVRX to calculate the Lagrangian
concentrations with microbial-chemical involved; subroutine SFDET to determine sharp front elements;
subroutine FGDET to imbed fine grids into every sharp front element; subroutine ISEHIL to prepare ISE array
which stores the indices of subelements and to determine the activation of the points with the highest or lowest
concentrations in each subelement; subroutine DFPREP to prepare the fine mesh nodes and elements for
diffusion zooming; subroutine TASEMB to assemble the element matrices over ahtslesabroutine TBC

to implement the boundary conditions globally; subroutine TBCL1 to apply intra-boundary conditions which
implement the slave point concept to overcome the incompatibility; subroutine BLKITR, PISS, PPCG, or
ILUCG to solve the resulting matrix equations; subroutine FLUX to compute material flux; subroutine
TSFLOW to calculate flux through all types of boundaries and water accumulated in the media; subroutine
TPRINT to print out the results; and subroutine TSTORE to store the results for plotting; Figure 2.4 shows
the flow chart of this subroutine.

Subroutine THNODE

This subroutine is called by HMCTRN to compute therf,dS/dC).

Subroutine AFABTA

This subroutine calculates the values of upstream weighting factors along 12 , 9, or 6 sides of all

hexahedral, triangular prism, and tetrahedral elements, respectively.
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Subroutine DISPC

Subroutine DISPC calculates the dispersion coefficient associated with each Gaussian point of an
element.

Subroutine TASEMB

This subroutine calls TQ468 to evaluate the element matrices. It thewwemadl element matrices
to form a global matrix equation governing the concentration distribution at all nodes.

Subroutine TQ468

This subroutine is called by the subroutine TASEMB to compute the element matrix given by

QA(I,J):fNieONjedR , (2.61a)
Re
e dS. e
QAA(I,J)—JN,- PrgaN R (2.61b)
QB(1,J)= [(VN;")-6D-(VN,)dR (2.61c)
Re
QV(LI)= [NV-(VN;)dR (2.61d)
R

e

N,dR (2.61€)

_ ds, p',_Fo P
QC(.J) N#A(B 0. 95y P —_v-v( _)
Rfe dC e |k,

where dS/dC should be evaluated at C , the dissolved concentration at previous iteration. Subroutine TQ468

also calculates the element load vector given by:
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o (s _d5c )
QR(l)R[Ni[Apb(SW dCCW) qC.n]dR, (2.610)

where G, and 5 are the dissolved and adsorbed concentrations at previous iteration, respectively.
Subroutine TBC

This subroutine incorporates Dirichlet, variable boundary, Cauchy, and Neumann boundary
conditions. For a Dirichlet boundary condition,i@entity algebraic equation is generated for each Dirichlet
nodal point. Any other equation having this nodal variable is modified accordingly to simplify the
computation. For a variable surfaties integration of the normal velocity times the incoming concentration
is added to the load vector and the integration of normal velocity is added to the matrix. For the Cauchy
boundaries, the integration of Cauchy flux is added to the load vector and the integration of normal velocity
is added to the matrix. For the Neumann boundary, the integration of gradient flux is added to the load vector.

Subroutine Q34CNV

This subroutine is called by the subroutines TBC to compute the surface node flux of the type

RQ(I):fNiequ , (2.62)
R

e

where q is either the Cauchy flux, Neumann fluxa®C,. It also computes the boundary element matrices
BQ(l,J) = fNieVNjedR (2.63)
R

Subroutine TBC1

This subroutine is called whenever the total number of nodes for composing matrix is lopedtiee t
total number of global nodes, i.e., the diffusion zooming scheme is employed. The "slave point" concept takes
care of the incompatibility for the intraboundary points between rough and smooth regions. This subroutine
implements the concept so that the entries for the intraboundary points of the matrix equation can be modified.

If there are diffusion fine grids falling on the global boundaries, the "slave point" concept also resolves the
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problems of implementation of boundary conditions for these fine grids. Subroutine LOCPLN is called to
obtain the basis functions of the intraboundary point in the intraboundary surface which may be a four point
quadrilateral or three point trianguleBubroutine SLAVPT is called to implement the spirit of "slave point"
concept. For simplicity, two point line segment is used for obtaining basis functions instead of surface after
calling subroutine CKSIDE.

Subroutine SLAVPT

This subroutine implements the "slave point" concept on the intraboundary points between rough and
smooth regions. This subroutine is called by subroutine TB@ibtlify the entries of the matrix equation
related to these points.

Subroutine FLUX

This subroutine calls TQ468DV to evaluate the element matrices and the derivatives of concentrations.
It then sums over all element matrices to form a matrix equation governing the flux components at all nodal
points. To save computational time, the matrix is diagonalized by lumping. The flux components due to
dispersion can thus be solved point by point. The flux due to the velocity is then added to the computed flux
due to dispersion. The computed total flux field is then returned to HMCTRN through the argument.

Subroutine TQ468DV

Subroutine TQ468DV is called by the subroutine FLUX to compute the element matrices given by

QB(l’J):fNieNjedR ) (2.64)
R

e

where NF and N are the basis functions for nodal point i and j of element e, respectively. Subroutine

TQ468DV also evaluates the element load vector:

QRX(l)=- f N;5-0D-(VN;)CdR , (2.65a)
R

e
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QRY(1)=- [N;-6D-(VN,)C,dR , (2.65b)
R

e

QRZ(I)=- f Niek-BD-(VNje)deR , (2.65¢)
Re
where ¢ is the concentration at nodal pointg,the unit vector along the x-directigns the unit vector along
the y-coordinatek is the unit vector along the z-coordindiés the moisture content, aidis the dispersion
coefficient tensor.

Subroutine TSFLOW

This subroutine is used to compute the flux rates through various types of boundaries and the

increasing rate of material in the region of interest. FRATE(7) is to store the flux through the whole boundary
FRATE(7)- f (F,n +Fn, +Fn,)dB (2.66)
B

where B is the global boundary of the region of intergst; F , F , and F are the flux componenis; and n, n, and
n, are the directional cosines of the outward unit vector normal to the boundary B. FRATE(1) stores the flux
rates through Dirichlet boundary, B . FRATE(2) and FRATE(3) store the flux rate through Cauchy and
Neumann boundaries, respectively. FRATE(4) and FRATE(5) store incoming flux and outgoing flux rates,

respectively, through the variable boundarigs B ayid B , as given by

FRATE(1)- f (F,n,+Fn, +Fn,)dB (2.67a)
By

FRATE(2)- f (F,n,+Fn, +Fn,)dB (2.67b)
B

Cc
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FRATE(3)= f (F,n, +Fn, +Fn,)dB (2.67¢)
B

n

FRATE(4)- f (F,n,+Fn, +Fn,)dB (2.67d)
B _

\Y

FRATE(5)= f (F,n,+Fn, +Fn,)dB (2.67¢)
B .

\Y

where B, - and B,. are that part of variable boundary where the fluxes are directed into the region and

out from the region, respectively. The integration of Egs. (2.67a) through (2.67e) is carried out by the

subroutine Q34BB.

FRATE(6) stores the flux rate through unspecified boundaries as
5
FRATE(G)zFRATE(?)—Z FRATE(I) (2.68)
1=1

FRATE(8) and FRATE(9), which store the accumulate rate in dissolved and adsorbed phases, respectively,

are given by

06C

FRATE(8)= f ?dR , (2.69)
R
3p, S

FRATE(9)- f g*t’ drR , (2.70)
R

FRATE(10) stores the rate loss due to decay and FRATE(1LigthfeRATE(13) are set to zero as given by

FRATE(10) f ABC+p,S)dR (2.71)
R
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FRATE(11)-FRATE(12)-FRATE(13)-0 , 2.72)

FRATE(14) is used to store the source/sink rate as

FRATE(14) [QC, —- 91, o991 Qqr @73)
R

If there is no numerical error in the computation, the following equation should be satisfied:

14
Y} FRATE(I)=0 (2.74)
1=7

and FRATE(6) should be equal to zero.

Subroutine Q34BB

This subroutine is called by the subroutine TSFLOW to perform surface integration of the following

type

RRQ(I)= f N,°FdB , (2.75)
R,

e

where F is the normal flux.

Subroutine Q468R

This subroutine is used to compute the contributions to FRATE(8), FRATE(9), FRATE(10), and

FRATE(14):

QRM:feCdR , (2.76a)
R

QDM:deR , (2.76b)
R
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QC,,(1+sign(Q))-QC(1-sign(Q)) iR
> ,

SOSM- [ (2.76¢)
R

The computation of the above integration is straightforward.

Subroutine ADVBC

This subroutine is called by HMCTRN to implement the boundary conditions. For Dirichlet boundary,
the Lagrangian concentration is specified. For variable boundaries, if the flow is directed out of the region,
the fictitious particle associated with the boundary node must come from the interior nodes. Hence the
Lagrangian concentration for the boundary node has already computed from subroutine GNTRAK and the
implementation for such a boundary segment is bypassed. For variable boundaries, if thdirbotedinto
the region, the concentration of incoming fluid is specified. An intermediate concentration C is calculated

according to

Ci**:fNiVnCindB/fNiV”dB : (2.77a)

B B

\ \

where G is the concentration due to the boundary source at the boundary node i, V is the normal vertically
integrated Darcy's velocity, ang,C is the concentration of incoming fluid.

Cauchy boundary conditions are normally applied to the boundary where flow is directed into the
region, where the material flux of incoming fluid is specified. The intermediate concentration is thus

calculated according to

G- [NadB/ [NV dB , (2.77b)
B B

Cc Cc

where G is the concentration due to Cauchy fluxes at the boundary nqde i, V is the normal Darcy's velocity,

and q is the Cauchy flux of the incoming fluid.
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The Lagrangian concentration is obtained by using the value C "and C (the concentration at previous

time step) as follows

fNiONjCi**dB+fNipbKdeCj”dB
C'* _ B B

for linear isotherm (2.78a)
fNi(6+pbKd)dB
B

C’ = C' for nonlinear isotherm (2.78b)

Subroutine Q34ADB

This subroutine is used to perform surface integration of Egs. (2.77a), (2.77b), and (2.78a) for Cauchy
and variable boundary conditions. Each surface elemental matrix is returned to subroutine ADVBC to
compose a global surface elemental matrix equation so tHaagh@ngian concentrations of all the specified
boundary points can be solved.

Subroutine GNTRAK

This subroutine is called by HMCTRN to control the process of backward particle tracking starting
from global nodes. In the subroutine, each particle is tracked one element by one element until either the
tracking time is completely consumed or the particle encounters a specified boundary side. During the particle
tracking, this subroutine calls (1) subroutine ELTRK4 to track a particle in a tetrahedral element, (2)
subroutine ELTRK® to track a particle in a triangular prism element, and (3) subroutine ELTRKS to track a
particle in a hexahedral element. When the particle can not be tracked by normally elesc&intg| it calls
subroutine FIXCHK to check if it hits specified or unspecified boundaries. In order to make the particle
tracking complete and remedy the given velocity field error on the unspecified boundaries, subroutine
FIXCHK calls subroutine ALGBDY to continue tracking particles along the unspecified/Neumann boundaries.
At the end of backward particle tracking, the concentrations are obtained by interpolation executed in

subroutine INTERP.
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Subroutine HPTRAK

This subroutine is called by HMCTRN to compute the locations and concentrations of all forward-

tracked find-mesh nodes.

GNTRAK.

Subroutine ADVRX

Basically, the algorithm of this subroutine is the same as that of subroutine

This subroutine solves the following seven nonlinear simultaneous ordinary differential equations

DC
(6 " pbKdQFts =

Wr ¢ C C
6+ oKy o[ } w .

| @ @ O
Y, {Kso +C Ko7+ G, | Ko +C,,
@r T T
C C C
n
(O Pekatc, e, @, @,
Yn _Ksn +Cs__Kn +Cn__Kpn +Cp_
(2.79a)
L N T
YK +C K +C, [K o +C, |
‘[(6 + pbKd3)C3]< @ (
+ p'n [ CS CI’] Cp I(C)
YﬂKs‘ﬁhcs K&+, |k |
B+ p K, |
+ =
( P dg Dt
C C C C
@), (@) (1) (1)
_[(6 +pbKdl)Cl Yo uo ) > ) 2 ) 2 T, )"o (1)70
Kso +Cs| Ko+ Co [ Kpo +CIO Iy’ +C, (2.79b)
C C C C
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DC 4 C. | C C 3
0+ pKug—= = 0+ P KugCallts |—= : P2
I I ] PR Yoy ey
(2.799)
C c. | ¢ |
pl——= ! 2 |(Cy) -AI(C)
Ks(n)+CS Krf )+Cn__K[§n)+Cp_

This subroutine is called right after the Lagrangian concentrations have been obtained.

Subroutine RXRATE

This subroutine is called by subroutine ADVRX, and TASEMB at steady state simulations. Basically,
the subroutine calculates the removal rate of substrate which is represented as the terms within the braces on
the right hand side of Egs. (2.79a) to (2.79g). The values of each bracket within thateraegsned to the
calling subroutines for each component.

Subroutine SFDET

This subroutine determines if an element is a rough element based on the prescribed error tolerance
criteria shown in Eq.(2.46). If the M-th element is a rough element, the array IE(M,11) is activated to M.

Subroutine FGDET

This subroutine generates regular fine grids prescribed by users within each rough element based on
the information of IE(M,11) resulted from subroutine SFDET. It calls subroutine HPTRAK to obtain the
Lagrangian concentrations of each activated fine grid.

Subroutine ISEHIL

This subroutine removes all the forward-tracked nodes in smooth elements and stores the indices of
subelements into ISE array. In additiomégular fine grids refinement, subroutine ISEHIL also captures all

the highest and lowest concentrations within each subelement. The located subelements of the high-low points
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are determined by subroutine KGLOC. Once these high-low points are activated, subroutine TRIANG is
called to tetrangulate this subelement and the indices of each tetrahedral are also stored in the ISE array.

Subroutine TRIANG

This subroutine is called by ISEHIL for tetrangulating the subelement including the points with
peak/valley values. The indices of new created tetrahedrals are also stored in the ISE array.

Subroutine DFPREP

This subroutine prepares all the needed information for assembling the fine grid elemental matrices.
It calls subroutines GLBCHK to check those points on the elemental boundary connecting to the outermost
layer of rough region, which is smooth after the determination of subroutine SFDET bout rough in the Eulerian
step; FPLUS1 to imbed diffusion fine grid points prescribed by users and calculate the associated
concentrations; GRISED to prepare element indices for each subelement in the Eulerian step for composing
the matrix equation and to store the arrays for the intra-boundary points between rough and smooth regions
to overcome the incompatibility by implementing the "slave point" concept.

Subroutine BASEXI

This subroutine is called by subroutine DFPREP to calculate the coordinates of imbedded grids
according to the passed global coordinates, the associated local coordinate, and computed base functions in
the element.

Subroutine GLBCHK

This subroutine is called by subroutine DFPREP to check those generated fine grid points located on
the elemental boundary sides of each global element to see if tgeidimeoincide with global nodes, locate
on the global boundaries, or intraboundaries between rough and smooth regions. The concentrations are
interpolated by calling subroutine INTERP for all generated fine grids.

Subroutine FPLUS1
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This subroutine is called by subroutine DFPREP to calculate concentrations of the generated fine grids
which are not located on the elemental boundary sides of the element.

Subroutine GRISED

This subroutine is called by subroutine DFPREP to generate ISED array which stores the indices of
each fine mesh for the Eulerian step. The information associated with the intraboundary points, which includes
the global nodes composing this intraboundary surface and nodal connection data locally, is also prepared in
this subroutine.

Subroutine REPLAS

This subroutine replaces the last six arguments with the first six arguments orderly.

Subroutine WRKARY

This subroutine prepares six working arrays for later usage.

Subroutine WARMSG

The arguments passed to this subroutine are N, MAXN, SUBNAM, VARNAM, and NO. The stop
statement is activated whenever N is greater than MAXN, and a message is written in the output file to indicate
which variable is overflow in subroutine SUBNAM.

Subroutine VALBDL

This subroutine calculates three interpolated values by the passed workingradragsis functions.

Subroutine MOVCHK

This subroutine determines the concentrations and travel time of a fixed patrticle.

Subroutine ELTRK4

This subroutine counts the particle tracking in a tetrahedral element. In the subroutine, the subelement
in which the starting point locates is dug out first. Starting from that subelement, the particle is tracked one
subelement by one subelement until either the tracking time is completely consumed or the particle encounters

a boundaryside of the element being considered. During the particle tracking, this subroutine calls (1)
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subroutine TRAK1T to track a particle in the considered subelement if that particle is right standioglen a

of the subelement, and (2) subroutine TRAK2T to track a particle if that particle is any modes of the
subelement. In the particle tracking process, the average velocity approach is used if [ JUDGE=1; the single
velocity approach is used if IJUDGE=2.

Subroutine ELTRK6

This subroutine counts the particle tracking in a triangular prism element. In the subroutine, the
subelement in which the starting point locates is dug out first. Starting from that subelement, the particle is
tracked one subelement by one subelement until either the tracking time is completely consumed or the particle
encounters a boundary side of the element being considered. During the patrticle tracking, this subroutine calls
(1) subroutine TRAK1P to track a particle in the considered subelement if that particle is right standing on a
node of the subelement, and (2) subroutine TRAK2P to track a particle if that particle is not on any nodes of
the subelement. In the particle tracking process, the average velocity approach is used if JUDGE=1; the single
velocity approach is used if IJUDGE=2.

Subroutine ELTRKS8

This subroutine counts the particle tracking in a hexahedral element. In the subroutine, the
subelement in which the starting point locates is dug out first. Starting from that subelement, the particle is
tracked one subelement by one subelement until either the tracking time is completely consumed or the particle
encounters a boundary side of the element being considered. During the patrticle tracking, this subroutine calls
(1) subroutine TRAK1H to track a particle in the considered subelement if that particle is right standing on
a node of the subelement, and (2) subroutine TRAK2H to track a particle if that particle is not on any nodes
of the subelement. In the particle tracking process, the average velocity approach is used if JUDGE=1,; the

single velocity approach is used if JUDGE=2.
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Subroutine FIXCHK

This is a control panel to check the ongoing process when a patrticle hits the boundary of the region
of interest. The backward tracked concentrations are obtained by interpolation if the boundary is specified
including Dirichlet, Cauchy, and variable types. Otherwise, the particle tracking continues along the
unspecified boundary till either the specified boundary is encountered or tracking time is consumed.
Function FCOS

This function computes the inner product of the normal vector of a given plane with a specified vector
whose starting point stands on the plane. The result helps to determine where the endpoint of the specified
vector is located.

Subroutine MMLOC

This subroutine is called by ELTRK4, ELTRK®6, and ELTRKS to locate the particle associated with
a specific subelement for subsequent elemental tracking. If this particle coincides with the nodes of a
subelement, ICODE=0 is returned. In addition, the information of the particle location with respect to each
surface of this element is also registered.

Subroutine BDYPLN

This subroutine locates the four global nodal numbers for returning to GNTRAK when the particle
hits a boundary of the working element. In addition, it calls subroutine ONPLAN to adjust the coordinate so
that these five points are really on the same plane.

Subroutine TRAKLT

This subroutine computes the particle tracking in a specified tetrahedral subelemetitergiarting
point coincides with a node of the subelement. This subroutine calls subroutine PLANEW to determine (1)
whether the particle would move into the subelement or not, and (2) which side (a triangular side) of the
subelement the particle would head onto if the particle does move into the subelement. After determining

which side the particle is going to move onto, this subroutinestdi®utine LOCQ3N to compute the exact
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location of the target point on the side. For accuracy, using the average velboitly tife starting point and

the target point to locate the target point is firstly considered in the subroutine. However, if this average
velocity approach is not able to deal with very complex velocity fields, the single velocity of the starting point
is used to determine the location of the target point.

Subroutine TRAK2T

This subroutine computes the particle tracking in a specified tetrahedral subelemetitergiarting
point does not coincide with a node of the subelement. This subroutine calls subroutine PLANEW to
determine (1) whether the particle would move into the subelement or not, and (2) which side (a triangular
side) of the subelement the particle would head onto if the particle does move into the subelement. After
determining which side the particle is going to move onto, this subroutine calls subroutine LOCQ3N to
compute the exact location of the target point on the side. For accuracy, using the average velttitigef b
starting pointand the target point to locate the target point is first considered in the subroutine. However, if
this average velocity approach is not able to deal with very complex velocity fields, the single velocity of the
starting point is used to determine the location of the target point.

Subroutine CKCNEL

This subroutine checks the elements connecting to a specific side plane.

Subroutine CKCOIN

This subroutine checks if a specific point coincides with a global node.

Subroutine ONPLAN

This subroutine adjusts the particle coordinates to be on the same plane with the element side.

Subroutine CKSIDE

This subroutine checks if a specific point is on a side line of a side plane.

Subroutine ONLINE

This subroutine adjusts the particle coordinates to be on the same line with the other two points.
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Subroutine PLANEW

This subroutine determine which one of the two sides, separated by a specified plane, the particle
would move onto. All the computations are made according to the average velocity approach and the single
velocity approach, as the index parameter IJUDGE is 1 and 2, respectively.

Subroutine LOCQ3N

This subroutine locates the target point of a particle tracking in a specified element, which is either

a tetrahedral or a triangular prism element. All the computations are made according to either the average
velocity approach or the single velocity approach as the index parameter IJUDGE is 1 and 2, respectively. The
Newton-Raphson method is used to solve a set of two simultaneous nonlinear algebraic equations such that
the natural coordinates of the target point on the pre-determined element side (a triangular side) can be
determined. With these natural coordinates, the location of the target point cailylmetsasined based on

both the velocity of the source point and the geometrical relationship between the source point and the pre-
determined element side. This subroutine also calls subroutine NEWXE to compute the new guess of this pair
of natural coordinates.

Subroutine NEWXE

This subroutine is called by subroutines LOCQ3N and LOCQA4N for taking a new guess of local
coordinates within the iteration loop built with Newton-Ralphson scheme.

Subroutine BASE2D

This subroutine is called by LOCPLN to compute the base function values associated with a specified
point based on the given two-dimensional global coorelnaFor the cases of quadrilateral elements, it calls
XSI2D to calculate the local coordinates, and computes base functions with these determined local coordinates.
For the cases of triangular elements, the base functions Garalytically determined based on the given

global coordinates.
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Subroutine XSI2D

This subroutine is called by BASE2D to compute the local coordinate of a quadrilateral element given
the global coordinate within that element.

Subroutine TRAK1P

This subroutine computes the particle tracking in a specified triangular prism subelement when the
starting point coincides with a node of the subelement. This subroutine calls subroutine PLANEW to
determine (1) whether the particle would move into the subelement or not, and (2) which side (either a
quadrilateral or a triangular side) of the subelement the particle would head onto if the meaticteoste into
the subelement. After determining which side the particle is going to move onto, this subroutine calls
subroutine LOCQA4N (if the side is a quadrilateral one) or subroutine LOCQ3N (if the stdangjalar one)
to compute the exact location of the target point on the side. For accuracy, using the average velocity of both
the starting point and the target point to locate the target pdiirstisonsidered in the subroutine. However,
if this average velocity approach is not able to deal with very complex velocity fields, the single velocity of
the starting point is used to determine the location of the target point.

Subroutine TRAK2P

This subroutine computes the particle tracking in a specified triangular prism subelement when the
starting point does not coincide with a node of the subelement. This subroutine calls subroutine PLANEW
to determine (1) whether the particle would move into the subelement or not, and (2) which side (either a
quadrilateral or a triangular side) of the subelement the particle would head onto if the meaticteoste into
the subelement. After determining which side the particle is going to move onto, this subroutine calls
subroutine LOCQA4N (if the side is a quadrilateral one) or subroutine LOCQ3N (if the stdangjalar one)
to compute the exact location of the target point on the side. For accuracy, using the average velocity of both

the starting point and the target point to locate the target pdiirstisonsidered in the subroutine. However,
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if this average velocity approach is not able to deal with very complex velocity fields, the single velocity of
the starting point is used to determine the location of the target point.

Subroutine LOCQ4N

This subroutine locates the target point of a particle tracking in a specified element, which is either
a hexahedral or a triangular prism edgrh All the computations are made according to the average velocity
approach and the single velocity approach, as the index parameter IJUDGE is 1 and 2, respectively. When
the average velocity approach is considered, the Newton-Ralphson method is used to solve a set of two
simultaneous nonlinear algebraic equations such that the local coordinates of the target point on the pre-
determined element side (a quadrilateral side) can be determined. With these local coordinates, the location
of the target point can be easily determined based on both the velocitgotitbe point and the geometrical
relationship between the source point and the pre-determined element side. This subroutine also calls
subroutine NEWXE to compute the new guess of this pair of natural coordinates.

Subroutine BASE1

This subroutine is called by ELTRKS8 to compute the base functions for hexahedral elements.

Subroutine TRAK1H

This subroutine computes the particle tracking in a specified hexahedral subelement when the starting
point coincides with a node of the subelement. This subroutine calls subroutine PLANEW to determine (1)
whether the particle would move into the subelement or not, and (2) which side (a quadrilateral side) of the
subelement the particle would head onto if the particle does move into the subelement. After determining
which side the particle is going to move onto, this subroutinestddi®utine LOCQ4N to compute the exact
location of the target point on the side. For accuracy, using the average velboitly tife starting point and
the target point to locate the target point is first considered in the subroutine. However, if this average velocity
approach is not able to deal with very complex velocity fields, the single velocity of the starting point is used

to determine the location of the target point.
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Subroutine TRAK2H

This subroutine computes the particle tracking in a specified hexahedral subelement when the starting
point does not coincide with a node of the subelement. This subroutine calls subroutine PLANEW to
determine (1) whether the particle would move into the subelement andaf?) which side (a quadrilateral
side) of the subelement the particle would head onto if the particle does move into the subelement. After
determining which side the particle is going to move onto, this subroutine calls subroutine LOCQ4N to
compute the exact location of the target point on the side. For accuracy, using the average velttitigef b
starting poinand the target point to locate the target point is first considered in the subroutine. However, if
this average velocity approach is not able to deal with very complex velocity fields, the single velocity of the
starting point is used to determine the location of the target point.

Subroutine ALGBDY

This subroutine is called by FIXCHK to control the process of backward particle tracking along the
unspecified boundaries. In the subroutine, the particle tracking is executed one boundary side by one boundary
side based on the nodal velocity component along the side being consideteacKihg will not be stopped
until either the tracking time is completely consumed or the particle encounters a specified boundary side. This
subroutine calls BNDRY to track a particle along a predetermined boundary side. For accuracy, using the
average Vvelocity of both the source point and the target point to locate the target point isfadstedrin the
subroutine. However, if this average velocity approach is not able to deal with very complex velocity fields,
the single velocity of the source point is used to determine the location of the target point.

Subroutine BNDRY

This subroutine is called by ALGBDY to locate the target point of a particle tracking along a specified
boundaryside. All the computations are made according to the average velocity approach and the single
velocity approach, when the index parameter I[JUDGE is 1 and 2, respectively. For both approaches, the

location of the target point can be determined by calling subroutine LOCQ2N. However, when the velocity
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field is very complex, there might be no solution with the average approach. Thus, IJUDGE is originally set
to 1 and is changed to 2 if the average approach fails. This control is executed in ALGBDY.

Subroutine LOCQ2N

This subroutine locates the target point of a particle tracking on a line segmepetifeed element.
All the computations are made according to the average velocity approach and the single velocity approach,
as the index parameter IJUDGE is 1 and 2, respectively. When the average velocity approach is considered,
the Newton-Raphson method is used to solve nonlinear algebraic equations such that the local coordinates
of the target point on the pre-determined element segment can be determined. With these local coordinates,
the location of the target point can be easily determined based on botlotiky wélthe source point and the
geometrical relationship between the source point and the pre-determined element side.

Subroutine INTERP

This subroutine computes the contaminant concentrations by interpolation with the basis functions
calculated by subroutine BASE. Prior to preforming the interpolation, this subrowipneallsubroutine
KGLOC to locate the subelement on which the point falls if the global element is a rough element. This
subroutine can also get the interpolated concentrations for a multi-component system.

Subroutine KGLOC

This subroutine is called by subroutine INTERP to obtain the subelement on which the point falls if
the global element is a rough element. This subroutine also calls subroutine ONPLAN to guarantee
the point is exactly on the plane if it has been checked to be on the plane within a very small distance.

Subroutine BASE

This subroutine calculates basis functions and the derivatives of basis functions for a specific point.
The element shape can be either hexahedral, triangular prism, or tetrahedral. It also calls subroutine XSI3D
and XSI3DP for transferring the glolmordinate to local coordinate in a hexahedral element and triangular

prism element, respectively.
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Subroutine XSI3DP

This subroutine computes the local coordinate (in the vertical direction) and the natural coordinate (in
the horizontal direction) of a triangular prisieraent given the global coordinates for both the specified and
element nodes.

Subroutine XSI3D

This subroutine computes the local coordinates of a hexahedral element given the global coordinates

for both the specified point and element nodes.
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3. ADAPTATION OF 3DFATMIC TO SITE SPECIFIC APPLICATIONS

The following describes how one should apply the 3DFATMIC code for site-specific applications and

how the data file should be prepared.

3.1 Parameters Specifications

For each site-specific problem, the users only need to spleeiize of the problem by assigning 74
maximum control-integers with PARAMETER statement in the MAIN program. The list and definitions of

the maximum control-integers required for both flow and transport simulations are given below:

Maximum Control-Integers for the Spatial Domain

MAXNPK = maximum no. of nodes,

MAXELK = maximum no. of elements,

MXBESK = maximum no. of boundary-element surfaces,

MXBNPK = maximum no. of boundary nodal points,

MXJBDK = maximum no. of nodes connected to any node,

MXKBDK = maximum no. of elements connected to any node,

MXTUBK = maximum no. of accumulated unspecified boundary sides which connected to each
global node (used for transport part with the Lagrangian approach),

MXADNK = maximum no. of points used to solve matrix equation for transport part;

Maximum Control-Integers for the Time Domain

MXNTIK = maximum no. of time steps,
MXDTCK = maximum no. of times to reset the time step size;

Maximum Control-Integers for Subregions

LTMXNK = maximum no. of total nodal points in any subregion, including interior nodes, global
boundary nodes, and intraboundary nodes. LTMXNK = 1 if the block iteration is not used.

LMXNPK = maximum no. of nodal points in any subregion, including interior nadesglobal
boundary nodes. LMXNPK = 1 if the block iteration is not used.

LMXBWK = maximum no. of the bandwidth in any subregion. LMXBWK = 1 if the block iteration

iS not used.
MXRGNK = maximum no. of subregions. MXRGNK = 1 if the block iteration is not used.
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Maximum Control-Integers for Material and Soil Properties

MXMATK = maximum no. of material types,
MXSPMK = maximum no. of soil parameters per material to describe soil characteristic curves,
MXMPMK = maximum no. of material properties per material;

The maximum control-integers for flow simulations and their definitions are given as the following:

Maximum Control-Integers for Source/sinks, flow

MXSELh = maximum no. of source elements,

MXSPRh = maximum no. of source profiles,

MXSDPh = maximum no. of data points on each element source/sink profile,
MXWNPh = maximum no. of well nodal points,

MXWPRh = maximum no. of well source/sink profiles,

MXWDPh = maximum no. of data points on each well source/sink profile;

Maximum Control-Integers for Cauchy Boundary Conditions, flow

MXCNPh = maximum no. of Cauchy nodal points,

MXCESh = maximum no. of Cauchy element surfaces,

MXCPRh = maximum no. of Cauchy-flux profiles,

MXCDPh = maximum no. of data points on each Cauchy-flux profile;

Maximum Control-Integers for Neumann Boundary Conditions, flow

MXNNPh = maximum no. of Neumann nodal points,

MXNESh = maximum no. of Neumann element surfaces,

MXNPRh = maximum no. of Neumann-flux profiles,

MXNDPh = maximum no. of data points on each Neumann-flux profile;

Maximum Control-Integers for Rainfall-Seepage Boundary Conditions, flow

MXVNPh = maximum no. of variable nodal points,

MXVESh = maximum no. of variable element surfaces,
MXVPRh = maximum no. of rainfall profiles,

MXVDPh = maximum no. of data point on each rainfall profile;

Maximum Control-Integers for Dirichlet Boundary Conditions, flow

MXDNPh = maximum no. of Dirichlet nodal points,
MXDPRh = maximum no. of Dirichlet total head profiles,
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MXDDPh = maximum no. of data points on each Dirichlet profile;

The maximum control-integers for transport simulations and their definitions are given as the
following:

Maximum Control-Integers for Source/sinks, transport

MXSELc = maximum no. of source elements,

MXSPRc = maximum no. of source profiles,

MXSDPc = maximum no. of data points on each element source/sink profile,
MXWNPc = maximum no. of well nodal points,

MXWPRc = maximum no. of well source/sink profiles,

MXWDPc = maximum no. of data points on each well source/sink profile;

Maximum Control-Integers for Cauchy Boundary Conditions, transport

MXCNPc = maximum no. of Cauchy nodal points,

MXCESc = maximum no. of Cauchy element surfaces,

MXCPRc = maximum no. of Cauchy-flux profiles,

MXCDPc = maximum no. of data points on each Cauchy-flux profile;

Maximum Control-Integers for Neumann Boundary Conditions, transport

MXNNPc = maximum no. of Neumann nodal points,

MXNESc = maximum no. of Neumann element surfaces,

MXNPRc = maximum no. of Neumann-flux profiles,

MXNDPc = maximum no. of data points on each Neumann-flux profile;

Maximum Control-Integers for Flowin-Flowout Boundary Conditions, transport

MXVNPc = maximum no. of variable nodal points,

MXVESc = maximum no. of variable element surfaces,
MXVPRc = maximum no. of rainfall profiles,

MXVDPc = maximum no. of data point on each rainfall profile;

Maximum Control-Integers for Dirichlet Boundary Conditions, transport

MXDNPc = maximum no. of Dirichlet nodal points,
MXDPRc = maximum no. of Dirichlet total head profiles,
MXDDPc = maximum no. of data points on each Dirichlet profile;
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Control-Integers for Number of Components in the system

MXNCCK = maximum no. of components in this system,

Maximum Control-Integers for Refined System

MXKGLDK = maximum no. of subelements in the Eulerian step;

MXLSVK = maximum no. of subelement sides located on the intra-boundaries between extended
rough and smooth regions;

MXMSVK = maximum no. of global element sides located on the intra-boundaries between extended
rough and smooth regions;

MXNDBK = maximum no. of diffusion fine nodal-points located on the global boundary;

MXNEPK = maximum no. of all forward tracked nodal points in the region of interest when the exact
peak capture and oscillation free (EPCOF) numerical scheme is used. When EPCOF is not
used, set MXNEPK = 1;

MXEPWK = maximum no. of forward tracked nodal points in any rough element when the exact
peak capture and oscillation free (EPCOF) numerical scheme is used. When EPCOF is not
used, set MXEPWK =1;

MXNPWK = maximum no. of fine nodal-points in any global element for particle tracking;

MXELWK = maximum no. of subelements in any global element for particle tracking;

MXNPWS = maximum no. of fine nodal-points in any global element which surrounds point
sources/sinks for obtaining more accurate Lagrangian concentrations with injection/extraction
wells in the region of interest;

MXELWS = maximum no. of subelements in any global element which surrounds point sources/sinks
for obtaining more accurate Lagrangiana@amirations with injection/extraction wells in the
region of interest.

MXNPFGK = maximum no. of forward tracked nodal points over the region of interest or maximum
no. of fine nodal points plus peak/valley nodal points;

MXKGLK = maximum no. of subelements in the Lagrangian step;

For flow simulations only, to demonstrate how to specify the above maximum control-integers with
PARAMETER statement in the MAIN, an example is given in the following.

Assume that a region of interest is discretized by 30 x 20 x 10 nodes and 29 x 19 x 9 hexahedral
elements. In other words, the region is discretized with 30 nodes along the longitudinal or x-direction, 20

nodes along the lateral or y-direction, and 10 nodes along the vertical or z-direction. Since we have a total of

30 x 20 x 10 = 6,000 nodes, the maximum number of nodes is MAXNPK = 6008 total number of

elements is 29 x 19 x 9 = 4,959, i.e, MAXELK = 495%r this simple discretization problem, the maximum

connecting number of nodes to any of the 6,000 nodes in the region of interest is 27, i.e., MXJBEd& 27
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the maximum connecting number of elements to any of the 6,000 nodes is 8, i.e. MXKBDRher8 will

be 29 x 19 = 551 element surfaces each on the bottom and top faces of the region, 29 x 9 = 261 element-
surfaces each on the front and back faces of the region, and 19 x 9 = 171 element-surfaces each on the left and

right faces of the region. Thus, thexdl be a total of 1966 element-surfaces, i.e., MXBESK 366

Similarly, we can compute the surface-boundary nodes to be 1968, i.e., MXBNPK = B868use no

transport simulation is involved in this problem, MXADNK = MAXNPK = 6000.

In order to specify maximum control-integers related to subregion data, one has to know how the
region of interest is subdivided into subregions. Assume that the region of interest is subdivided into 20
subregions, each subregion has 30 x 10 nodes. It is ségct, i vertical slice is taken as a subregion. For

this subregionalization, one has MXRGNK =.20Each subregion has 30 x 10 = 300 nodes, resulting

LMXNPK = 300. Itis also seen that there will be 600 intraboundary nodes, 300 nodes each on the two

neighboring slices of a subregion. Thus, one_has LTMXNK = 986r each subregion, the maximum

bandwidth can be computed_ as LMXBWK =i2ghe nodes are labelled along the z-directions consecutively.
Assume that there will be a maximum of 11 elements that have the distributed sources/sinks (i.e.,
MXSELh = 11) and a maximum of 10 nodal points that can be considered as well sources/sinks (i.e.,

MXWNPh = 10. Also assume that there will be three different distributed source/sink profiles and five

distinct point source/sink profiles. Then one will have MXSPRren@MXWPRh = 5 Further assumiiat

four data points are needed to describe the distributed source/sink profiles as a function of time and that 8 data

points are required to describe point source/sink profiles_(i.e., MXSDPdnd #XWDPh = §.

To specify maximum control-integers for boundary conditions, it is assumed that the top face is a
variable boundary (i.e., on the air-soil interface, either ponding, infiltration, or evapotranspiration may take
place). On the left face, fluxdéom the adjacent aquifer are known. On the right face, the total head is
assumed known. Cthe bottom face, natural drainage is assumed to occur (i.e., the gradient of the pressure

head can be assumed zero).
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There are 20 x 10 = 200 nodes on the left face and 19 x 9 = 171 element surfaces; thus MXCNPh =

200and MXCESh = 1711t is further assumed that there are two different fluxes going into the region through

the left face and that each flux can be dbsd by four data points as a function of time (i.e., MXCPRh =2

and MXCDPh = 4 On the bottom surface, there are 30 x 20 = 600 nodes and 29 x 19 = 551 surface
elements. Since the gradient of pressure head on the bottom surface is zero, there is only one Neumann flux
profile, and two dta points, one at zero time and the other at infinite time, are sufficient to describe the

constant value of zero. Hence, one has MXNNPh = BOOINESh = 551 MXNPRh = 1 and MXNDPh =

2. On the top face, there will be 30 x 20 = 600 nodes and 29 x 19 = 551 slafaeats. Assume that there
are three different rainfall intensities that mitdit on the air-solil interface, and that each rainfall intensity is

a function of time and can be described by 24 data points. With thegpti®ssrone has MXVNPh = 600

MXVESh = 551 MXVPRh = 3 and_ MXVDPh = 24 On the right face, there are 20 x 10 = 200 nodes.
Assume that there are twenty different values of the total head, one each on a vertical line of the right face.
It is further assumed that each of these twenty total head can be described by 8 data paititsnasf fiime.

One then has MXDNPh = 20MXDPRh = 20 and MXDDPh = 8

In this example, one has six material properties (six saturated hydraulic conductivity components) per
material. Assume that the whole region of interest is made of three different kinds of materials. The
characteristic curves of each material are assumed to be described by four parameters. One then has

MXMATK = 3, MXMPMK = 6, and MXSPMK = 4 Assume that a 500-time-step simulation will be made

and reinitiation of the change on the tistep size will be made for 20 times during the simulation, then one

has MXNTIK = 500and MXDTCK = 20 The other PARAMETER settings for transport part can be set to

be 1.
From the above discussion, the following PARAMETER statements can be used to specify the
maximum control-integers in the MAIN for the problem at hand:

PARAMETER(MAXNPK=6000,MAXELK=4959,MXBNPK=1968, MXBESK=1966,
> MXTUBK=1,MXADNK=MAXNPK+0)
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PARAMETER(MXJBDK=27,MXKBDK=8,MXNTIK=500,MXDTCK=20)
PARAMETER(LTMXNK=900,LMXNPK=300,LMXBWK=23,MXRGNK=20)
PARAMETER(MXMATK=4,MXSPMK=6,MXMPMK=6)
PARAMETER(MXSELh=11,MXSPRh=3,MXSDPh=4,MXWNPh=10,MXWPRh=5,MXWDPh=8)
PARAMETER(MXCNPh=200,MXCESh=171,MXCPRh=2,MXCDPh=4)
PARAMETER(MXNNPh=600,MXNESh=551,MXNPRh=1,MXNDPh=2)
PARAMETER(MXVNPh=600,MXVESh=551,MXVPRh=3,MXVDPh=24)
PARAMETER(MXDNPh=200,MXDPRh=20,MXDDPh=8)
PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=1,MXWPRc=1,MXWDPc=1)
PARAMETER(MXCNPc=1,MXCESc=1,MXCPRc=1,MXCDPc=1)
PARAMETER(MXNNPc=1,MXNESc=1,MXNPRc=1,MXNDPc=1)
PARAMETER(MXVNPc=1,MXVESc=1,MXVPRc=1,MXVDPc=1)
PARAMETER(MXDNPc=1,MXDPRc=1,MXDDPc=1)

PARAMETER(MXNCCK=1)

PARAMETER(MXLSVK=1,MXMSVK=1,MXKGLDK=1,MXNDBK=1)

PARAMETER(MXNEPK=1,MXEPWK=1)

PARAMETER(MXNPWK=1,MXELWK=1,MXNPWS=1,MXELWS=1)

PARAMETER(MXNPFGK=1,MXKGLK=1)

In the following, for transport simulations only, it is demonstrated how to specify the maximum
control-integers with PARAMETER statements in the MAIN with an example.

Assume that a region of interest is discretized by 30 x 20 x 10 nodes and 29 x 19 x 9 hexahedral
elements. In other words, the region is discretized with 30 nodes along the longitudinal or x-direction, 20
nodes along the lateral or y-direction, and 10 nodes along the vertical or z-direction. In order to make sure that
every element surface is on the same plane, the region of interest is re-discretized to triangular gigs elem
Therefore, four triangular prisms are generated in each hexahedral element. As a matter of fact, 5,510 more

nodes are installed and there are 19,836 elements in total. Since one has a total of 6,000+5,510 = 11,510

nodes, the maximum number of nodes is MAXNPK = 11,5Ie total number of elements is 29 x 19 x 9

x 4 =19,836, i.e, MAXELK = 19,836 For this simple discretization problem, the maximum connecting

number of nodes to any of the 11,510 nodes in the region of interest is 15, i.e., MXJBDRKhRelfaximum

number of elements connecting to any node is 8, MXiIKBDK = 8. There will be 29 x 19 x 4 = 2,204
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element surfaces each on the bottom and top faces of the region, 29 x 9 = 261 element-surfaces each on the
front and back faces of the region, and 19 x 9 = 171 element-surfaces each on the left and right faces of the

region. Thus, there will be a total of 5,272 element-surfaces; i.e., MXBESK = 53iffllarly, one can

compute the surface-boundary nodes to be 1968, i.e., MXBNPK = 33f¥ause this simulation selects the

Lagrangian approach, MXTUBK value needs to be specified. For saefety one can assume that the
maximum number of accumulated unspecified boundary element sides is equal to 4 times of the maximum

number of boundary nodes; i®XTUBK = 4 x MXBNPK = 13,208 According to the description of

boundary conditions below, the front and back surfaces are not specified. Therefore, the total number of nodes
with unspecified boundary conditions is 30x10x2 = 600. The maximum number of elements connected to

each point on these two surfaces is 4. Actually, MXTUBK = 2ldidh saves a lot of storage in comparison

to setting MXTUBK = 13,208. Assume that the number of imbedded diffusion fine grids in each rough
element is NXD = 2, NYD =3, and NZD = 2. Then there are 2x2x2 = 8 fine grids imbedded in a triangular
prism element. It is further assumed that 25 rough elements at the most existing through the whole simulation;

i.e., MXADNK = 11,510 + 8 x25 =11,710.

In order to specify maximum control-integers related to subregion data, one has to know how the
region of interest is subdivided into subregions. Assume one has subdivided the region of interest into 39
subregions. Twenty of them have 30 x 10 nodes, the other 19 subregions have 29 x 10 nodes each. It is seen,
in fact, one has taken a vertical slice as a subregion. For this subregionalization, we have MXRGNK = 39

Each subregion has 300 or 290 nodes, resulting LMXNPK = 808 also seen that there will be 600

intraboundary nodes, 300 nodes each on the two neighboring sliceshoégion. Thus, one has LTMXNK

=890 For each subregion, the maximum bandwidth can be computed as LMXBWHK th@3odes are

labelled along the z-direction consecutively.
Assume that there will be a maximum of 11 elements that have the distributed sources/sinks (i.e.,

MXSELc = 17 and a maximum of 10 nodal points that can be considered as well sources/sinks (i.e.,
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MXWNPc = 10. Also assume that there will be three different distributed source/sink profiles and five

distinct point source/sink profiles. Then one will have MXSPRan@BMXWPRc =5 It is further assumed

that four data points are needed to describe the distributed source/sink profiles as a function of time and that

8 data points are required to describe point source/sink profiles (i.e., MXSDReEMXWDPCc = §.

To specify maximum control-integers for boundary conditions, assume that the top and right faces are
variable boundaries. On the left face, fluxes from the adjacent aquifer are known. On the bottom face, the
natural gradient is zero. The other faces are unspecified.

There are 20 x 10 = 200 nodes on the left face and 19 x 9 = 171 element surfaces; thus MXCNPc =

200and MXCESc = 1711t is further assumed that there are two different fluxes going into the region through

the left face and that each flux candesscribed by four data points as a function of time (i.e., MXCPRc = 2

and MXCDPc = 4 On the bottom surface, there are 30 x 20 + 29 x 19 = 1,151 nodes and 29 x 19 x 4 =
2,204 surface elements. Since the gradient of concentration on the bottom surface is zero, there is only one
Neumann flux profile, and two data points, one at zero time and the other at infinite time, are sufficient to

describe the constant value of zero. Hence, one has MXNNPc s MXBIESc = 2,204MXNPRc =1

and MXNDPc = 2 On the top face, there will be 30 x 20 + 29 x 19 = 1,151 nodes and 29 x 19 x 4 = 2,204
surface elements. The discretization on the right surface is the same aghbdefin Assume that there are

three different mass intensities that might fall on the top and right faces, and that each concentration profile

is a function of time and can be described by 24 data points. With these descriptions, one has MXVNPc =

1,351 MXVESc = 2,375 MXVPRc = 3 and_ MXVDPc = 24

In this example, one has eight material properties per material. Assume that the whole region of

interest is made of three different kindsroaterials. One then has MXMATK 5 8nd MXMPMK =6 If

one assumes that he will make a 500-time-step simulation and he will reinitiate the change on the time step

size for 20 times during our simulation, then he has MXNTIK =&@@) MXDTCK = 20
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There are seven components, say microbe #1, microbe #2, microbe #3, substrate, oxygen, nitrate, and

nutrient, involved in this system; i.e., MXNCCK = 7

Assume that there are 25 rough elements and all of them are disconnected. It is further assumed that
each element will be refined by 2 x 2 X 2 = 8 subelements in the Eulerian step thealif@usion problem.

The maximum number of subelements for assembling in the diffusion step is MXKGLDK = 25 x 8 = 200.

Since each rough triangular prism has 5 sides, the number of global element sides located on the intra-

boundariedetween rough and smooth regions is MXMSVK =25 x 5 = 125. Each global element side is

refined by 4 subelement sides, hence MXLSVK = 125 x 4 = 3@8ume that 5 out of the 25 rough elements

have at least one side as the global boundary. It is further assumed that Rough Elememt kitas

coinciding with the global boundary: one side has three global nodes and the other side has four global nodes.

The 3-node side has 3 fine nodes and the 4-node side has 5 fine nodes. Thus, Rough Element 1 has 8 fine
nodes on the global boundary. Also assume that Rough Elements 2 through 5 each has its 3-node side

coinciding with the global boundary. For these 4 rough elements, one has 4 XiBe=riizles on the global

boundary. Hence, the number of diffusion fine nodal points on the global boundary is MXNDBK =8 + 12
=20

The numerical schemes for solving transport equations are LEZOOMPC plus keeping EPCOF points

in the Lagrangian step. For practical problems, EPCOF points will not be kept; thus, MXNEPK = 1

MXEPWK =1 In the Lagrangian step, each element is assumed to be refined by 8 subelements (NXA = 2,

NYA = 2, and NZA = 2) for accurate ting. With this assumption, one has MXNPWK = (2+1) x (2+2) x

(2+1)/2 = 18 MXELWK = (NXA X NYA X NZA) = 4. For each element connected to the sources/sinks,

assume to it is refined with 3 x 3 x 2 elements for accurate computatiagraingian concentrations to yield

MXNPWS = (3+1) x (3+2) x (2+1)/2 = 3nd MXELWS =3 x3x2 =18

The specification of MXNPFGK and MXKGLK is much more involved. These two control integers

depend on many things: (1) how all the nodal points (including global modeine nodal points) at the
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beginning of a time-step simulation are forwardly tracked, (2) how many elements are rough at the end of the

time-step computation, (3) how each rough element is refined, and (4) how manglf@segbints are kept.

A detailed discussion on how to specify these two integers is given in Appendix C. For the time being, assume

that MXNPFGK = 20000MXKGLK = 10000

From the above discussion, the following PARAMETER statements can be used to specify the

maximum control-integers in the MAIN for the problem at hand:

3.2

PARAMETER(MAXNPK=11510,MAXELK=19836,MXBNPK=3302,MXBESK=5272,
MXTUBK=2400,MXADNK=MAXNPK + 200)
PARAMETER(MXJBDK=15,MXKBDK=8,MXNTIK=500,MXDTCK=20)
PARAMETER(LTMXNK=890,LMXNPK=300,LMXBWK=23,MXRGNK=39)
PARAMETER(MXMATK=3,MXSPMK=6,MXMPMK=6)

PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=1,MXWPRh=1,MXWDPh=1)
PARAMETER(MXCNPh=1,MXCESh=1,MXCPRh=1,MXCDPh=1)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=1,MXVESh=1,MXVPRh=1,MXVDPh=1)
PARAMETER(MXDNPh=1,MXDPRh=1,MXDDPh=1)

PARAMETER(MXSELc=11,MXSPRc=3,MXSDPc=4, MXWNPc=10,MXWPRc=5MXWDPc=8)
PARAMETER(MXCNPc=200,MXCESc=171,MXCPRc=2,MXCDPc=4)
PARAMETER(MXNNPc=1151,MXNESc=2204,MXNPRc=1,MXNDPc=2)
PARAMETER(MXVNPc=1351,MXVESc=2375,MXVPRc=3,MXVDPc=24)
PARAMETER(MXDNPc=1,MXDPRc=1,MXDDPc=1)

PARAMETER(MXNCCK=7)
PARAMETER(MXLSVK=500,MXMSVK=125,MXKGLDK=200,MXNDBK=20)
PARAMETER(MXNEPK=1,MXEPWK=1)

PARAMETER(MXNPWK=18, MXELWK=8, MXNPWS=30,MXELWS=18)
PARAMETER(MXNPFGK=20000,MXKGLK=10000)

Soil Property Function Specifications

Analytical functions are used to describe the relationships of water content, water capacity, and relative

hydraulic conductivity with pressure head. Therefore, the user must supply three functions to compute the

water content, water capacity, and relative hydraulic conductivity based on the aluentf pressure head.
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The parameters needed to specify the functional form are read and stored in SPP. One example is shown in
the subroutine SPFUNC in the source code. In this example, the water content, water capacity, and relative

hydraulic conductivity are given by (van Genuchten 1980):

6576r
6 = er + 7m (31)
[1+(ch)]
% ~ a(n-1)[L-f(6)] "[F(6)](6,-6,) (3.2)
1
K, =[(6-6)/(8,-6)] {1 -[1-f(6)]™}> (3:3)
in which
f(0) = [6-0)/[06,-6]}™ (3.4)
and
4,1
m-1- 2 (3.5)

To further demonstrate how one should modify the subroREUNC in Appendix A to
accommodate the materfaoperty functions that are different from those given by Egs. (3.1) through (3.5),

assume that the following Fermi typedwfictions are used to represent the unsaturated hydraulic properties

(Yeh, 1987):
6 - 6, + (6,-0)/{1 +exp[-a(h-hy)]} (3.6)
do/dh = «(6,-6 )exp[-a(h-hy)]/{1 +eXp[foc(hfhe)]}2 : 3.7)
and
log,((K,) = e{l+exp[-B(h-h)]} - €, (3.8)

80



wheref,, 0,, «, and iy are the parameters for computing the water content and water capadity, i
h, are the parameters for computing the relative hydraulic conductivity. The source code must be changed,

for this example, to the following form for computing the moisture content and water capacity

WCR=SPP(1,MTYP,1)
WCS=SPP(2,MTYP,1)
ALPHA=SPP(3,MTYP,1)
HTHETA=SPP(4,MTYP,1)
EPS=SPP(1,MTYP,2)
BETA=SPP(2,MTYP,2)
HSUBK=SPP(3,MTYP,2)

C
C-—---- SATURATED CONDITION
C
IF(HNP.LE.O.0) THEN
TH=WCS
IF(ISP .EQ. 1) GOTO 900
DTH=0.0D0
USKFCT=1.0D0
C
ELSE
C
C--—---- UNSATURATED CASE
C

EXPAH=DEXP(-ALPHA*(HNP-HTHETA))

TH=WCR+(WCS-WCR)/(1.0DO+EXPAH)

DTH=ALPHA*(WCS-WCR)*EXPAH/(1.0D0+EXPAH)**2

AKRLOG=EPS/(1.0D0+DEXP(-BETA*(HNP-HSUBK))) - EPS

USKFCT=10.0D0*AKRLOG

ENDIF

3.3 Input and Output Devices

Five logical units are needed to execute 3DFATMIC. Units 15 and 16 are standard card input and line
printer devices, respectively. Unit 11 must be specified to store the flow simulation results, which can be used
for plotting purposes. Unit 12 must be specified to store the transport simulation results, which can be used

for plotting purposes. Unit 13 is usedstore the boundary arrays for later uses, if these arrays are computed

for the present job. Unit 14 is used to store pointer arrays for later uses, if these arrays are generated for the
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present job. Folarge problems, experience has indicated that it would take too much time to process the
boundary arrayand to generate pointer arrays. Hence, it is advisable that for multi-job executions, these
boundary and pointer arrays should be computed only once and written on units 13 and 14, respectively. Once
they are stored on units 13 and 14, the IGEOM described in Appendix A should be properly identified for the
new job so they can be read via units 13 hdrespectively. Finally, Unit 21 is used to print any variable

for debugging purpose.
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4. SAMPLE PROBLEMS

To verify SDFATMIC, eight illustrative examples are used. Examples one, twthrag] originally
designed for SBDFEMWATER (Yeh, 1993a), are the flow only problems. Examples four and five, originally
designed for 3BDLEWASTE (Yeh, 1993b), are the transport only problems. Example six is a two-dimensional
biodegradation problem which is used to verifyfther and transport coupling loop and show the effects of
biodegradation. Examples seven and eight illustrate the behavior of dissolved organic and oxygen plumes

undergoing natural biodegradation in a uniform flow field.

4.1 Example 1: One-Dimensional Column Flow Problem

This example is selected to represent the simulation of a one-dimensional flow problem with
3DFATMIC. The column is 200 cm long and 50 by 50 cm in crosssection (Figure 5). The column is
assumed to contain the sweitth a saturated hydraulic conductivity of 10 cm/d, a porosity of 0.45 and a field

capacity of 0.1. The unsaturated characteristic hydraulic properties of the soil in the column are given as

0-0_-(0 e)h_ha
Vs s rhb_ha (4.1)
and
0-0
K, = . (4.2)
es_er

where i and h are the parameters used to compute the water content and the relative hydraulic conductivity,
respectively.

The initial conditions assumeate a pressure head of -90 cm imposed on the top surface of the
column, 0 cm on the bottom surface of the column, and -97 cm elsewhere. The boundary conditions are
given as: no flux is imposed on the left, front, right, and back surfaces of the column; pressure head is held

at 0 cm on the bottom surface; and variable condition is used on the top sutfeceafimn with a ponding
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depth of zero, minimum pressure of -90 cm, and a rainfall of 5 cm/d for the first ten days and a potential

evaporation of 5 cm/d for the second 10 days.

v

50cm |
/ \
\
\
\
\
200cm
\
\
\
\
\
\
\
\
\
/
7 /
Y
X

Figure 4.1 Problem definition and sketch for Example 1.

The region of interest, that is, the whole column, will be discretized with 1 x 1 x 40 = 40 elements with
element size = 50 x 50 x 5 cm, resulting in 2 x 2 x 41 = 164 node points (Figure 6). For 3DFATMIC
simulation, each of the four vertical lines will be considered a subregion. Thus, a total of four subregions, each

with 41 node points, is used for the subregional block iteration simulation.
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| 125

Figure 4.2 Finite element discretization for Example 1.

A variable time step size is used. The initial time step size is 0.05 days, and each subsequent time step
size is increased by 0.2 times with a maximum time step size not greater than 1.0 d. Because there is an abrupt
change in the flux value from 5 cm/d (infiltration) to -5 crf@daporation) imposed on the top surface at day
10, the time step size is automatically reset to 0.05 d on the tenth day. A 20-dayssimilldbe made with
3DFATMIC. With the time step size described above, 44 time steps are needed.

The pressure head toleranceis 210 cm for nonlinear iteration and 4s 110 cm for block iteration.
The relaxation factors for both the nonlinear iteration and block iteration are set equal to 0.5.

To execute the problem, the maximum control-integers in the main program should be specified as

follows
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C----- For Example 1 through Example 5

PARAMETER(MAXNPK=2079,MAXELK=1600,MXBNPK=999, MXBESK=999,
> MXTUBK=3008,MXADNK=maxnpk+0)
PARAMETER(MXJBDK=35,MXKBDK=8,MXNTIK=100,MXDTCK=4)
PARAMETER(LTMXNK=693,LMXNPK=231,LMXBWK=49,MXRGNK=9)
PARAMETER(MXMATK=8,MXSPMK=5,MXMPMK=9)

C--mmm- 2. For flow source/sink, boundary conditions, and materials

PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=4,MXWPRh=2,MXWDPh=3)
PARAMETER(MXCNPh=110,MXCESh=90,MXCPRh=1,MXCDPh=2)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=198 MXVESh=170,MXVPRh=2,MXVDPh=4)
PARAMETER(MXDNPh=165,MXDPRh=11,MXDDPh=2)

C--mmm-- 3. For transport source/sink, boundary conditions, and materials

PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=4,MXWPRc=2,MXWDPc=5)
PARAMETER(MXCNPc=55MXCESc=40,MXCPRc=2,MXCDPc=4)
PARAMETER(MXNNPc=11,MXNESc=4,MXNPRc=1,MXNDPc=2)
PARAMETER(MXVNPc=638,MXVESc=560,MXVPRc=1,MXVDPc=2)
PARAMETER(MXDNPc=70,MXDPRc=6,MXDDPc=2)

PARAMETER(MXNCCK=2)
PARAMETER(MXLSVK=500,MXMSVK=500,MXKGLDK=2000,MXNDBK=2000)
PARAMETER(MXNEPK=20,MXEPWK=20)

PARAMETER(MXNPWK=99, MXELWK=27, mxnpws=1331,mxelws=1000)
PARAMETER(MXNPFGK=2900,MXKGLK=2800)

To reflect the soil property function given by Egs. (4.1) and (4.2), one has to modify the subroutine
SPFUNC. A segment of the code in the subroutine SPFUNC must be modified as follows:
WCR=SPP(1,MTYP,1)
WCS=SPP(2,MTYP,1)
HAA=SPP(3,MTYP,1)
HAB=SPP(4,MTYP,1)
C-—---- SATURATED CONDITION

IF(HNP.LE.O) THEN
TH=WCS
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IF(ISP .EQ. 1) GOTO 900
DTH=0.0D0
USKFCT=1.0D0
ELSE
(op— UNSATURATED CASE
TH=WCS-(WCS-WCR)*(-HNP-HAA)/(HAB-HAA)
IF(ISP.EQ.1) GOTO 900
USKFCT=(TH-WCR)/(WCS-WCR)
DTH=-(WCS-WCR)/(HAB-HAA)
ENDIF
C

Figure 5 depicts the pressure profiles along the z-axis at various times.

4.2 Input and output for Example 1
With the above descriptions, the input data can be prepared according to the instructions given
Appendix A. The input parameters are shown in Table 4.1 and the input data file content is given in Table

4.2. To save space, the output is available in electronic form.
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Figure 4.3 Pressure head profiles at various times.
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Table 4.1

The list of input parameters for Example 1

Parameters Notation in the dafa Value| Unit Data s“et
input guide
number of points NNP 164 Dimensionlesy 7. A
AX XAD 50 cm 7.B.
Ay YAD 50 cm 7. B.
AZ ZAD 5 cm 7. B.
Kess PROPf(1,3) 10 cm/day 5. B.
0, SPP(1,1,1) 0.15 dimensionless| 6. B.
0, SPP(2,1,1) 0.45 dimensionless| 6. B.
h, SPP(3,1,1) 0 cm 6. B.
h, SPP(4,1,1) -100 cm 6. B.
no. of subregion NREGN 4 dimensionlesg 8. A.
no. of points in a subregion NODES 41 dimensionlegs 8. B
initial time step size DELT 0.05 day 4. B.
time step size increment CHNG 0.2 dimensionless 4. B
maximum time step size DELMAX 1 day 4. B.
no. of times to reset time step size NDTCHG 1 dimensionlegs 4. A
time to reset time step size TDTCH(1) 10 day 5. E
Total simulation time TMAX 22 day 4. B.
no. of time steps NTI 44 dimensionless 4. A.
tolerance for nonlinear iteration TOLBf 2x10 cm 3. A
relaxation factor for nonlinear OMEf 0.5 dimensionless 2.C
iteration
Pw RHO 1.0 glcm 5.B. &
6.A.
My VISC 9483.26 g/cm/day 5B. &
6.A.
g GRAV 7.32x102 cm/day 6.A.
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Table 4.2 Input Data Set for Example 1

1 One-Dimensional Column Flow Problem; L=CM, T=DAY, M=G
========= data set 2: option parameters
10010
100 0.5d0 1.0d-4
100000001
1.0 0.5d0 0.5d0 0.0d0
0

PNR R

1
0d0 0.5d0 1.0d0 1.0d0
========= data set 3: iteration parameters
50 20 100 2.0d-2 2.0d-2
0

44 2

0.05d0 0.20d0 1.0d0 22.0dO

333030300030003003000033303030003000300300003

000000000000000000000000000000000000000000000
1.0D01 2.0000D1

========= DATA SET 5: MATERIAL PROPERTIES
1701

0.050 0.0D0 10.0DO 0.0DO 0.0DO 0.0D0O 1.0d0
0.0d0

========= DATA SET 6: soil properties

0 4 0 1.0d0 1.0d0 1.0d0

0.150D0 0.450D0 0.00D0 -1.0D2 THPROP

0.000D0 0.000D0 0.00D0 0.0D0 AKPROP

C ***x DATA SET 7: NODE COORDINATES

164

1 40 1 0.0D0O 50.0D0 0.0D0O 0.0D0 0.0D0 5.0D0
42 40 1 0.0DO 0.0D0O 0.0DO 0.0D0 0.0D0 5.0D0
83 40 1 50.0D0 0.0DO 0.0D0 0.0DO 0.0D0 5.0D0
124 40 1 50.0D0 50.0D0 0.0DO 0.0DO0 0.0DO 5.0DO0
0 0 0 00 0.0 0.0 0.0 0.0 0.0

C *+xxx DATA SET 8: SUBREGIONAL DATA

4
1 3 141 O
0 0 00O END OF NNPLR(K)
140 1 1 1
0 0 00O END OF GNLR(l,1)
1 40 1 42 1
0 0 00O END OF GNLR(l,2)
1 40 1 83 1
0 00 0O END OF GNLR(1,3)
1 40 1124 1
0 00 OO END OF GNLR(l,4)
C weeex DATA SET 9: ELEMENT INCIDENCES
40
1 39 1 42 83 124 1 43 84 125 2 1
0O 0O0OOO OO O OO 0O ENDOFIE
C =k data set10: material correction
C weex DATA SET 11: INITIAL CONDITIONS

1 3 41 0.0D0 0.0D0 0.0D0

2 38 1 -9.70D1 0.0D0 0.0DO

43 38 1 -9.70D1 0.0D0O 0.0DO

84 38 1 -9.70D1 0.0D0O 0.0DO

125 38 1 -9.70D1 0.0D0 0.0D0

41 3 41 -9.00D1 0.0D0 0.0DO0

0 0 O 0.0 0.0 0.0 END OF IC, flow
========= data set 12: element(distributed) source/sink, flow
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========= data set 13: point(well) source/sink, flow

0000
========= data set 16: rainfall/evaporation-seepage boundary conditions
14140
0.0DO 5.0D0 10.0D0 5.0D0 10.001D0O -5.0D0 1.0D38 -5.0D0
1 00 1 0
0O 0 0 0 O END OF IRTYP
1 0 0 82123164 41 0 0 0 O
0 0 0OOOO O O O O OENDOFISV(@,)JI=14
1 3 141 41
0O 0 0 0 O END OF NPVB
1 3 1 0.0D0 0.0DO 0.0
0 0 O 0.0 0.0 0.0 END OF HCON
1 3 1 -90.0D0 0.0DO 0.0
0O 0 O 0.0 0.0 0.0 END OF HMIN
C *** DATA SET 17: DIRICHLET BOUNDARY CONDITIONS, flow
4120
0.0D0 0.0D0 1.0D38 0.0DO
131141
000O0OO
1 3 1 1 0
0 0 00O END OF IDTYP
========= data set 18: cauchy boundary conditions, flow
00000
========= data set 19: neumann boundary conditions, flow
00000
0 END OF JOB
0000

4.3 Example 2: Two-dimensional Flow Drainage Problem

This example is selected to represent the simulation of a two-dimensional flow problem with
3DFATMIC. The region of interest is bounded on the left and right by parallel drains fully penetrating the
medium, on the bottom by an impervious aquifuge, and on the top by an air-soil interface (Figure 6). The
distance between the two drains is 20 m apart (Figure 6).

The medium is assumed to have a saturated hydraulic conductivity of 0.01 m/d, a porosity of 0.25, and

a field capacity of 0.05. The unsaturated characteristic hydraulic properties of the medium are given as

A

0 -0 +(0.-0)—2
r S rA+|h—ha|B

(4.3)
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Ton

Figure 4.4 Problem definition and sketch for Example 2.

and

= ' (4.4)

where i, A, and B are the parameters used to compute the water content and n is the parameter to compute
the relative hydraulic conductivity.

Because of the symmettie region for numerical simulation will be takenas 0 <x<10mand 0 <
Z <10 m, and 10 m wide along the y-direction will be assumed. The boundary conditions are given as: no flux
is imposed on the left (x = 0), front (y = 0), back (y = 10), and bottom (z = 0) sides of the region; pressure head
is assumed to vary from zero at the water surface (z = 2) to 2 m at the bottom (z = 0) on the right side (x = 10);
and variable conditions are used elsewhere. Ponding depth is assumed to be zerameetenala variable
boundary. Fluxes on the top side of the variable boundary are assumed equal to 0.006 m/d and on the right
side above the water surface are equal to zero. A sttdysolution will be sought. A pre-initial condition
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is set, h = 10-z.

The region of interest is discretized with 10 x 1 x 10 = 100 elements with element size =1 x 10x 1
cm, resulting in 11 x 2 x 11 = 242 node points (Figure 7). For 3BDFATMIC simulation, each of the two vertical
planes will be consideredsaibregion. Thus, the total of two subregions, each with 121 node points, is used

for the subregional block iteration simulation.
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Figure 4.5 Finite element discretization for Example 2.

The pressure head tolerance'is 210 m for nonlinear iteration anédl is 10 m for block iteration. The
relaxation factors for both the nonlinear iteration and block iteration are set equal to 0.5.

To execute the problem, the maximum control-integers in the MAIN should be specified as follows
C----- For Example 1 through Example 5

PARAMETER(MAXNPK=2079,MAXELK=1600,MXBNPK=999,MXBESK=999,
> MXTUBK=3008,MXADNK=maxnpk+0)
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PARAMETER(MXJBDK=35,MXKBDK=8,MXNTIK=100,MXDTCK=4)
PARAMETER(LTMXNK=693,LMXNPK=231,LMXBWK=49,MXRGNK=9)
PARAMETER(MXMATK=8,MXSPMK=5,MXMPMK=9)

C--mm-- 2. For flow source/sink, boundary conditions, and materials

PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=4,MXWPRh=2,MXWDPh=3)
PARAMETER(MXCNPh=110,MXCESh=90,MXCPRh=1,MXCDPh=2)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=198 MXVESh=170,MXVPRh=2,MXVDPh=4)
PARAMETER(MXDNPh=165,MXDPRh=11,MXDDPh=2)

C - 3. For transport source/sink, boundary conditions, and materials

PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=4,MXWPRc=2,MXWDPc=5)
PARAMETER(MXCNPc=55MXCESc=40,MXCPRc=2,MXCDPc=4)
PARAMETER(MXNNPc=11,MXNESc=4,MXNPRc=1,MXNDPc=2)
PARAMETER(MXVNPc=638,MXVESc=560,MXVPRc=1,MXVDPc=2)
PARAMETER(MXDNPc=70,MXDPRc=6,MXDDPc=2)

C
PARAMETER(MXNCCK=2)

C
PARAMETER(MXLSVK=500,MXMSVK=500,MXKGLDK=2000,MXNDBK=2000)
PARAMETER(MXNEPK=20,MXEPWK=20)
PARAMETER(MXNPWK=99, MXELWK=27, mxnpws=1331,mxelws=1000)
PARAMETER(MXNPFGK=2900,MXKGLK=2800)

C

To reflect the soil property function given by Egs. (4.3) and (4.4), one has to modify the subroutine
SPFUNC given the source code.

wcr=spp(1,mtyp,1)
wces=spp(2,mtyp,1)
haa=spp(3,mtyp,1)
thaa=spp(4,mtyp,1)
thbb=spp(5,mtyp,1)
power=spp(1,mtyp,2)

C
(opm— SATURATED CONDITION
C
IF(HNP.LE.O) THEN
TH=WCS
IF(ISP .EQ. 1) GOTO 900
DTH=0.0DO

USKFCT=1.0D0
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C - UNSATURATED CASE

ELSE
th=wcr+(wcs-wecr)*thaa/(thaa+(DABS(-hnp-haa))**thbb)
IF(ISP.EQ.1) GOTO 900
dnom=thaa+(DABS(-hnp-haa))**thbb
dth=(wcs-wcr)*thaa*(DABS(-hnp-thaa))**(thbb-1.0d0)/dnom**2
USKFCT=((th-wcr)/(wcs-wcr))**power

ENDIF

Figure 8 and Figure 9 depict the pressure distribution angetbeity field, respectively, from the

3DFATMIC simulation.

N W OO O N 0 © O

—_

o

Figure 4.6 Pressure head distribution for Example 2.
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Figure 4.7 The velocity field for Example 2.

4.4 Input and Output for Example 2
With the above descriptions, the input data can be prepared according to the instrudjpgesnaix
A. The input parameters are listed in Table 4.3 and the input data file content are given4mTabtesave

space, the output is available in electronic form.
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Table 4.3 The list of input parameters for Example 2

Parameters Notation in the dafa Value Unit Data set
input guide
number of points NNP 242 Dimensionless 7. A.
AX XAD 1 m 7. B.
Ay YAD 10 m 7.B.
AZ ZAD 1 m 7. B.
Ko PROPf(1,1) 0.01 m/day 5. B.
Ks,, PROPf(1,3) 0.01 m/day 5. B.
0, SPP(1,1,1) 0.05 dimensionless 6. B.
0, SPP(2,1,1) 0.25 dimensionless 6. B.
h, SPP(3,1,1) 0 m 6. B.
A SPP(4,1,1) 10 dimensionless 6. B.
B SPP(5,1,1) 4 dimensionless 6. B.
n SPP(1,1,2) 4 dimensionless 6. B.
no. of subregion NREGN 2 dimensionless 8. A.
no. of points in NODES 121 dimensionless 8. B.
each subregion
steady-state KSSf 0 dimensionless 2.C.
simulation
no. of times to NDTCHG 0 dimensionless 4. A
reset time step siz¢
no. of time steps NTI 0 dimensionless 4. A
tolerance for TOLAf 2x16 m 3. A
nonlinear iteration
relaxation factor OMEf 0.5 dimensionless 2.C.
for nonlinear
iteration
Ou RHO 1.0x10 Kg/m? 5.B., 6.A.
My VISC 948.3264 Kg/m/day 5.B., 6.A.
g GRAV 7.316x10° m/da¥y 6.A.
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Table 4.4 Input Data Set for Example 2

N
—

wo-dimensional Drainage Flow Problem; L=M, T=DAY, M=KG

===== DATA SET 2: OPTION PARAMETERS

0

1.0D-4 NITRFT OMEFTF OMEFTT

00000 1KSSFKSST ILUMP IMID IPNTSF IPNTST miconf nstrf nstrt
.5d0 0.5d0 0.0d0 KGRAV WF OMEF OMIF

=

D

RPOOQS

1 KVIT IWET IOPTIM ksorp Igran
0.5d0 1.0d0 1.0d0  WT WVT OMET OMIT
===== DATA SET 3: ITERATION PARAMETERS
50 20 100 2.0d-3 2.0d-3  NITERF NCYLF NPITRF TOLAF TOLBF
1100 1.0d-3 1.0d-4 NITERT NPITRT TOLAT TOLBT
===== DATA SET 4: TIME CONTROL PARAMETERS
0 NTI NDTCHG
0.05d0 0.20d0 0.05d0 22.0d0 DELT CHNG DELMAX TMAX
55 KPRO KPR(1..NTI)
00
0

H
Qo

oo

KDSKO KDSK(1..NTI)

===== DATA SET 5: MATERIAL PROPERTIES

1701 NMAT NMPPM

0.01D0 0.0DO 0.01DO 0.0DO 0.0DO 0.0DO  1.0dO

PROPF

0.0

RHOMU

1.0d0

===== DATA SET 6: SOIL PROPERTIES

0 5 0 1.0d0 7.316D10 1.1232d4 KSP NSPPM KCP GRAV
0.050D0 0.250D0 0.00DO 10.0D0 4.0D0 THPROP
4.000D0 0.000D0 0.00DO 0.0DO 0.0D0 AKPROP

===== DATA SET 7: NODE COORDINATES

11011 0.0D0O 0.0DO 0.0DO 1.0DO 0.0DO 0.0D0
21011 0.0D0 0.0DO 1.0D0 1.0DO 0.0DO 0.0DO
31011 0.0DO 0.0D0O 2.0D0O 1.0D0 0.0DO 0.0DO
1011 0.0D0 0.0DO 3.0D0 1.0DO 0.0DO 0.0D0
011 0.0D0O 0.0DO 4.0D0 1.0DO 0.0DO 0.0DO
011 0.0DO 0.0D0 5.0D0 1.0D0 0.0DO 0.0D0
011 0.0D0O 0.0DO0 6.0D0 1.0DO 0.0DO 0.0DO
011 0.0DO 0.0D0 7.0DO 1.0D0 0.0DO 0.0D0O
91011 0.0DO 0.0DO 8.0DO 1.0D0 0.0DO 0.0DO
101011 0.0D0 0.0DO 9.0DO 1.0D0 0.0DO 0.0DO
111011 0.0DO 0.0DO 10.0DO 1.0D0 0.0DO 0.0DO
1221011 0.0D0 10.0D0 0.0DO 1.0D0 0.0DO 0.0D0O
1231011 0.0DO 10.0D0 1.0D0O 1.0D0 0.0DO 0.0DO
1241011 0.0D0 10.0D0 2.0D0 1.0D0 0.0DO 0.0D0O
1251011 0.0D0O 10.0D0 3.0D0O 1.0D0 0.0DO 0.0DO0
126 1011 0.0D0 10.0D0 4.0D0 1.0D0 0.0DO 0.0D0O
1271011 0.0DO 10.0D0 5.0D0O 1.0D0 0.0DO 0.0DO
1281011 0.0D0 10.0D0O 6.0DO0 1.0D0 0.0DO 0.0D0O
1291011 0.0DO 10.0D0 7.0DO 1.0D0 0.0DO 0.0DO0
1301011 0.0D0 10.0D0 8.0DO 1.0D0 0.0DO 0.0D0O
1311011 0.0DO 10.0D0 9.0DO 1.0D0 0.0DO 0.0DO0
1321011 0.0D0 10.0D0 10.0DO 1.0D0 0.0DO 0.0DO
00000 00 0.0 0.0 0.0 0.0 ENDOF COORDINATES
===== DATA SET 8: SUBREGIONAL DATA

1 1121 O

2
1
0 00 0O END OF NNPLR(K)
1120 1 1 1
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0 0 0 0O END OF GNLR(l,1)

1120 1122 1

0O 0 0 0O END OF GNLR(l,2)
===== DATA SET 9 : ELEMENT INCIDENCES

100 NEL

1 9 1 1 12 133 122 2 13 134 123 1

11 9 1 12 23 144 133 13 24 145 134 1
21 9 1 23 34 155 144 24 35 156 145 1
31 9 1 34 45 166 155 35 46 167 156 1
41 9 1 45 56 177 166 46 57 178 167 1
51 9 1 56 67 188 177 57 68 189 178 1
61 9 1 67 78 199 188 68 79 200 189 1
71 9 1 78 89 210 199 79 90 211 200 1
81 9 1 89 100 221 210 90 101 222 211 1
91 9 1 100 111 232 221 101 112 233 222 1

0O 0 0OOO OO O O O O OENDOFIE
===== DATA SET 10: MATERIAL CORRECTION
0 NCM
===== DATA SET 11: INITIAL CONDITIONS
110 11 10.0D0 0.0DO 0.0DO
2 10 11 9.0D0 0.0D0 0.0D0
3 10 11 8.0D0 0.0DO0 0.0DO0
4 10 11 7.0D0 0.0D0 0.0D0
5 10 11 6.0D0 0.0D0 0.0DO0
6 10 11 5.0D0 0.0D0 0.0D0
7 10 11 4.0D0 0.0D0 0.0DO0
8 10 11 3.0D0 0.0D0 0.0D0
9 10 11 2.0D0 0.0D0 0.0D0
10 10 11 1.0b0 0.0D0 0.0D0
11 10 11 0.0D0O 0.0D0 0.0DO0
122 10 11 10.0D0 0.0DO 0.0D0
123 10 11 9.0D0 0.0D0 0.0D0
124 10 11 8.0D0 0.0D0 0.0D0O
125 10 11 7.0D0 0.0D0 0.0DO0
126 10 11 6.0D0 0.0D0 0.0D0
127 10 11 5.0D0 0.0D0 0.0D0
128 10 11 4.0D0 0.0D0O 0.0D0O
129 10 11 3.0D0 0.0D0 0.0D0
130 10 11 2.0D0 0.0D0 0.0D0
131 10 11 1.0D0 0.0D0 0.0D0
132 10 11 0.0D0 0.0D0 0.0D0O
0 0O 0.0D0 0.0D0 0.0D0 END OF IC FOR FLOW
===== DATA SET 12: ELEMENT(DISTRIBUTED) SOURCE/SINK OF FLOW

0000 NSELF NSPRF NSDPF KSAIF
===== DATA SET 13: POINT(WELL) SOURCE/SINK OF FLOW
0000 NWNPF NWPRF NWDPF KWAIF

===== DATA SET 16: RAINFALL/EVAPORATION-SEEPAGE BOUNDARY CONDITIONS OF FLOW
1838 2 2 0  NVESF NVNPF NRPRF NRDPF KRAIF
0.0D0 6.0D-3 1.0D38 6.0D-3 TQVBFF QVBFF
0.0D0 0.0D00 1.0D38 0.0D00 TQVBFF QVBFF
1

9 1 1 0
11 7 1 2 0
0O 0 0 0O END OF IVTYPF
1 9 1 11 22 143 132 11 11 11 11
11 7 1 120 241 242 121 -1 -1 -1 -1
000000O0OO O OENDOFISVFJ,I)J=14
110 1 11 11
12 7 1120 -1
20 10 1 132 11
31 7 1241 -1
0 0 0 0O END OF NPVBF
137 1 0.0D0O 0.0DO 0.0D0
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0 0 0.0 0.0 0.0 END OF HCON

37 1 -90.0D2 0.0DO 0.0D0

0 0 0.0 0.0 0.0 END OF HMIN

===== DATA SET 17: DIRICHLET BOUNDARY CONDITIONS OF FLOW
20 NDNPF NDPRF NDDPF KDAIF

2.0D0 1.0D38 2.0D0 THDBFF HDBFF

or o

END OF IDTYPF
18: CAUCHY BOUNDARY CONDITIONS OF FLOW
NCESF NCNPF NCPRF NCDPF KCAIF
ET 19: NEUMANN BOUNDARY CONDITIONS, FLOW
NNESF NNNPF NNPRF NNDPF KNAIF
====== END OF JOB ======

oo

4.5 Example 3: Three-Dimensional Pumping Flow Problem

This example is selected to represent the simulation of a three-dimensional problem with 3DFATMIC.
The problem involves the steady state flow to a pumping well. The region of interest is bounded on the left
and right by hydraulically connected rivers; on the front, back, and bottom by impervious aquifuges; and on
the top by an air-soil interface (Figure 10.1). Aping well is located at (x,y) = (540,400) (102). Initially,
the water table is assumed to be horizontal and is 60 m above the bottom of the aquifer. The water level at the
well is then lowered to a height of 30 m. This height is held until a steady state condition is reached. The
medium in the region is assumed to be anisotropic and haveegtoydraulic conductivity componentg, K
=5m/d, K, =0.5m/d, and KX =2 m/d. The porosity of the medium is 0.25 and the field capacity is 0.0125.

The unsaturated characteristic hydraulic properties of the medium are given as

es_er
0 =0+ ——— (4.5)
1+(a|h-h[)P
and
k- |20 (4.6)
. 6s_er .

where h ,a, andp are the parameters used to compute the water content and the relative hydraulic

conductivity.
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Because of the symmetry, the region for numerical simulation will be taken as @800, 0 <
y <400 m, and 0 <z <72 m. The boundary conditions are givereasupe head is assumed hydrostatic on
two vertical planes located at x = 0 and 0 < z < 60, and x = 1000 and 0 < zesKtively; no flux is
imposed on all other boundaries of the flow regime. A steady state solution will be sought. A pre-initial

condition is set as h = 60 - z.

/
m
-
L S <
m o
m : :
—— N ~
— % —
m I
Z
X
540m I m

Figure 4.8 Problem definition and sketch for Example 3.

The region of interest is discretized with 20 x 8 x 10 = 1600 elements resulting in 21 x 20719 =
node points (Figure 10.2). The nodes are located at x = 0, 70, 120, 160, 200, 275, 350, 400, 450, 500, 540,
570, 600, 650, 700, 750, 800, 850, 900, 950, and 1000 in the x-direction, and at z = 0, 15, 30, 35, 40, 45, 50,
55, 60, 66, and 72 m in the z-direction as reported by Huyakorn et al. (1986). In the y-direction, nodes are
spaced evenly aAy = 50 m. For 3DFATMIC simulation, the matrix solver, incomplete Cholesky

preconditioned conjugate gradient method, is selected to solve the assembled global matrix equation.
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The pressure head tolerance i€10 m for nonlinear iteration and &% 510 m for matrix solver. The

relaxation factors for nonlinear iteration is set equal to 1.0.

N
NN | \ |
77777777 - — —

e LﬁL@ﬁ Z N — — ]
3f2\‘MM“\‘ 77777777 % -

e /77‘7*7*7*7*7*77</: I ]
20

1

Figure 4.9 Finite element discretization for Example 3.

To execute the problem, the maximum control-integers in the MAIN should be specified as
C----- For Example 1 through Example 5

PARAMETER(MAXNPK=2079,MAXELK=1600,MXBNPK=999,MXBESK=999,
> MXTUBK=3008,MXADNK=maxnpk+0)
PARAMETER(MXJBDK=35,MXKBDK=8,MXNTIK=100,MXDTCK=4)
PARAMETER(LTMXNK=693,LMXNPK=231,LMXBWK=49,MXRGNK=9)
PARAMETER(MXMATK=8,MXSPMK=5,MXMPMK=9)

C--mmm- 2. For flow source/sink, boundary conditions, and materials

PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=4,MXWPRh=2,MXWDPh=3)
PARAMETER(MXCNPh=110,MXCESh=90,MXCPRh=1,MXCDPh=2)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=198 MXVESh=170,MXVPRh=2,MXVDPh=4)
PARAMETER(MXDNPh=165,MXDPRh=11,MXDDPh=2)
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C - 3. For transport source/sink, boundary conditions, and materials

PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=4,MXWPRc=2,MXWDPc=5)
PARAMETER(MXCNPc=55MXCESc=40,MXCPRc=2,MXCDPc=4)
PARAMETER(MXNNPc=11,MXNESc=4,MXNPRc=1,MXNDPc=2)
PARAMETER(MXVNPc=638,MXVESc=560,MXVPRc=1,MXVDPc=2)
PARAMETER(MXDNPc=70,MXDPRc=6,MXDDPc=2)

PARAMETER(MXNCCK=2)

PARAMETER(MXLSVK=500,MXMSVK=500,MXKGLDK=2000,MXNDBK=2000)
PARAMETER(MXNEPK=20,MXEPWK=20)
PARAMETER(MXNPWK=99,MXELWK=27, mxnpws=1331,mxelws=1000)
PARAMETER(MXNPFGK=2900,MXKGLK=2800)

To reflect the soil property function given by Egs. (4.5) and (4.6), one has to modify the subroutine
SPFUNC in the source code as follows.

WCR=SPP(1,MTYP,1)
WCS=SPP(2,MTYP,1)
HAA=SPP(3,MTYP,1)
ALPHA=SPP(4,MTYP,1)
BETA=SPP(5,MTYP,1)

C
C ---ome- SATURATED CONDITION
C
IF(HNP.LE.O0.0) THEN
TH=WCS
IF(ISP .EQ. 1) GOTO 900
DTH=0.0D0
USKFCT=1.0D0
ELSE
C
C - UNSATURATED CASE
C

TH=WCR+(WCS-WCR)/(1.0D0+(ALPHA*DABS(-HNP-HAA))*BETA)

IF(ISP.EQ.1) GOTO 900

USKFCT=((TH-WCR)/(WCS-WCR))**2

DNOM=1.0D0+(ALPHA*DABS(-HNP-HAA))**BETA

DTH=(WCS-WCR)*(ALPHA*DABS(-HNP-HAA))**(BETA-1.0D0)/DNOM**2
ENDIF

Figure 4.10 and Figure 4.11 depict the presdisteibution and the velocity field in 3-D perspective

103



view (top figure) and along the x-z crosssection through the well (bottom figure) as simulated by 3DFATMIC.

Figure 4.10b Water table on the x-z crosssection through the pumping well for Problem 3.
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Figure 4.11b Velocity distribution on the x-z crosssection through the well for Problem 3.

4.6 Input and Output for Example 3
With the above descriptions, the input data can be prepared according to the instrudjpgesaix
A. The input parameters are listed in Table 4.5 and the data inmdrftent is given in Table 4.6. To save

space, the output isavailable in electronic form.

105



Table 4.5 The list of input parameters for Example 3.

Parameters Notation in the dafa Value Unit Data set
input guide
number of points NNP 2079 Dimensionless 7. A
no.of elements NEL 1600 dimensionless 9. A.
K PROPf(1,1) 5 m/day 5. B.
Kew PROPf(1,2) 0.5 m/day 5. B.
Kess PROPf(1,3) 2 m/day 5. B.
0, SPP(1,1,1) 0.0125 dimensionless 6. B.
0, SPP(2,1,1) 0.25 dimensionless 6. B.
h, SPP(3,1,1) 0 m 6. B.
o SPP(4,1,1) 0.5 dimensionless 6. B.
B SPP(5,1,1) 2 dimensionless 6. B.
ICP solver IPNTSf 3 dimensionless 2. B.
steady-state KSSf 0 dimensionless 2.C.
simulation
no. of times to NDTCHG 0 dimensionless 4. A
reset time step size¢
no. of time steps NTI 0 dimensionless 4. A
tolerance for TOLAf 16 m 3. A
nonlinear iteration
relaxation factor OMEf 1.0 dimensionless 2.C.
for nonlinear
iteration
Ou RHO 1.0x10 Kg/m? 5.B. & 6.A.
My VISC 948.3264 Kg/m/day 5.B. & 6.A.
g GRAV 7.316x10° m/da¥y 6.A.
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Table 4.6 Input Data Set for Example 3

3 Three-Dimensional Pumping Flow Problem; L=M, T=DAY, M=KG
===== DATA SET 2: OPTION PARAMETERS

10010

1 0.5D0 1.0d-4 NITRFT OMEFTF OMEFTT

0000000 0 0 1 KSSF KSST ILUMP IMID IPNTSF IPNTST miconf nstrf nstrt
1 1.0 1.0d0 1.5d0 0.0d0 KGRAV WF OMEF OMIF

101111 KVIT IWET IOPTIM ksorp Igrn

1.0d0 0.5d0 1.0d0 1.0d0 WT WVT OMET OMIT

1.
===== DATA SET 3: ITERATION PARAMETERS
50 20 100 1.0d-2 1.0d-2 NITERF NCYLF NPITRF TOLAF TOLBF
1100 1.0d-3 1.0d-4 NITERT NPITRT TOLAT TOLBT
===== DATA SET 4: TIME CONTROL PARAMETERS
0 0 NTI NDTCHG
0.05d0 0.00d0 1.0d0 20.0d0 DELT CHNG DELMAX TMAX

55 KPRO KPR(1..NTI)
00 KDSKO KDSK(L..NTI)
0.0d0
===== DATA SET 5: MATERIAL PROPERTIES
1701 NMAT NMPPM
5.0D0 0.5D0 2.0D0 0.0D0 0.0DO 0.0D0 1.0d0 PROPF
0.0 RHOMU
1.0d0

===== DATA SET 6: SOIL PROPERTIES

0 5 0 1.0d0 7.316D10 1.1232d4 KSP NSPPM KCP GRAV
0.01250D0 0.250D0 0.00DO 0.5D0 2.0D0 THPROP
0.000D0 0.000DO 0.00DO0 0.0DO0 0.0D0 AKPROP

===== DATA SET 7: NODE COORDINATES

2079 NNP

8 231 0.00D+00 0.00D+00 0.00D+00 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.15D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.30D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.35D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.40D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.45D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.50D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.55D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.60D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.66D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.00D+00 0.00D+00 0.72D+02 0.00D+00 0.50D+02 0.00D+00
8 231 0.70D+02 0.00D+00 0.00D+00 0.00D+00 0.50D+02 0.00D+00
8 231 0.70D+02 0.00D+00 0.15D+02 0.00D+00 0.50D+02 0.00D+00
14 8 231 0.70D+02 0.00D+00 0.30D+02 0.00D+00 0.50D+02 0.00D+00
158231 0.70D+02 0.00D+00 0.35D+02 0.00D+00 0.50D+02 0.00D+00
16 8 231 0.70D+02 0.00D+00 0.40D+02 0.00D+00 0.50D+02 0.00D+00
17 8 231 0.70D+02 0.00D+00 0.45D+02 0.00D+00 0.50D+02 0.00D+00
18 8 231 0.70D+02 0.00D+00 0.50D+02 0.00D+00 0.50D+02 0.00D+00
19 8 231 0.70D+02 0.00D+00 0.55D+02 0.00D+00 0.50D+02 0.00D+00
20 8 231 0.70D+02 0.00D+00 0.60D+02 0.00D+00 0.50D+02 0.00D+00
218231 0.70D+02 0.00D+00 0.66D+02 0.00D+00 0.50D+02 0.00D+00
22 8 231 0.70D+02 0.00D+00 0.72D+02 0.00D+00 0.50D+02 0.00D+00
238231 0.12D+03 0.00D+00 0.00D+00 0.00D+00 0.50D+02 0.00D+00
24 8 231 0.12D+03 0.00D+00 0.15D+02 0.00D+00 0.50D+02 0.00D+00
258231 0.12D+03 0.00D+00 0.30D+02 0.00D+00 0.50D+02 0.00D+00
26 8 231 0.12D+03 0.00D+00 0.35D+02 0.00D+00 0.50D+02 0.00D+00
27 8 231 0.12D+03 0.00D+00 0.40D+02 0.00D+00 0.50D+02 0.00D+00
28 8 231 0.12D+03 0.00D+00 0.45D+02 0.00D+00 0.50D+02 0.00D+00
29 8 231 0.12D+03 0.00D+00 0.50D+02 0.00D+00 0.50D+02 0.00D+00
30 8 231 0.12D+03 0.00D+00 0.55D+02 0.00D+00 0.50D+02 0.00D+00
318231 0.12D+03 0.00D+00 0.60D+02 0.00D+00 0.50D+02 0.00D+00
328231 0.12D+03 0.00D+00 0.66D+02 0.00D+00 0.50D+02 0.00D+00
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338231
348231
358 231
36 8 231
378 231
38 8231
398 231
40 8 231
41 8 231
42 8 231
43 8 231
44 8 231
45 8 231
46 8 231
47 8 231
48 8 231
49 8 231
50 8 231
518231
528 231
538231
54 8 231
558 231
56 8 231
57 8 231
58 8 231
59 8 231
60 8 231
618 231
62 8 231
63 8 231
64 8 231
65 8 231
66 8 231
67 8 231
68 8 231
69 8 231
70 8 231
718231
72 8 231
73 8 231
74 8 231
758 231
76 8 231
77 8 231
78 8 231
79 8 231
80 8 231
818 231
828231
838 231
84 8 231
858 231
86 8 231
87 8 231
88 8 231
898 231
90 8 231
918231
92 8 231
938 231
94 8 231

0.12D+03
0.16D+03
0.16D+03
0.16D+03
0.16D+03
0.16D+03
0.16D+03
0.16D+03
0.16D+03
0.16D+03
0.16D+03
0.16D+03
0.20D+03
0.20D+03
0.20D+03
0.20D+03
0.20D+03
0.20D+03
0.20D+03
0.20D+03
0.20D+03
0.20D+03
0.20D+03
0.28D+03
0.28D+03
0.28D+03
0.28D+03
0.28D+03
0.28D+03
0.28D+03
0.28D+03
0.28D+03
0.28D+03
0.28D+03
0.35D+03
0.35D+03
0.35D+03
0.35D+03
0.35D+03
0.35D+03
0.35D+03
0.35D+03
0.35D+03
0.35D+03
0.35D+03
0.40D+03
0.40D+03
0.40D+03
0.40D+03
0.40D+03
0.40D+03
0.40D+03
0.40D+03
0.40D+03
0.40D+03
0.40D+03
0.45D+03
0.45D+03
0.45D+03
0.45D+03
0.45D+03
0.45D+03

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00

0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
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0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00



95 8 231 0.45D+03 0.00D+00 0.50D+02 0.00D+00 0.50D+02 0.00D+00
96 8 231 0.45D+03 0.00D+00 0.55D+02 0.00D+00 0.50D+02 0.00D+00
97 8 231 0.45D+03 0.00D+00 0.60D+02 0.00D+00 0.50D+02 0.00D+00
98 8 231 0.45D+03 0.00D+00 0.66D+02 0.00D+00 0.50D+02 0.00D+00
99 8 231 0.45D+03 0.00D+00 0.72D+02 0.00D+00 0.50D+02 0.00D+00

100 8 231
101 8 231
102 8 231
103 8 231
104 8 231
105 8 231
106 8 231
107 8 231
108 8 231
109 8 231
1108 231
1118231
1128 231
1138 231
1148 231
1158 231
116 8 231
1178 231
118 8 231
1198 231
1208 231
121 8 231
122 8 231
123 8 231
124 8 231
1258 231
126 8 231
127 8 231
128 8 231
129 8 231
1308 231
1318 231
1328 231
1338 231
1348 231
1358 231
136 8 231
137 8 231
138 8 231
139 8 231
140 8 231
141 8 231
142 8 231
143 8 231
144 8 231
145 8 231
146 8 231
147 8 231
148 8 231
149 8 231
150 8 231
151 8 231
152 8 231
153 8 231
154 8 231
155 8 231
156 8 231

0.50D+03
0.50D+03
0.50D+03
0.50D+03
0.50D+03
0.50D+03
0.50D+03
0.50D+03
0.50D+03
0.50D+03
0.50D+03
0.54D+03
0.54D+03
0.54D+03
0.54D+03
0.54D+03
0.54D+03
0.54D+03
0.54D+03
0.54D+03
0.54D+03
0.54D+03
0.57D+03
0.57D+03
0.57D+03
0.57D+03
0.57D+03
0.57D+03
0.57D+03
0.57D+03
0.57D+03
0.57D+03
0.57D+03
0.60D+03
0.60D+03
0.60D+03
0.60D+03
0.60D+03
0.60D+03
0.60D+03
0.60D+03
0.60D+03
0.60D+03
0.60D+03
0.65D+03
0.65D+03
0.65D+03
0.65D+03
0.65D+03
0.65D+03
0.65D+03
0.65D+03
0.65D+03
0.65D+03
0.65D+03
0.70D+03
0.70D+03

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00

0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
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0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00



157 8 231
158 8 231
159 8 231
160 8 231
161 8 231
162 8 231
163 8 231
164 8 231
165 8 231
166 8 231
167 8 231
168 8 231
169 8 231
1708 231
1718 231
1728 231
1738 231
1748 231
1758 231
176 8 231
177 8 231
178 8 231
179 8 231
180 8 231
181 8 231
182 8 231
183 8 231
184 8 231
185 8 231
186 8 231
187 8 231
188 8 231
189 8 231
190 8 231
191 8 231
192 8 231
193 8 231
194 8 231
195 8 231
196 8 231
197 8 231
198 8 231
199 8 231
200 8 231
2018 231
202 8 231
203 8 231
204 8 231
2058 231
206 8 231
207 8 231
208 8 231
209 8 231
2108 231
2118231
2128 231
2138231
214 8 231
2158 231
216 8 231
2178 231
2188 231

0.70D+03
0.70D+03
0.70D+03
0.70D+03
0.70D+03
0.70D+03
0.70D+03
0.70D+03
0.70D+03
0.75D+03
0.75D+03
0.75D+03
0.75D+03
0.75D+03
0.75D+03
0.75D+03
0.75D+03
0.75D+03
0.75D+03
0.75D+03
0.80D+03
0.80D+03
0.80D+03
0.80D+03
0.80D+03
0.80D+03
0.80D+03
0.80D+03
0.80D+03
0.80D+03
0.80D+03
0.85D+03
0.85D+03
0.85D+03
0.85D+03
0.85D+03
0.85D+03
0.85D+03
0.85D+03
0.85D+03
0.85D+03
0.85D+03
0.90D+03
0.90D+03
0.90D+03
0.90D+03
0.90D+03
0.90D+03
0.90D+03
0.90D+03
0.90D+03
0.90D+03
0.90D+03
0.95D+03
0.95D+03
0.95D+03
0.95D+03
0.95D+03
0.95D+03
0.95D+03
0.95D+03
0.95D+03

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00

0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
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0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02
0.50D+02

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00



2198 231
220 8 231
2218231
222 8 231
2238231
224 8 231
2258 231
226 8 231
2278 231
228 8 231
2298 231
230 8 231
2318231

0.95D+03
0.95D+03
0.10D+04
0.10D+04
0.10D+04
0.10D+04
0.10D+04
0.10D+04
0.10D+04
0.10D+04
0.10D+04
0.10D+04
0.10D+04

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00

0.66D+02
0.72D+02
0.00D+00
0.15D+02
0.30D+02
0.35D+02
0.40D+02
0.45D+02
0.50D+02
0.55D+02
0.60D+02
0.66D+02
0.72D+02

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00

9 NREGN
1 8 1231 0
0 00 0O END OF NNPLR(9)
1230 1 1 1
0 00 0O END OF GNLR(l,1)
1230 1232 1
0 00 0O END OF GNLR(I,2)
1230 1463 1
0 00 0O END OF GNLR(I,3)
1230 1694 1
0 00 0O END OF GNLR(l,4)
1230 1925 1
0 00 OO END OF GNLR(I,5)
1230 11156 1
0 00 0O END OF GNLR(I,6)
1230 11387 1
0 00 0O END OF GNLR(I,7)
1230 11618 1
0 00 0O END OF GNLR(I,8)
1230 11849 1
0 00 0O END OF GNLR(I,9)

===== DATA SET 9 : ELEMENT INCIDENCES
1600  NEL
1 9 1 1 12243232 2 13 244 233 1
11 9 1 12 23 254 243 13 24 255 244 1
21 9 1 23 34 265 254 24 35 266 255 1
31 9 1 34 45 276 265 35 46 277 266 1
41 9 1 45 56 287 276 46 57 288 277 1
51 9 1 56 67 298 287 57 68 299 288 1
61 9 1 67 78 309 298 68 79 310 299 1
71 9 1 78 89 320 309 79 90 321 310 1
81 9 1 89 100 331 320 90 101 332 321 1
91 9 1 100 111 342 331 101 112 343 332 1
101 9 1 111 122 353 342 112 123 354 343 1
111 9 1 122 133 364 353 123 134 365 354 1
121 9 1 133 144 375 364 134 145 376 365 1
131 9 1 144 155 386 375 145 156 387 376 1
141 9 1 155 166 397 386 156 167 398 387 1
151 9 1 166 177 408 397 167 178 409 398 1
161 9 1 177 188 419 408 178 189 420 409 1
171 9 1 188 199 430 419 189 200 431 420 1
181 9 1 199 210 441 430 200 211 442 431 1
191 9 1 210 221 452 441 211 222 453 442 1
201 9 1 232 243 474 463 233 244 475 464 1
211 9 1 243 254 485 474 244 255 486 475 1
221 9 1 254 265 496 485 255 266 497 486 1
231 9 1 265 276 507 496 266 277 508 497 1

111

0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00
0.50D+02 0.00D+00

00 00 0.0 0.0 0.00.00.0 ENDOF COORDINATES
DATA SET 8: SUBREGIONAL DATA



241
251
261
271
281
201
301
311
321
331
341
351
361
371
381
391
401
411
421
431
441
451
461

481
491
501
511
521
531
541
551
561
571
581
501
601
611
621
631
641
651
661
671
681
691
701
711
721
731
741
751
761

781
791
801
811
821
831
841
851

DOOVDODOODODUOLOODUOLODOLOODOOODOOVODOLOODOLOOOLOOOOOOVODOOVOVOVOVOVOVOVOVOVOVOVOVOVOVOVWOWWOVWOVWOWWOWWOWWOWWOWWOWW
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276
287
298
309
320
331
342
353
364
375
386
397
408
419
430
441

474
485
496
507
518
529
540
551
562
573
584
595
606
617
628
639
650
661
672
694
705
716
727
738
749
760
771
782
793
804
815
826
837
848
859
870
881
892
903
925
936
947
958
969
980

287
298
309
320
331
342
353
364
375
386
397
408
419
430
441
452
474
485
496
507
518
529
540
551
562
573
584
595
606
617
628
639
650
661
672
683
705
716
727
738
749
760

518
529
540
551
562
573
584
595
606
617
628
639
650
661
672
683
705
716
727
738
749
760
771
782
793
804
815
826
837
848
859
870
881
892
903
914
936
947
958
969
980
991

507
518
529
540
551
562
573
584
595
606
617
628
639
650
661
672
694
705
716
727
738
749
760
771
782
793
804
815
826
837
848
859
870
881
892
903
925
936
947
958
969
980

7711002 991 761 7721003 992 1

782 1013 1002
793 1024 1013
804 1035 1024
815 1046 1035
826 1057 1046
837 1068 1057
848 1079 1068
859 1090 1079
870 1101 1090
881 1112 1101
892 1123 1112
903 1134 1123
914 11451134
936 1167 1156
947 1178 1167
958 1189 1178
969 1200 1189
980 1211 1200
991 1222 1211

277
288
299
310
321
332
343
354
365
376
387
398
409
420
431
442
464
475
486
497
508
519
530
541
552
563
574
585
596
607
618
629
640
651
662
673
695
706
717
728
739
750

772
783
794
805
816
827
838
849
860
871
882
893
904
926
937
948
959
970
981

288
299
310
321
332
343
354
365
376
387
398
409
420
431
442
453
475
486
497
508
519
530
541
552
563
574
585
596
607
618
629
640
651
662
673
684
706
717
728
739
750
761

519
530
541
552
563
574
585
596
607
618
629
640
651
662
673
684
706
717
728
739
750
761
772
783
794
805
816
827
838
849
860
871
882
893
904
915
937
948
959
970
981
992

508
519
530
541
552
563
574
585
596
607
618
629
640
651
662
673
695
706
717
728
739
750
761
772
783
794
805
816
827
838
849
860
871
882
893
904
926
937
948
959
970
981

783 1014 1003
794 1025 1014
805 1036 1025
816 1047 1036
827 1058 1047
838 1069 1058
849 1080 1069
860 1091 1080
8711102 1091
882 1113 1102
8931124 1113
904 1135 1124
915 1146 1135
937 1168 1157
948 1179 1168
959 1190 1179
970 1201 1190
981 1212 1201
992 1223 1212

112
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861
871
881
891
901
911
921
931
941
951
961
971
981
991
1001
1011
1021
1031
1041
1051
1061
1071
1081
1091
1101
1111
1121
1131
1141
1151
1161
1171
1181
1191
1201
1211
1221
1231
1241
1251
1261
1271
1281
1291
1301
1311
1321
1331
1341
1351
1361
1371
1381
1391
1401
1411
1421
1431
1441
1451
1461
1471

(O (O (O (O (© (O (O © © (O © (O O © © (O © O O O (O O O O O © WO (OO WO OO WO WO WWOWWOWOWWOWOWOOOEOEOOVOOOOOOOOOOWVVOO

1 9911002 1233 1222 992 1003 1234 1223 1

11002 1013 1244 1233 1003 1014 1245 1234
11013 1024 1255 1244 1014 1025 1256 1245
11024 1035 1266 1255 1025 1036 1267 1256
11035 1046 1277 1266 1036 1047 1278 1267
11046 1057 1288 1277 1047 1058 1289 1278
11057 1068 1299 1288 1058 1069 1300 1289
11068 1079 1310 1299 1069 1080 1311 1300
110791090 1321 1310 1080 1091 1322 1311
11090 1101 1332 1321 1091 1102 1333 1322
111011112 1343 1332 1102 1113 1344 1333
111121123 1354 1343 1113 1124 1355 1344
111231134 1365 1354 1124 1135 1366 1355
11134 1145 1376 1365 1135 1146 1377 1366
11156 1167 1398 1387 1157 1168 1399 1388
11167 1178 1409 1398 1168 1179 1410 1399
11178 1189 1420 1409 1179 1190 1421 1410
11189 1200 1431 1420 1190 1201 1432 1421
11200 1211 1442 1431 1201 1212 1443 1432
11211 1222 1453 1442 1212 1223 1454 1443
11222 1233 1464 1453 1223 1234 1465 1454
11233 1244 1475 1464 1234 1245 1476 1465
11244 1255 1486 1475 1245 1256 1487 1476
11255 1266 1497 1486 1256 1267 1498 1487
11266 1277 1508 1497 1267 1278 1509 1498
11277 1288 1519 1508 1278 1289 1520 1509
11288 1299 1530 1519 1289 1300 1531 1520
11299 1310 1541 1530 1300 1311 1542 1531
11310 1321 1552 1541 1311 1322 1553 1542
11321 1332 1563 1552 1322 1333 1564 1553
11332 1343 1574 1563 1333 1344 1575 1564
11343 1354 1585 1574 1344 1355 1586 1575
1 1354 1365 1596 1585 1355 1366 1597 1586
11365 1376 1607 1596 1366 1377 1608 1597
11387 1398 1629 1618 1388 1399 1630 1619
11398 1409 1640 1629 1399 1410 1641 1630
11409 1420 1651 1640 1410 1421 1652 1641
11420 1431 1662 1651 1421 1432 1663 1652
11431 1442 1673 1662 1432 1443 1674 1663
11442 1453 1684 1673 1443 1454 1685 1674
1 1453 1464 1695 1684 1454 1465 1696 1685
11464 1475 1706 1695 1465 1476 1707 1696
114751486 1717 1706 1476 1487 1718 1707
11486 1497 1728 1717 1487 1498 1729 1718
11497 1508 1739 1728 1498 1509 1740 1729
11508 1519 1750 1739 1509 1520 1751 1740
11519 1530 1761 1750 1520 1531 1762 1751
115301541 1772 1761 1531 1542 1773 1762
11541 1552 1783 1772 1542 1553 1784 1773
11552 1563 1794 1783 1553 1564 1795 1784
1 1563 1574 1805 1794 1564 1575 1806 1795
11574 1585 1816 1805 1575 1586 1817 1806
1 1585 1596 1827 1816 1586 1597 1828 1817
11596 1607 1838 1827 1597 1608 1839 1828
11618 1629 1860 1849 1619 1630 1861 1850
11629 1640 1871 1860 1630 1641 1872 1861
11640 1651 1882 1871 1641 1652 1883 1872
11651 1662 1893 1882 1652 1663 1894 1883
11662 1673 1904 1893 1663 1674 1905 1894
11673 1684 1915 1904 1674 1685 1916 1905
11684 1695 1926 1915 1685 1696 1927 1916
11695 1706 1937 1926 1696 1707 1938 1927
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1481
1491
1501
1511
1521
1531
1541
1551
1561
1571
1581
1591

QOO OVOOOWOWOWOWOO

11706 1717 1948 1937 1707 1718 1949 1938
11717 1728 1959 1948 1718 1729 1960 1949
11728 1739 1970 1959 1729 1740 1971 1960
11739 1750 1981 1970 1740 1751 1982 1971
117501761 1992 1981 1751 1762 1993 1982
117611772 2003 1992 1762 1773 2004 1993
117721783 2014 2003 1773 1784 2015 2004
11783 1794 2025 2014 1784 1795 2026 2015
11794 1805 2036 2025 1795 1806 2037 2026
11805 1816 2047 2036 1806 1817 2048 2037
11816 1827 2058 2047 1817 1828 2059 2048
11827 1838 2069 2058 1828 1839 2070 2059

O 0 0OOOO OO O O O OENDOFIE

NCM

00 00 00 00 00 00 00 00 00 GO G0 00 0 GO 00 O GO 00 O GO 00 OO GO 00 00 GO 00 00 GO 00 00 0O 00 00 0O Co Ko &P G0 00 B0 GO 0O GO GO O

231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231

DATA SET 10: MATERIAL CORRECTION

DATA SET 11: INITIAL CONDITIONS
0.60D+02 0.00D+00 0.0
0.45D+02 0.00D+00 0.0
0.30D+02 0.00D+00 0.0
0.25D+02 0.00D+00 0.0
0.20D+02 0.00D+00 0.0
0.15D+02 0.00D+00 0.0
0.10D+02 0.00D+00 0.0
0.50D+01 0.00D+00 0.0
0.00D+00 0.00D+00 0.0
-0.60D+01 0.00D+00 0.0
-0.12D+02 0.00D+00 0.0
0.60D+02 0.00D+00 0.0
0.45D+02 0.00D+00 0.0
0.30D+02 0.00D+00 0.0
0.25D+02 0.00D+00 0.0
0.20D+02 0.00D+00 0.0
0.15D+02 0.00D+00 0.0
0.10D+02 0.00D+00 0.0
0.50D+01 0.00D+00 0.0
0.00D+00 0.00D+00 0.0
-0.60D+01 0.00D+00 0.0
-0.12D+02 0.00D+00 0.0
0.60D+02 0.00D+00 0.0
0.45D+02 0.00D+00 0.0
0.30D+02 0.00D+00 0.0
0.25D+02 0.00D+00 0.0
0.20D+02 0.00D+00 0.0
0.15D+02 0.00D+00 0.0
0.10D+02 0.00D+00 0.0
0.50D+01 0.00D+00 0.0
0.00D+00 0.00D+00 0.0
-0.60D+01 0.00D+00 0.0
-0.12D+02 0.00D+00 0.0
0.60D+02 0.00D+00 0.0
0.45D+02 0.00D+00 0.0
0.30D+02 0.00D+00 0.0
0.25D+02 0.00D+00 0.0
0.20D+02 0.00D+00 0.0
0.15D+02 0.00D+00 0.0
0.10D+02 0.00D+00 0.0
0.50D+01 0.00D+00 0.0
0.00D+00 0.00D+00 0.0
-0.60D+01 0.00D+00 0.0
-0.12D+02 0.00D+00 0.0
0.60D+02 0.00D+00 0.0
0.45D+02 0.00D+00 0.0
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00 00 00 0O 0O GO GO o oo 00 00 G0 00 00 00 0 00 0 00 00 0 00 00 00 00 00 00 00 G0 00 GO 0O GO 0O 0O GO GO GO GO B0 00 00 00 0 00 0 0 00 00 00 00 00 00 00 00 00 0O 0O GO 0O 0O OO

231 0.30D+02 0.00D+00
231 0.25D+02 0.00D+00
231 0.20D+02 0.00D+00
231 0.15D+02 0.00D+00
231 0.10D+02 0.00D+00
231 0.50D+01 0.00D+00
231 0.00D+00 0.00D+00
231 -0.60D+01 0.00D+00
231 -0.12D+02 0.00D+00
231 0.60D+02 0.00D+00
231 0.45D+02 0.00D+00
231 0.30D+02 0.00D+00
231 0.25D+02 0.00D+00
231 0.20D+02 0.00D+00
231 0.15D+02 0.00D+00
231 0.10D+02 0.00D+00
231 0.50D+01 0.00D+00
231 0.00D+00 0.00D+00
231 -0.60D+01 0.00D+00
231 -0.12D+02 0.00D+00
231 0.60D+02 0.00D+00
231 0.45D+02 0.00D+00
231 0.30D+02 0.00D+00
231 0.25D+02 0.00D+00
231 0.20D+02 0.00D+00
231 0.15D+02 0.00D+00
231 0.10D+02 0.00D+00
231 0.50D+01 0.00D+00
231 0.00D+00 0.00D+00
231 -0.60D+01 0.00D+00
231 -0.12D+02 0.00D+00
231 0.60D+02 0.00D+00
231 0.45D+02 0.00D+00
231 0.30D+02 0.00D+00
231 0.25D+02 0.00D+00
231 0.20D+02 0.00D+00
231 0.15D+02 0.00D+00
231 0.10D+02 0.00D+00
231 0.50D+01 0.00D+00
231 0.00D+00 0.00D+00
231 -0.60D+01 0.00D+00
231 -0.12D+02 0.00D+00
231 0.60D+02 0.00D+00
231 0.45D+02 0.00D+00
231 0.30D+02 0.00D+00
231 0.25D+02 0.00D+00
231 0.20D+02 0.00D+00
231 0.15D+02 0.00D+00
231 0.10D+02 0.00D+00
231 0.50D+01 0.00D+00
231 0.00D+00 0.00D+00
231 -0.60D+01 0.00D+00
231 -0.12D+02 0.00D+00
231 0.60D+02 0.00D+00
231 0.45D+02 0.00D+00
231 0.30D+02 0.00D+00
231 0.25D+02 0.00D+00
231 0.20D+02 0.00D+00
231 0.15D+02 0.00D+00
231 0.10D+02 0.00D+00
231 0.50D+01 0.00D+00
231 0.00D+00 0.00D+00

000000000 POLPLO000000000000000000000000000000000000000000000000
P00 DO0DDOODDOODDDODDDDOODDODODD
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231  -0.60D+01 0.00D+00

231 0.20D+02 0.00D+00
231 0.15D+02 0.00D+00
231 0.10D+02 0.00D+00
231 0.50D+01 0.00D+00
231 0.00D+00 0.00D+00
231 -0.60D+01 0.00D+00
231 -0.12D+02 0.00D+00
231 0.60D+02 0.00D+00
231 0.45D+02 0.00D+00
231 0.30D+02 0.00D+00
231 0.25D+02 0.00D+00
231 0.20D+02 0.00D+00
231 0.15D+02 0.00D+00
231 0.10D+02 0.00D+00
231 0.50D+01 0.00D+00
231 0.00D+00 0.00D+00
231 -0.60D+01 0.00D+00
231 -0.12D+02 0.00D+00
231 0.60D+02 0.00D+00
231 0.45D+02 0.00D+00
231 0.30D+02 0.00D+00
231 0.25D+02 0.00D+00
231 0.20D+02 0.00D+00

164
165
166
167
168
169
170

8 0.0
110 8 231 -0.12D+02 0.00D+00 0.0
111 8 231 0.60D+02 0.00D+00 0.0
112 8 231 0.45D+02 0.00D+00 0.0
113 8 231 0.30D+02 0.00D+00 0.0
114 8 231 0.25D+02 0.00D+00 0.0
115 8 231 0.20D+02 0.00D+00 0.0
116 8 231 0.15D+02 0.00D+00 0.0
117 8 231 0.10D+02 0.00D+00 0.0
118 8 231 0.50D+01 0.00D+00 0.0
119 8 231 0.00D+00 0.00D+00 0.0
120 8 231  -0.60D+01 0.00D+00 0.0
121 8 231 -0.12D+02 0.00D+00 0.0
122 8 231 0.60D+02 0.00D+00 0.0
123 8 231 0.45D+02 0.00D+00 0.0
124 8 231 0.30D+02 0.00D+00 0.0
125 8 231 0.25D+02 0.00D+00 0.0
126 8 231 0.20D+02 0.00D+00 0.0
127 8 231 0.15D+02 0.00D+00 0.0
128 8 231 0.10D+02 0.00D+00 0.0
129 8 231 0.50D+01 0.00D+00 0.0
130 8 231 0.00D+00 0.00D+00 0.0
131 8 231 -0.60D+01 0.00D+00 0.0
132 8 231 -0.12D+02 0.00D+00 0.0
133 8 231 0.60D+02 0.00D+00 0.0
134 8 231 0.45D+02 0.00D+00 0.0
135 8 231 0.30D+02 0.00D+00 0.0
136 8 231 0.25D+02 0.00D+00 0.0
137 8 231 0.20D+02 0.00D+00 0.0
138 8 231 0.15D+02 0.00D+00 0.0
139 8 231 0.10D+02 0.00D+00 0.0
140 8 231 0.50D+01 0.00D+00 0.0
141 8 231 0.00D+00 0.00D+00 0.0
142 8 231 -0.60D+01 0.00D+00 0.0
143 8 231 -0.12D+02 0.00D+00 0.0
144 8 231 0.60D+02 0.00D+00 0.0
145 8 231 0.45D+02 0.00D+00 0.0
146 8 231 0.30D+02 0.00D+00 0.0
147 8 231 0.25D+02 0.00D+00 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
8 0.0
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171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

0 0O O 0.0DO 0.0D0

00 00 00 00 0O 00 0O 0O OO0 0O 0O OO0 0O 0O 0O 0O OO0 OO 0O OO0 CO 0O OO0 0O 0O OO0 0O 0O OO0 0O 0O OO 0O OO OO 0O OO0 CO 0O OO0 CO 0O OO0 0O 0O OO 0O 0O OO 0O 0O OO 0O OO0 0O 0O OO0 OO 0O OO CO

231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231
231

0.15D+02
0.10D+02
0.50D+01
0.00D+00
-0.60D+01
-0.12D+02
0.60D+02
0.45D+02
0.30D+02
0.25D+02
0.20D+02
0.15D+02
0.10D+02
0.50D+01
0.00D+00
-0.60D+01
-0.12D+02
0.60D+02
0.45D+02
0.30D+02
0.25D+02
0.20D+02
0.15D+02
0.10D+02
0.50D+01
0.00D+00
-0.60D+01
-0.12D+02
0.60D+02
0.45D+02
0.30D+02
0.25D+02
0.20D+02
0.15D+02
0.10D+02
0.50D+01
0.00D+00
-0.60D+01
-0.12D+02
0.60D+02
0.45D+02
0.30D+02
0.25D+02
0.20D+02
0.15D+02
0.10D+02
0.50D+01
0.00D+00
-0.60D+01
-0.12D+02
0.60D+02
0.45D+02
0.30D+02
0.25D+02
0.20D+02
0.15D+02
0.10D+02
0.50D+01
0.00D+00
-0.60D+01
-0.12D+02

0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.00D+00
0.0D0 EN

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
DO

F IC FOR FLOW
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===== DATA SET 12: ELEMENT(DISTRIBUTED) SOURCE/SINK OF FLOW

0000O SELF NSPRF NSDPF KSAIF
===== DATA SET 13: POINT(WELL) SOURCE/SINK OF FLOW
00O00O NWNPF NWPRF NWDPF KWAIF
===== DATA SET 16: Rainfall/Evaporation-Seepage Boundary Conditions of Ffow
000O00O0 NVESF NVNPF NRPRF NRDPF KRAIF
===== DATA SET 17: DIRICHLET BOUNDARY CONDITIONS OF FLOW
1652 20 NDNPF NDPRF NDDPF KDAIF

0.0D0 60.0D0 1.0D38 60.0D0 THDBFF HDBFF
0.0DO 30.0D0O 1.0D38 30.0D0 THDBFF HDBFF

18111

108 12321
19 81 463 1
28816941
37 819251
46 8 1 11561
55 8 1 13871
64 8 1 16181
73 8 1 18491
82812211
91 8 14521
100 8 1 683 1
109 8 1 914 1
118 8 1 11451
127 8 1 13761
136 8 1 16071
145 8 1 18381
154 8 1 2069 1
163 21 1111
0000 O

1161 1 1 O
163 2 1 2 O

0O 0 0 0 O END OF IDTYPF
===== DATA SET 18: CAUCHY BOUNDARY CONDITIONS OF FLOW
000O0O NCESF NCNPF NCPRF NCDPF KCAIF
===== DATA SET 19: NEUMANN BOUNDARY CONDITIONS, FLOW
000O0O NNESF NNNPF NNPRF NNDPF KNAIF
0 ====== END OF JOB ======

4.7 Example 4: One-Dimensional Single Component Transport Problem

A simple problem is presented here to illustrate the application of this model and show the
improvement of results with the local grid refinement approach, LEZOOMPC. This is a one-dimensional
transport problem between z = 0 and z = 200.0 (Figure 4.12). Initially, the concentration is zero throughout
the region of interest. The concentration at x = 0.0 is maintained at,C = C = 1.0 (Figure 4.12). The natural
condition of zero gradient flux is imposed at 2G0.0 (Figure 4.12). A bulk density of 1.2, a dispersivity of

5.0, an effective porosity of 0.4 (not used in the program) are assumed.
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p=1.2
n,=0.
=0
Z
Y I\
X C=1
V=0.2

Figure 4.12 Problem definition and sketch for Example 4.
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A specific discharge (Darcy velocity) &f0 is assumed and a moisture content of 0.4 is used. For
numerical simulation the region is divided into 40 elements of equal size with 5.0 (Figure 4.13). A time step
size of 0.5 is used and 44 time-step simulation is made. No adsorption is allowed. For this discretization,

mesh Peclet number ig P =1 and Courant numper C = 0.5.

,,,,,,,,,,,

/2i 7777777777 125
R R 12
3
2 C 1 a3

Figure 4.13 Finite element discretization for Example 4.
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To execute the problem, the maximum control-integers in the MAIN must be specified as follows:
C----- For Example 1 through Example 5

PARAMETER(MAXNPK=2079,MAXELK=1600,MXBNPK=999,MXBESK=999,
> MXTUBK=3008,MXADNK=maxnpk+0)
PARAMETER(MXJBDK=35,MXKBDK=8,MXNTIK=100,MXDTCK=4)
PARAMETER(LTMXNK=693,LMXNPK=231,LMXBWK=49,MXRGNK=9)
PARAMETER(MXMATK=8,MXSPMK=5,MXMPMK=9)

C--mmm- 2. For flow source/sink, boundary conditions, and materials

PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=4,MXWPRh=2,MXWDPh=3)
PARAMETER(MXCNPh=110,MXCESh=90,MXCPRh=1,MXCDPh=2)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=198 MXVESh=170,MXVPRh=2,MXVDPh=4)
PARAMETER(MXDNPh=165,MXDPRh=11,MXDDPh=2)

C - 3. For transport source/sink, boundary conditions, and materials

PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=4,MXWPRc=2,MXWDPc=5)
PARAMETER(MXCNPc=55MXCESc=40,MXCPRc=2,MXCDPc=4)
PARAMETER(MXNNPc=11,MXNESc=4,MXNPRc=1,MXNDPc=2)
PARAMETER(MXVNPc=638,MXVESc=560,MXVPRc=1,MXVDPc=2)
PARAMETER(MXDNPc=70,MXDPRc=6,MXDDPc=2)

C
PARAMETER(MXNCCK=2)

C
PARAMETER(MXLSVK=500,MXMSVK=500,MXKGLDK=2000,MXNDBK=2000)
PARAMETER(MXNEPK=20,MXEPWK=20)
PARAMETER(MXNPWK=99, MXELWK=27, mxnpws=1331,mxelws=1000)
PARAMETER(MXNPFGK=2900,MXKGLK=2800)

C

Figure 4.14 depicts the concentration profiles along the z-axis at various times. It illustrates migration
of the contamination with time. In the meantime, it shows the results obtained by the implementation of
LEZOOMPC are almost the same as the exact solution. However, the Lagrangian-Eulerian approach, which
is much better than conventional finite element scheme, still generates numerical dispersion even though the

Courant number is less than 1 and Peclet number is only equal to one.
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Figure 4.14a The concentration profile of
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Figure 4.14c The concentration profile of
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Figure 4.14b The concentration profile of
Example 4 (2 of 6)
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Figure4.14d The concentration profile of
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Figure 4.14e The concentration profile of
Example 4 (5 of 6)

4.8 Input and Output for Example 4

Table 4.7 lists the input parameters and Table 4.8 shows the input data set for the sample problem
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Figure 4.14f The concentration profile of
Example 4 (6 of 6)

described in the above section. The output is given in the attached floppy disk.

Table 4.7 The list of input parameters for Example 4

Parameters Notation in the data Value Unit Data se
input guide
number of points NNP 164 Dimensionless 7.A.
AX XAD 50 cm 7. B.
N YAD 50 cm 7.B.
AZ ZAD 5 cm 7.B.
Ky, RKD(1) 0 cnilg 5. F.
[ PROPt(1,1) 1.2 glcn? 5. E.
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o PROPt(1,2) 5.0 cm 5. E.
D GRATE(1) 0.0 1/day 5. H.
u,? GRATE(2) 0.0 1/day 5. H.
1 GRATE(3) 0.0 1/day 5. H.
u,® GRATE(4) 0.0 1/day 5. H.
no. of elements NEL 40 dimensionless 9. A
0 TH 0.4 dimensionless 25. B.
vV, VZ 2.0 cm/day 25. A.
no. of subregion NREGN 4 dimensionless 8. A
no. of points in each NODES 41 dimensionless 8. B.
subregion
initial time step size DELT 0.5 day 4. B.
time step size increment CHNG 0 dimensionlesq 4. B.
percentage
maximum time step size DELMAX 0.5 day 4. B.
no. of times to reset time step NDTCHG 0 dimensionles$ 4. A
size
Total simulation time TMAX 22 day 4. B.
no. of time steps NTI 44 dimensionless 4. A.
tolerance for nonlinear TOLBt 1x10 dimensionless 3.B.
iteration
relaxation factor for nonlinea OMEt 1.0 dimensionless 2. E.
iteration

Table 4.8 Input Data Set for Example 4

4 One-Dimensional Single Component Transport Problem; L=CM,T=DAY, M=G

========= data set 2: option parameters

1
100 0.5d0 1.0d-4
1110000002
1 1.0 0.5d0 0.5d0 0.0dO
1111
0 0.5d0 1.0d0 1.0d0
========= data set 3: iteration parameters
50 20 100 2.0d-2 2.0d-2
50 100 1.0d-3 1.0d-4
========= data set 4: time control parameters
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0.5d0 0.0d0 0.5d0 22.0d0

33 030003 0 0030 0 0 030 000 00 30003

010000000010000000001000000000100000000010001
1.0D01 2.0000D1

========= DATA SET 5: MATERIAL PROPERTIES

1711
1.2d0 5.0d0 0.0d0 0.0d0 1.0d0 0.0d0 0.0dO
0.0d0 0.0 0.0 0.0 0.0 0.0 0.0
0.0d0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 GRATE
0.4 0.170.4 0.17 YCOEFF
1.8D-2 1.8D-2 1.8D-2 1.8D-2 RTARDS Kso, Ksn
3.0D-5 2.0D-5 3.0D-5 2.0D-5 RTARDO Ko, Kn
3.0d-4 3.0D-4 3.0D-4 3.0D-4 RTARDN Kpo, Kpn
1.0 0.375 1.0 0.375 SCOEFF gammao, gamman
0.0 00 0.0 0.0 ECOEFF alphao, alphan
0.0 0.0 0.0 0.0 DCOEFF lambdao, lambdan
3.0D-5 1.013D-4 3.0D-51.013D-4 SATURC GAMMAo, GAMMAN
0.0 0.0 0.0 0.0 PCOEFF Epsilon
1.1d-4 COFK

========= DATA SET 6: soil properties
0 4 0 1.0d0 7.316d12 1.1232d2

0.150D0 0.450D0 0.00D0 -1.0D2 THPROP
0.000D0 0.000DO 0.00DO 0.0DO AKPROP
C = DATA SET 7. NODE COORDINATES

164

1 40 1 0.0DO 50.0D0 0.0DO 0.0DO 0.0D0 5.0D0
42 40 1 0.0DO 0.0DO 0.0DO 0.0DO 0.0D0 5.0D0
83 40 1 50.0D0 0.0DO 0.0DO 0.0DO 0.0D0 5.0D0
124 40 1 50.0D0 50.0D0 0.0DO 0.0DO 0.0DO0 5.0DO0

0O 0 0 0.0 0. 0.0 0.0 0.0 0.0

C weex DATA SET 8: SUBREGIONAL DATA

4
131410
00000 END OF NNPLR(K)
140 111
00000 END OF GNLR(l,1)
140 142 1
00000 END OF GNLR(l,2)
140 1831
00000 END OF GNLR(l,3)
1 40 1 124 1
00 0 END OF GNLR(l,4)
C *xxkxx DATA SET 9: ELEMENT INCIDENCES
4
1 39 1 42 83 124 1 43 84 125 2 1
O 0 0OOO OO O OO OO ENDOFIE
C »**+x% data setl0: material correction
0
C *xxkxx DATA SET 11: INITIAL CONDITIONS

1 3 41 1.0d0 0.0d0 0.0

2 38 1 0.0d0  0.0d0 0.0dO

43 38 1 0.0d0  0.0d0 0.0dO

84 38 1 0.0d0  0.0d0 0.0dO

125 38 1 0.0d0  0.0d0 0.0dO

41 3 41 0.0d0  0.0d0 0.0dO

0 0O 0.0d0 0.0d0 0.0d0 end of ic, transport
========= data set 14: element(distributed) source/sink, transport

========= data set 15: point(well) source/sink, transport

========= data set 20: run-in/seep-out boundary
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s P

ocwoocoog

1.0d38 0.0d0

0

0 end of irtyp

2123164 41 0000

0 00 0 O O end fofisvt(,i),j=1,4

orororr

8
0

41 41
00 end of npvbt
========= data set 21: dirichlet boundary conditions, transport
20
1.0d0 1.0d38 1.0dO

1 41

00

10

0 0 endofidtyp
========= data set 22: Cauchy boundary condition, transport

00O0O0O
========= data set 23: Neumann boundary condition, transport

O
*
*
*
*
*

ET 24 : PARAMETERS CONTROLLING TRACKING SCHEME
12122

io.o

*

SET 25: HYDROLOGICAL BOUNDARY CONDITIONS
0.0D0 2.0D0 0.0D0 0.0D0 0.0DO

.0 0.0 0.0 0.0 0.0 END OF VELOCITY

D0 0.0

o8
wo
CoTr PNy

D
10.

hOO

0.0 END OF TH
END OF JOB

oor K I

0000

4.9 Example 5: Two-Dimensional Single Component Transport Problem

This is a two-dimensional transport problem in a rectangular region of (x,y,z) = (0.0, 0.0, 0.0) and
(x,y,2) = (540.0, 270.0, 1.0) (Figure 4.15). Initially, the concentration is zero throughoutitimreokimterest.
The concentration of 1.0 is maintained at x = 0.0 and 9& 180 (Figure 4.15).A concentration of 0.0 is
maintained at x = 0.0 and 0.0 <y < 90.0 or 180.0 <y < 270.0 (Figure 4.15). A natural condition is imposed
at x = 540. Abulk density of 1.2, a longitudinal dispersivity of 10.0, and a lateral dispersivity of 1.0 are
assumed. A specific discharge (Darcy's velocity) of 2.0 is used and a moisture content of 0.2 is assumed. The
region is divided into 9 x 9 x 1 = 81 elements resulting in 10 x 10 x 2 = 200 nodes (Figure 4.16). The element
size is 60.0 x 30.0 x 1.0. A time-step size of 4.5 is used and a 40 time-step simulation is made to illustrate how

to use 3ADFATMIC. No adsorption is allowed.
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5

Figure 4.15 Problem definition and sketch for Example 5.

/
/ /
DO OO0 S
1 11 21 31 1 51 1 71 1 1
Figure 4.16 Finite element discretization for Example 5.

To execute the problem, the maximum control-integers in the MAIN should be specified as:
————— For Example 1 through Example 5

PARAMETER(MAXNPK=2079,MAXELK=1600,MXBNPK=999,MXBESK=999,
> MXTUBK=3008,MXADNK=maxnpk+0)
PARAMETER(MXJBDK=35,MXKBDK=8,MXNTIK=100,MXDTCK=4)
PARAMETER(LTMXNK=693,LMXNPK=231,LMXBWK=49,MXRGNK=9)
PARAMETER(MXMATK=8,MXSPMK=5MXMPMK=9)

———————— 2. For flow source/sink, boundary conditions, and materials
PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=4, MXWPRh=2,MXWDPh=3)
PARAMETER(MXCNPh=110,MXCESh=90,MXCPRh=1,MXCDPh=2)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=198, MXVESh=170,MXVPRh=2,MXVDPh=4)
PARAMETER(MXDNPh=165,MXDPRh=11,MXDDPh=2)

-------- 3. For transport source/sink, boundary conditions, and materials
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PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=4,MXWPRc=2,MXWDPc=5)
PARAMETER(MXCNPc=55,MXCESc=40,MXCPRc=2,MXCDPc=4)
PARAMETER(MXNNPc=11,MXNESc=4,MXNPRc=1,MXNDPc=2)
PARAMETER(MXVNPc=638,MXVESc=560,MXVPRc=1,MXVDPc=2)
PARAMETER(MXDNPc=70,MXDPRc=6,MXDDPc=2)

C
PARAMETER(MXNCCK=2)

C
PARAMETER(MXLSVK=500,MXMSVK=500,MXKGLDK=2000,MXNDBK=2000)
PARAMETER(MXNEPK=20,MXEPWK=20)
PARAMETER(MXNPWK=99, MXELWK=27, mxnpws=1331,mxelws=1000)
PARAMETER(MXNPFGK=2900,MXKGLK=2800)

C

Figure 4.17 depicts the 50% concentration contours at various times. It illustrates how the pollutant

is moving through the medium with time.
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Figure 4.17 Contours of 50% concentration at various times
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4.10 Input and Output for Example 5
Table 4.9 lists the input parameters and Table 4.10 shows the input data set for the problem described

in the above section. To save space, the output is available in electronic form.

129



Table 4.9 The list of input parameters for Example 5

Parameters Notation in the dafa Valug Unit Data [set
input guide
number of points NNP 200 Dimensionless 7. A
AX XAD 60 cm 7.B.
Ay YAD 30 cm 7. B.
AZ ZAD 1 cm 7. B.
Ky, RKD(1) 0 cm /g 5. F.
oy PROPt(1,1) 1.2 glen? 5. E.
o PROPt(1,2) 10.0 cm 5. E.
o PROPt(1,3) 1.0 cm 5. E.
D GRATE(1) 0.0 1/day 5. H.
u,? GRATE(2) 0.0 1/day 5. H.
s GRATE(3) 0.0 1/day 5. H.
1@ GRATE(4) 0.0 1/day 5. H.
no. of elements NEL 81 dimensionless 9. A
0 TH 0.2 dimensionless 25. B.
V, VZ 2.0 cm/day 25. A.
no. of subregion NREGN 2 dimensionless 8. A
no. of points in each subregion NODES 100 dimensionlesis 8.|B.
initial time step size DELT 4.5 day 4. B.
time step size increment percentage CHNG 0 dimensionlegs 4{(B.
maximum time step size DELMAX 4.5 day 4. B.
no. of times to reset time step size NDTCHG 0 dimensionlegs 4.|A.
Total simulation time TMAX 180 day 4. B.
no. of time steps NTI 40 dimensionless 4. A
tolerance for nonlinear iteration TOLBt 10 dimensionless 3. 4
relaxation factor for nonlinear iteration OMEt 1.0 dimensionlesy 2.
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Table 4.10 Input Data Set for Example 5

a1
—

wo-Dimensional Single Compoent Transport Problem; L=CM,T=DAY,M=G
===== DATA SET 2. OPTION PARAMETERS

.5D0 1.0d-4 NITRFT OMEFTF OMEFTT
02 KSSF KSST ILUMP IMID IPNTSF IPNTST
5d0 0.0do KGRAV WF OMEF OMIF
KVIT IWET IOPTIM ksorp Igrn miconf

0 d0 1.00D0 WT WVT OMET OMIT
===== DATA SET 3: ITERATION PARAMETERS

2.0d-2 2.0d-2 NITERF NCYLF NPITRF TOLAF TOLBF
50 900 1.0d-3 1.0d-4 NITERT NPITRT TOLAT TOLBT
===== DATA SET 4. TIME CONTROL PARAMETERS
40 0 NTI NDTCHG
4.50d0 0.00d0 4.5d0 1.8d2 DELT CHNG DELMAX TMAX
55000000005000000000500000000050000000005 KPRO KPR(1..NTI)
OOOOdOOO000000OOOOOOOOOOOOOOOOOOOOOOOOOOOO DSKO KDSK(1..NTI)

0.0d0
===== DATA SET 5. MATERIAL PROPERTIES
11 NMAT NMPPM

d0 10.0d0 1.0d0 0.0d0 1.0d0 0.0d0 1.0d0 0.0d0 PROPT
0
0

N

. . 00
. . .0 0.0 0.0
GRATE
7 YCOEFF
D-2 RTARDS Kso, Ksn
D

-5 RTARDO Ko, Kn

ro©CC

.
N

4 .0D-4 RTARDN Kpo, Kpn
1.0 75 SCOEFF gammao, gamman
0.0 0.0 ECOEFF alphao, alphan
0. DCOEFF lambdao, lambdan
.013D-4 3.0D-5 1.013D-4 SATURC GAMMAo, GAMMAN
. PCOEFF Epsilon

CWOooRPWWRr 500k E
FPooooooom

-
-
AO

0.0
COFK
===== DATA SET 6: SOIL PROPERTIES
1 0 1.0D0 1.0d0 1.0d0 KSP NSPPM KCP GRAV
0.000D0 THPROP
0.000D0 AKPROP
===== DATA SET 7: NODE COORDINATES
00 NNP
9 10 0.0D0 0.0D0 0.0D0 6.0D1 0.0D0 0.0DO
9 10 0.0D0 3.0D1 0.0D0 6.0D1 0.0D0 0.0D0
9 10 0.0D0 6.0D1 0.0D0 6.0D1 0.0D0 0.0DO
9 10 0.0D0 9.0D1 0.0D0 6.0D1 0.0D0 0.0D0
9 10 0.0D0 12.0D1 0.0D0 6.0D1 0.0D0 0.0DO
9 10 0.0D0 15.0D1 0.0D0 6.0D1 0.0D0 0.0D0
9 10 0.0D0 18.0D1 0.0D0 6.0D1 0.0D0 0.0DO
9 10 0.0D0 21.0D1 0.0D0 6.0D1 0.0D0 0.0D0
9 10 0.0D0 24.0D1 0.0D0 6.0D1 0.0D0 0.0DO
9 10 0.0D0 27.0D1 0.0D0 6.0D1 0.0D0 0.0D0O
9 10 0.0D0 0.0D0 1.0D0 6.0D1 0.0D0 0.0DO
9 10 0.0D0O 3.0D1 1.0D0 6.0D1 0.0D0 0.0D0
1039 10 0.0D0 6.0D1 1.0D0 6.0D1 0.0D0 0.0DO
1049 10 0.0D0 9.0D1 1.0D0 6.0D1 0.0D0 0.0D0O
1059 10 0.0D0 12.0D1 1.0D0 6.0D1 0.0D0 0.0D0O
106 9 10 0.0D0 15.0D1 1.0D0 6.0D1 0.0D0 0.0D0O
1079 10 0.0D0 18.0D1 1.0D0 6.0D1 0.0D0 0.0D0O
108 9 10 0.0D0 21.0D1 1.0D0 6.0D1 0.0D0 0.0D0O
1099 10 0.0D0 24.0D1 1.0D0 6.0D1 0.0D0 0.0D0O
1109 10 0.0D0 27.0D1 1.0D0 6.0D1 0.0D0 0.0D0O
00 00.0 0.0 0.0 0.0 0.0 0.0 END OF COORDINATES

OCO~NOUTPRWNEN
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===== DATA SET 8: SUBREGIONAL DATA

2 NREGN
1 1000
0 00 END OF NNPLR(K)
1 11
0 00 END OF GNLR(,1)
11011
0 00 END OFGNLR(,2)
===== DATA SET 9 : ELEMENT INCIDENCES
81 NEL
112 2 101111112102 1
12212 111121122 112
13222 121131132 122
14232 131141 142 132
15242 141151 152 142
62 52 151 161 162 152
7262 161171 172 162
8272 171181 182 172
9282 181191 192 182
00 00 O O00OENDOFIE
SET 10: MATERIAL CORRECTION
S

OCpprprprrpRrpRP
O~NOUIRWNR R
PRRRPRPRRP
©O~OUTAWN
PRP R
RPRRRRPRRR

|

I

I

@)
> O
o

T

>

NCM
===== DATA SET 11: INITIAL CONDITIONS
119 1 0.0D0O 0.0D0O 0.0
0 0 O 0.0 0.0 0.0 END OF IC FOR TRANSPORT
===== DATA SET 14: ELEMENT(DISTRIBUTED) SOURCE/SINK OF TRANSPORT

0000O0 NSELT NSPRT NSDPT KSAIT
===== DATA SET 15: POINT(WELL) SOURCE/SINK OF TRANSPORT
0000O0 NWNPT NWPRT NWDPT KWAIT
===== DATA SET 20: VARIABLE BOUNDARY CONDITIONS OF TRANSPORT
920120 NVEST NVNPT NRPRT NRDPT KRAIT
0.0D0 0.0DO 1.0D38 0.0D0 TCVBFT CVBFT
1 8 1 1 0
0 0 0 0O END OF IVTYPT
1 8 191 92192191 1 1 1 1
0O 0 0O O O 0OOOOOOENDOFISVT(@,1)J=1,4
1 9 1091 1
11 9 1191 1
0 0 O 0 END OF NPVBT

N

coo
N

25
OSon
l_\

NDNPT NDPRT NDDPT KDAIT
.0D0 1.0D38 1.0D0O TCDBFT CDBFT
.0d0 1.0d38 0.0d0
1

0
===== DATA SET 21: DIRICHLET BOUNDARY CONDITIONS OF TRANSPORT
0

NPDBT(1..NDNPT)

o UIN

ob~NCPrhrnphww
OppphRPPRPR

CORORRRLROUR

oLk
N
©o

0 END OF IDTYPT

SET 22: CAUCHY BOUNDARY CONDITIONS OF TRANSPORT
NCEST NCNPT NCPRT NCDPT KCAIT

SET 23: NEUMANN BOUNDARY CONDITIONS, TRANSPORT
NNEST NNNPT NNPRT NNDPT KNAIT

SET 24 : PARAMETERS CONTROLLING TRACKING SCHEME

112212

4

|
|

|

O

>

_|
o>

o

A

—

UOoU0o
o

>

C *%k%

>

or -
H

>N
_|
>q

SET 25: HYDROLOGICAL VARIABLES
.0D0 0.0DO 0.0 0.0 0.0 0.0

=
=
(o]
(]
=
N
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0 00 0.0 0.0 0.0 0.0 0.0 0.0 END OF X-VELOCITY
1801 0.2D0 0.0 0.0
0 00 0.0 0.0 0.0 END OF TH
0 ====== END OF JOB ======

4.11 Example 6: Two-Dimensional Multicomponent Transport in a Uniform Flow Field

This problem is used to illustrate the behavior of a dissolved organic plume undergoing natural
biodegradation in a uniform ground-water flow field. The kinetic and microbial parameters for the simulation
are the same as those published by Macquarrie et al. (1990). But with the different setup of governing
equations in the system, the equivalent parameters in 3DFATMIC are adjusted and shown 4n1Table
Figure 4.18 shows the x-z cross section of the region of interest and the remaining transport parameters.
Substrate and oxygen are assumed to be at 0 and 3.5 mg/L everywhere in the domain at time zero, respectively.
The initial condition is comprised of a square patch, which is placed far enough from the domain limits to
avoid boundareffects, and shown in Figure 4.18. The concentrations in the initial patch are 3 mg/L for
substrate and 1 mg/L for oxygen. The total background concentration of microbial #1 population is 0.23 mg/L
and the retardation factor associated with microbes is 1000. Although the nitrate, nutrient, microbe #2, and
microbe #3 are included in the input data, the simulations for these four components are not performed.
Therefore, the initial and boundary conditidosthese four components are set to zero in the input data file.
Because ofhe implementation of the developed Lagrangian-Eulerian finite element numerical scheme with

adapted local refinement, the Courant and Peclet criteria are not needed. Therefore, the nodal spacing is

greater than that specified by Macquarrie et al. and shown in Figure 4.19.
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Figure 4.18 The x-z crosssection of region of interest and the associated physical parameters.
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Figure 4.19 The discretization of the region of interest
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To execute the problem, the maximum control-integers in the MAIN should be specified as
C----- For Example 6 &Example 8

PARAMETER(MAXNPK=2288,MAXELK=1800,MXBNPK=1999,MXBESK=1999,
> MXTUBK=2640,MXADNK=maxnpk+14000)
PARAMETER(MXJBDK=85,MXKBDK=8,MXNTIK=100,MXDTCK=4)
PARAMETER(LTMXNK=693,LMXNPK=231,LMXBWK=49, MXRGNK=11)
PARAMETER(MXMATK=1,MXSPMK=2,MXMPMK=7)

C--mmm- 2. For flow source/sink, boundary conditions, and materials

PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=1,MXWPRh=1,MXWDPh=1)
PARAMETER(MXCNPh=1,MXCESh=1,MXCPRh=1,MXCDPh=1)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=1,MXVESh=1,MXVPRh=1,MXVDPh=1)
PARAMETER(MXDNPh=1,MXDPRh=1,MXDDPh=1)

C - 3. For transport source/sink, boundary conditions, and materials

PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=1,MXWPRc=1,MXWDPc=1)
PARAMETER(MXCNPc=1,MXCESc=1,MXCPRc=1,MXCDPc=1)
PARAMETER(MXNNPc=1,MXNESc=1,MXNPRc=1,MXNDPc=1)
PARAMETER(MXVNPc=143,MXVESc=120,MXVPRc=1,MXVDPc=2)
PARAMETER(MXDNPc=143,MXDPRc=2,MXDDPc=2)

C
PARAMETER(MXNCCK=7)

C
PARAMETER(MXLSVK=5000,MXMSVK=5000,MXKGLDK=29999,MXNDBK=9999)
PARAMETER(MXNEPK=1,MXEPWK=1)
PARAMETER(MXNPWK=48 MXELWK=15, mxnpws=1,mxelws=1)
PARAMETER(MXNPFGK=260000,MXKGLK=140000)

C

4.12 Input and Output for Example 6
Table 4.11 lists the input parameters and Table 4.12 shows the input data set for the sample problem

described in the above section. The output isavailable in electronic form.

Table 4.11 The list of input parameters for Example 6

Parameters Notation in the data Value Unit Data se
input guide
number of points NNP 416 Dimensionless 7. A.
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aX XAD 3.0 (except m 7.B.
arround x =
5.0)

AY YAD 0.5 7. B.
AZ ZAD 0.5 7. B.
o PROP(1,2) 0.81 m 5. E.
o PROP(1,3) 5.0x19) m 5. E.
D, PROP(1,4) 8.05x10 fn /day 5. E.
Ky RKD(1) 1000 nf /mg 5. F.
Koy RKD(4) 0.4 n? /mg 5. F.
e GRATE(1) 0.21 1/day 5. H.
0@ GRATE(2) 0..0 1/day 5. H.
e GRATE(3) 0.0 1/day 5. H.
e GRATE(4) 0.0 1/day 5. H.
Y O YCOEFF(1) 0.426 mg/mg 5. H.
Y@ YCOEFF(2) 0.17 mg/mg 5. H.
Y © YCOEFF(3) 0.4 mg/mg 5. H.
Y,© YCOEFF(4) 0.17 mg/mg 5. H.
K O RTARDS(1) 654 mg/n? 5. H.
K@ RTARDS(2) 0.018 mg/n? 5. H.
K. O RTARDS(3) 0.018 mg/n? 5. H.
K, RTARDS(4) 0.018 mg/n? 5. H.
KW RTARDO(1) 1.0x16 mg/n? 5. H.
K@ RTARDO(2) 2.0x10 mg/n? 5. H.
K. RTARDO(3) 3.0x10 mg/n? 5. H.
K.© RTARDO(4) 2.0x10 mg/n? 5. H.
K, ® RTARDN(1) 3.0x10' mg/n? 5. H.
K@ RTARDN(2) 0.0 mg/r? 5. H.
K, RTARDN(3) 0.0 mg/r? 5. H.
K, RTARDN(4) 0.0 mg/r? 5. H.
A SCOEFF(1) 7.044 dimensionless 5. H.
y @ SCOEFE(2) 0.0 dimensionless 5. H.
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A SCOEFF(3) 0.0 dimensionless 5. H.
A SCOEFF(4) 0.0 dimensionless 5. H.
o, ECOEFF(1) 0.0 dimensionless 5. H.
o,® ECOEFF(2) 0.0 dimensionless 5. H.
o, ECOEFF(3) 0.0 dimensionless 5. H.
o, ECOEFF(4) 0.0 dimensionless 5. H.
A DCOEFF(1) 0.0 1/day 5. H.
1,2 DCOEFF(2) 0.0 1/day 5. H.
A, DCOEFF(3) 0.0 1/day 5. H.
1,0 DCOEFF(4) 0.0 1/day 5. H.
ro SATURC(1) 0.0 mg/n? 5. H.
r® SATURC(2) 0.0 mg/n? 5. H.
re® SATURC(3) 0.0 mg/n? 5. H.
re® SATURC(4) 0.0 mg/n? 5. H.
€W PCOEFF(1) 0.0 dimensionless 5. H.
€,® PCOEFF(2) 0.0 dimensionless 5. H.
€,® PCOEFF(3) 0.0 dimensionless 5. H.
€,® PCOEFF(4) 0.0 dimensionless 5. H.
K, COFK 0.0 mg/n? 5. H.
no. of elements NEL 180 dimensionless 9. A
no. of subregion NREGN 2 dimensionless 8. A.
no. of points in each NODES 208 dimensionless| 8. B.
subregion
Velocity V, 0.09 m/day 25, A.
transient-state for transport KSSt 1 dimensionlesy 2. B.
initial time step size DELT 2.0 day 4. B.
time step size increment CHNG 0 dimensionlesq 4. B.
percentage
maximum time step size DELMAX 2.0 day 4. B.
no. of times to reset time ste NDTCHG 0 dimensionles 4. A
size
Total simulation time TMAX 200 day 4. B.
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no. of time steps NTI 100 dimensionless 4. A.
tolerance for transport TOLBt 1x10 dimensionless 3.B.
nonlinear iteration
relaxation factor for transpor OMEt 1.0 dimensionless 2. E.
nonlinear iteration
Pw RHO 10 mg/ni 5.B. & 6.A.
K, VISC 94832640 mg/m/day 5.B. & 6.A.
g GRAV 7.316x10° m/da¥y 6.A.

Table 4.12 Input Data Set for Example 6

6 Two-D Multicomponent Transport in a Uniform Flow Field: mg,m,day
===== DATA SET 2: OPTION PARAMETERS

5DO 1.0D-4 NITRFT OMEFTF OMEFTT
10010011 KSSFKSSTILUMP IMID IPNTSF IPNTST
1.0d0 1.0d0 0.0d0 KGRAV WF OMEF OMIF
011 KVIT IWET IOPTIM KSORP LGRAN
1.0d0 1.0d0 1.0d0 WT WVT OMET OMIT
===== DATA SET 3: ITERATION PARAMETERS
50 20 100 1.0d-2 1.0d-2 NITERF NCYLF NPITRF TOLAF TOLBF
500 100 1.0d-2 1.0d-4 NITERT NPITRT TOLAT TOLBT ALLOW
===== DATA SET 4: TIME CONTROL PARAMETERS
100 O NTI NDTCHG
2.0d0 0.00d0 2.0d0 2.0d2 DELT CHNG DELMAX TMAX
55 0 0 0 0 5 0 0
5

0 0
1 1
0 1
0.0d0
===== DATA SET 5: MATERIAL PROPERTIES
1771 NMAT NMPPM

1.00d0 8.1d-1 5.0d-3 8.05D-51.0d0 0.0d0 1.0d0 PROPT
1.0d3 0.0d0 0.0 0.4D0O 0.0DO 0.0DO 0.0DO

0.0d0 0.0d0 0.0 0.0 0.0 0.0 0.0
0.21 0.0 0.0 0.0 GRATE
0.426 0.17 0.4 0.17 YCOEFF
6.54D2 1.8D-2 1.8D-2 1.8D-2 RTARDS Kso, Ksn
1.0D2 2.0D-5 3.0D-5 2.0D-5 RTARDO Ko, Kn
0.0d0 0.0DO 0.0 0.0D0 RTARDN Kpo, Kpn
7.044 0.0 0.0 0.0 SCOEFF gammao, gamman
0.0 0.0 0.0 0.0 ECOEFF alphao, alphan
0.0 0.0 0.0 0.0 DCOEFF lambdao, lambdan
0.0D0 0.0D0 0.0D0 0.0DO0  SATURC GAMMAo, GAMMAN
0.0 0.0 0.0 0.0 PCOEFF Epsilon
0.0do COFK
===== DATA SET 6: SOIL PROPERTIES
1 2 0 1.0d0 9.8D0 1.0DO KSP NSPPM KCP GRAV
-1000.0 1000.0 PRESSURE
0.1 0.1 WATER CONTENT
1.0 1.0 RELATIVE CONDUCTIVITY
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DATA SET 7: NODE COORDINATES

0.0

™ ™ ™ ™ ™ ™
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o
w
o
o
o
o

. . 0.0 END OF COORDINATES
- ELEMENT INCIDENCES
L

=
o
Z

E
14 222 209 2 15 223 210 13
15 223 210 3 16 224 211 13
16 224 211 4 17 225 212 13
17 225 212 5 18 226 213 13
226 213 6 19 227 214 13
19 227 214 7 20 228 215 13
20 228 215 8 21 229 216 13
21 229 216 9 22 230 217 13
22 230 217 10 23 231 218 13
10 14 12 10 23 231 218 11 24 232 219 13
11 14 12 11 24 232 219 12 25 233 220 13
12 14 12 12 25 233 220 13 26 234 221 13
0O 0O 0OOOO 0O O O O O OENDOFIE
===== DATA SET 10: MATERIAL CORRECTION
0 NCM
===== DATA SET 11 : INITIAL CONDIDTIONS
1 415 1 2.3D-2 0.0DO 0.0DO
0 O 0 0.0DO 0.0DO 0.0DO0
1 415 1 0.0D0 0.0D0O 0.0DO
0 O 0 0.0DO 0.0DO 0.0DO0
1 415 1 0.0D0O 0.0D0O 0.0DO
0 0O 0 0.0D0O 0.0DO 0.0DO0
1
1
2
3
3
2

OCO~NOUOBRWNEF O
H
~
H
N
OCONOOUOITRRWNBE
|_\
0]

16 1 0.0DO 0.0DO 0.0DO
4 1 3.0d30.0d0 0.0d0
7 1 0.0d0 0.0d0 0.0d0
4 1 3.0d30.0d0 0.0d0
9 1 0.0d0 0.0d0 0.0dO
0d3 0.0d0 0.0d0
0d0 0.0d0 0.0d0
0d3 0.0d0 0.0d0
1 0.0d0 0.0d0 0.0dO
0.0d0 0.0d0 0.0d0
D3 0.0D0 0.0DO0
d0 0.0d0
d0 0.0d0
d0 0.0d0
0.0d0 0.0d0
.0d0 0.0d0
.0d0 0.0d0
.0d0 0.0d0

0
3.
0.
3.

0
0
0

ouIo Ul

d30
d30
d30
5d3

0
0
0
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244 172 1 3.5d3 0.0d0 0.0d0
0.0d0 0.0d0 0.0dO
1 0.0d0 0.0d0 0.0d0
0.0d0 0.0d0 0.0dO
1 0.0d0 0.0d0 0.0d0
0 0.0d0 0.0d0 0.0dO
===== DATA SET 14: ELEMENT(DISTRIBUTED) SOURCE/SINK OF TRANSPORT
0000 NSELT NSPRT NSDPT KSAIT
===== DATA SET 15: POINT(WELL) SOURCE/SINK OF TRANSPORT
0000 NWNPT NWPRT NWDPT KWAIT
===== DATA SET 20: VARIABLE BOUNDARY CONDITIONS OF TRANSPORT
1226 120 NVEST NVNPT NRPRT NRDPT KRAIT
0.0D0 0.0D0 1.0D38 0.0DO
11110
0 00O

0
15

0
15

FPororororororor
o
o
o
o

11 1 196 404 405 197 1 111
0O 0000 O OOOCOO
112 119 1
1

1

00 0O

===== DATA SET 21: DIRICHLET BOUNDARY CONDITIONS OF TRANSPORT
220 NDNPT NDPRT NDDPT KDAIT

.0D0 0.0D0 1.0D38 0.0D0

DO 3.5D3 1.0D38 3.5D3

RrOON
,;oo
-

-

-

===== DATA SET 22: CAUCHY BOUNDARY CONDITIONS OF TRANSPORT
00 00O NCEST NCNPT NCPRT NCDPT KCAIT

===== DATA SET 23: NEUMANN BOUNDARY CONDITIONS, TRANSPORT
000O00O0 NNEST NNNPT NNPRT NNDPT KNAIT

===== DATA SET 24 : PARAMETERS CONTROLLOING TRACKING SCHEME

0315111315 2

.0d-4 1.0d-4

===== DATA SET 25 : VELOCITY AND MOISTURE CONTENT
1 415 1 9.0D-2 0.0DO 0.0DO 0.0DO 0.0DO 0.0DO0
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0O 0 0 0.0DO 0.0DO 0.0DO 0.0DO 0.0DO 0.0DO0
1179 1 1.0D0O 0.0DO

0O 0 0 0.0DO 0.0DO

0 ====== END OF JOB ======
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Figure 4.20, Figure 4.21, and Figure 4.22 show the simulation results of substrate, oxygen, and total microbial

mass distributions at 100 days and 200 days, respectively.

(a)
Substrate at Time = 100 Days (NXG=3,NZG=5)

(b)
Oxygen at Time = 100 Days (NXG=3,NZG=5)

3000
N 3 2000
1000

Figure 4.20 Dissolved plumes at 100 days: (a) substrate and (b) oxygen. Concentration isolines
are in micrograms per liter
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(a)
Substrate at Time = 200 Days (NXG=3,NZG=5)

(b)
Oxygen at Time = 200 Days (NXG=3,NZG=5)

2000
1000
N 3 3000

Figure 4.21 Dissolved plumes at 200 days: (a) substrate and (b) oxygen. Concentration isolines
are in micrograms per liter
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(@)

(b)

Microbe at Time = 100 Days (NXG=3,NZG=5)

Microbe at Time = 200 Days (NXG=3,NZG=5)

Figure 4.22 Total microbial mass distributions: (a) 100 and (b) 200 days. Concentration

isolines are in mg/1000 ém of aquifer material
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4.13 Example 7: Two-Dimensional Coupled Flow and Multicomponent Transport Problem

This problem is presented in "Deniicédition in nonhomogeneous laboratory scale aquifers: 5: user's
manual for the mathematical model LT3VSI" by G.A. Bachelor et al. reported in 1990. The example aquifer
used for this problem is 1.4 meters long with 15 nodes in the X direction, 1.6 meters thick with 17 nodes in
the Z direction, 1 meter wide in the Y direction, and shown in Figure 4.23 and Figure 4.24. This aquifer has
8 different materials, two injection wells at (0.1,0.0,0.1) and (0.1,1.0,0.1), and two extraction wells at
(2.3,0.0,1.5) and (1.3,1.0,1.5). The hydrological and microbial dynamical data are all from this report. The
initial condition of the flow field is obtained by simulating steady state of flow field without sources and sinks.
Then the flow field and concentration distribution are updated at each time step. There are two type of
microbes included in the system, say microbe #1 and microbe #3 with 177x10° Kg/m initially. The initial
concentrations of the chemicals are 5%10 Kg/m of substrate;*5x10 ®*Kg/m of oxyger, 5x168 Kg/m of
nitrate, and 3x1®Kg/m?® of nutrient. The daily injection and withdrawal rates of water are 3.75x10 and
3.75x1C¢° m, respectively. The total hydraulic head is 1.0 m at the upstream boundary AB (Figure 4.23) and
0.0 m at the downstream boundary CD (Figure 4.23). For transport simulation, variable boundary condition
is implemented at the downstream boundary CD (Figure 4.23) and 1777x1G¢ Kg/m of microbe #1,%1.77x10
Kg/m? of microbe #3, 1.5x10 KgAn of substrate, 5.0x10 Kg/m of oxygen, 50x10 *Kg/m of nitrate, and
3.0x10° Kg/m of nutrient influents through the upstream boundary. Because microbe #2 does not exist in
this environment, the initial and boundary conditions for this component is set to zersimthaion. This
problem is set up for 4 days simulation.

To execute the problem, the maximum control-integers in the MAIN should be specified as
C----- For Example7

PARAMETER(MAXNPK=510,MAXELK=224,MXBNPK=510,MXBESK=508,

> MXTUBK=3552, MXADNK=MAXNPK+20000)

PARAMETER(MXJBDK=45MXKBDK=8,MXNTIK=80,MXDTCK=1)

PARAMETER(LTMXNK=1,LMXNPK=1,LMXBWK=1,MXRGNK=1)
PARAMETER(MXMATK=8, MXSPMK=2,MXMPMK=8)
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2. For flow source/sink, boundary conditions, and materials

PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=4,MXWPRh=2,MXWDPh=3)
PARAMETER(MXCNPh=1,MXCESh=1,MXCPRh=1,MXCDPh=1)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=1,MXVESh=1,MXVPRh=1,MXVDPh=1)
PARAMETER(MXDNPh=68,MXDPRh=2,MXDDPh=2)

- 3. For transport source/sink, boundary conditions, and materials

PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=4,MXWPRc=2,MXWDPc=3)
PARAMETER(MXCNPc=55MXCESc=40,MXCPRc=2,MXCDPc=4)
PARAMETER(MXNNPc=11,MXNESc=4,MXNPRc=1,MXNDPc=2)
PARAMETER(MXVNPc=34,MXVESc=16,MXVPRc=1,MXVDPc=2)
PARAMETER(MXDNPc=34,MXDPRc=5MXDDPc=2)

PARAMETER(MXNCCK=7)
PARAMETER(MXLSVK=5000,MXMSVK=5000,MXKGLDK=39900,MXNDBK=9600)
PARAMETER(MXNEPK=1,MXEPWK=1)

PARAMETER(MXNPWK=27, MXELWK=8, mxnpws=27,mxelws=8)
PARAMETER(MXNPFGK=190000,MXKGLK=99999)
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~—No flux for both flow
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(1.3,1.5
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1.0 flow
Variable
boundary
(7) for
transport
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No flux for both flow
and transport

(1) : material type 1

X: injection well

® : extraction well

Figure 4.23 The x-z crosssection of the region of interest.
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Figure 4.24 The Discretization of Example 7.

Because the soil pperties are input by tabular form, the specificcation of soil property functions in
subroutine SPFUNC is not needed.

4.14  Input and Output for Example 7

Table 4.13 lists the input parameters and Table 4.14 shows the input data set for the sample problem

described in the above section. The output is available in electronic form.

Table 4.13 The list of input parameters for Example 7

Parameters Notation in the data Value Unit Data se
input guide
number of points NNP 510 Dimensionless 7. A.
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AX XAD 0.1 m 7. B.
AY YAD 1.0 m 7. B.
AZ ZAD 0.1 m 7. B.
no. of materials NMAT 8 dimensionless 5. A
e GRATE(1) 4.0 1/day 5. H.
0@ GRATE(2) 0.0 1/day 5. H.
e GRATE(3) 4.0 1/day 5. H.
e GRATE(4) 2.5 1/day 5. H.
Y O YCOEFF(1) 0.4 Kg/Kg 5. H.
Y@ YCOEFF(2) 0.17 Kg/Kg 5. H.
Y © YCOEFF(3) 0.4 Kg/Kg 5. H.
Y,© YCOEFF(4) 0.17 Kg/Kg 5. H.
K O RTARDS(1) 0.018 Kg/m? 5. H.
K@ RTARDS(2) 0.018 Kg/m? 5. H.
K. O RTARDS(3) 0.018 Kg/m? 5. H.
K, RTARDS(4) 0.018 Kg/m? 5. H.
KW RTARDO(1) 3.0x10 Kg/m? 5. H.
K@ RTARDO(2) 2.0x10 Kg/m? 5. H.
K. RTARDO(3) 3.0x10 Kg/m? 5. H.
K.© RTARDO(4) 2.0x10 Kg/m? 5. H.
K, ® RTARDN(1) 3.0x10' Kg/m? 5. H.
K@ RTARDN(2) 3.0x10' Kg/m? 5. H.
K, RTARDN(3) 3.0x10' Kg/m? 5. H.
K, RTARDN(4) 3.0x10' Kg/m? 5. H.
A SCOEFF(1) 1.0 dimensionless 5. H.
v,? SCOEFF(2) 0.375 dimensionless 5. H.
A SCOEFF(3) 1.0 dimensionless 5. H.
A SCOEFF(4) 0.375 dimensionless 5. H.
o, ECOEFF(1) 0.004 dimensionless 5. H.
o,® ECOEFF(2) 0.002 dimensionless 5. H.
o ® ECOEFF(3) 0.004 dimensionless 5. H.
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o, ECOEFF(4) 0.002 dimensionless 5. H.
A0 DCOEFF(1) 0.02 1/day 5. H.
1@ DCOEFF(2) 0.02 1/day 5. H.
A DCOEFF(3) 0.02 1/day 5. H.
1,0 DCOEFF(4) 0.02 1/day 5. H.
r.o SATURC(1) 3.0x16 Kg/m? 5. H.
r® SATURC(2) 2.0x16 Kg/m? 5. H.
re® SATURC(3) 3.0x16 Kg/m? 5. H.
re SATURC(4) 2.0x16 Kg/m? 5. H.
€W PCOEFF(1) 0.05 dimensionless 5. H.
€,® PCOEFF(2) 0.021 dimensionless 5. H.
€,® PCOEFF(3) 0.05 dimensionless 5. H.
€,® PCOEFF(4) 0.021 dimensionless 5. H.
K. COFK 1.1x10¢ Kg/m? 5. H.
no. of elements NEL 224 dimensionless 9. A
no. of materials to be NCM 134 dimensionless 10. A.
corrected
ICP solver IPNTSf 3 dimensionless 2. B.
IPNTSt
steady-state for flow KSSf 0 dimensionless 2. B.
transient-state for transport KSSt 1 dimensionless 2. B.
initial time step size DELT 0.05 day 4. B.
time step size increment CHNG 0 dimensionlesq 4. B.
percentage
maximum time step size DELMAX 0.05 day 4. B.
no. of times to reset time ste NDTCHG 0 dimensionles$ 4. A.
size
Total simulation time TMAX 4 day 4. B.
no. of time steps NTI 80 dimensionless 4. A.
tolerance for flow nonlinear TOLAf 1x10 m 3. A
iteration
relaxation factor for flow OMEf 1.0 dimensionless 2.C

nonlinear iteration




tolerance for transport TOLBt 1x10 dimensionless 3.B.
nonlinear iteration
relaxation factor for transpor OMEt 1.0 dimensionless 2. E.
nonlinear iteration
Pw RHO 1000.0 Kg/m? 5.B. & 6.A.
K, VISC 948.3264 Kg/m/day 5.B. & 6.A.
g GRAV 7.316x10° m/da¥y 6.A.

Table 4.14 Input Data Set for Example 7

7 2-D Coupled Flow and Multicomponent Transport, L= M, M=KG, T=DAY
===== DATA SET 2: OPTION PARAMETERS

11010 IMOD,IGEOM,IBUG,ICHNG

1 0.5D0 1.0D-4 NITRFs, OMEFTS ALLOW

011033000 1 KSSf,KSSt,ILUMP,IMID,IPNTSf,IPNTSt,NSTRf,NSTRt,MICONF,IQUAR
1 1.0 1.0d0 0.5d0 0.0d0 KGRAV,Wf,OMEHf, OMIf

21011 KVIt,IWET,IOPTIM,KSORP,LGRAN

1.0d0 1.0d0 1.0d0 1.0d0 Wt,WVt,OMEt,OMIt WT WVT OMET OMIT
1 1.0d0 IEIGEN,GG

===== DATA SET 3: ITERATION PARAMETERS

50 20 999 1.0d-2 1.0d-2 NITERf,NCYLf,NPITER, TOLAf, TOLBf
50 200 1.0d-3 1.0d-4 NITERt,NPITERt, TOLAt, TOLBt

===== DATA SET 4: TIME CONTROL PARAMETERS

80 O NTI,NDTCHG

5.0d-2 0.00d0 5.0d-2 4.0d0 DELT,CHNG,DELMAX,TMAX

55 5 5 5 5 5 5 5

5

1 1 1 1 1 1 1 1

1

===== DATA SET 5: MATERIAL PROPERTIES
NMAT,NMPPM,NCC,IRXN
.0d0 1.0d-2 0.0D0 0.0D0 0.0D0 1.0D3 PROPT
.0d0 1.0d0 0.0DO0 0.0DO0 0.0D0 1.0D3 PROPf
.0d0 1.0d-1 0.0D0 0.0D0 0.0D0 1.0D3 PROPT
.0d0 3.16d-1 0.0D0 0.0D0 0.0D0 1.0D3 PROPf
.0d0 5.62d-2 0.0D0 0.0D0 0.0D0 1.0D3 PROPT
d0 3.16d-2 0.0D0 0.0D0 0.0D0 1.0D3 PROPf
O 0d0 1.00d-1 0.0D0 0.0D0 0.0D0 1.0D3 PROPf
.0d0 3.16d-1 0.0D0 0.0D0 0.0D0 1.0D3 PROPf

3 1.0d3 1.0d3 1.0d3 1.0d3 1.0d3  DINTS

0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 RHOMU
0 0.0d0 0.0 1.0d0 0.0d0 1.0dO PROPt
0.0d0 0.0d0 0.0d0 0.0d0 0.0d0  RKD

1.0d-2 1.0d-2 1.0d-2 1.0d-2 1.0d-2 TRANC
dO 0.0d0 0.0 1.0d0 0.0d0 1.0dO PROPT
0.0d0 0.0d0 0.0d0 0.0d0 0.0d0  RKD

0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 TRANC
.OdO 0.0d0 0.0 1.0d0 0.0d0 1.0dO PROPT
0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 RKD

1.0d-4 1.0d-4 1.0d-4 1.0d-4 1.0d-4 TRANC

'—\
Qoo OOOOOOH
o068 0%00088°8
ONOQ.

[cNeNeloNoN

oooowooo
oo

.OdO 0.0d0 0.0 1.0d0 0.0d0 1.0dO PROPT
0 0.0d0 0.0d0O 0.0d0 0.0d0 0.0d0  RKD

ORPPOPRPOORPPORPORPWRWAIWRRFEF g
ONOOOOOVOOMOOROROILPOOO
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0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 TRANC
1.4728d3 0.0d0 0.0d0 0.0 1.0d0 0.0d0 1.0dO PROPT
0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 RKD
0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 TRANC
1.5158d3 0.0d0 0.0d0 0.0 1.0d0 0.0d0 1.0dO PROPT
0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 RKD
0d-3 1.0d-3 1.0d-3 1.0d-3 1.0d-3 1.0d-3 1.0d-3 TRANC
124d3 0.0d0 0.0d0 0.0 1.0d0 0.0d0 1.0dO PROPT
d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 RKD
d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 TRANC
061d3 0.0d0 0.0d0 0.0 1.0d0 0.0d0 1.0dO PROPT
d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0  RKD
d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0 0.0d0  TRANC
GRATE
YCOEFF
D-2 RTARDS Kso, Ksn
D-5 RTARDO Ko, Kn
4 3.0D-4 RTARDN Kpo, Kpn
375 SCOEFF gammao, gamman
4 0.002 ECOEFF alphao, alphan
.02 DCOEFF lambdao, lambdan
.0
0

5
0
0
7
0
0
0
4

1.
1.
0.
0.
1.
0.
0.
4.
0.
1.
3.
3.
1.
0.
0.
3. D-5 2.0D-5 SATURC GAMMAo, GAMMAN
0.

8
0
0
0
0
0
0D
0

0 .021 PCOEFF Epsilon
1.1d-4 COFK
===== DATA SET 6: SOIL PROPERTIES
12 0 1.0d0 9.8D0 1.0D0 KSP,NSPPM,KCP,RHO,GRAV,VISC
-1000.0 1000.0 PRESUURE
-1000.0 1000.0
-1000.0 1000.0
-1000.0 1000.0
-1000.0 1000.0
-1000.0 1000.0
-1000.0 1000.0
-1000.0 1000.0

o

0.465 0.465 MOISTURE CONTENT
0.285 0.285

0.365 0.365

0.323 0.323

0.387 0.387

0.412 0.412

0.364 0.364

0.322 0.322

1.0 1.0 RELATIVE HYDRAULIC CONDUCTIVITY
1.0 1.0

1.0 1.0

1.0 1.0

1.0 1.0

1.0 1.0

1.0 1.0

1.0 1.0

0.0 0.0 D(THETA)/DH
0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

===== DATA SET 7: NODE COORDINATES
510 NNP

1 16 15 0.0 0.0 0.0 0.0 0.0 0.1

2 16 15 0.1 0.0 0.0 0.0 0.0 0.1
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gabhpE

OrRrOFrRrOFrROFrRPOFrROFRPORrRORFrO

62140
3144 0
3144 0
2160
2160
1150
1150
3170
3170
1180
1180
3147 0
3147 0
31150
71150
13146 0
23146 0
0000
===== DATA SET 11 : INITIAL CONDIDTIONS
IHTR
509 1 0.0d0 0.0d0 0.0d0 I.C. FOR FLOW
0 0 0.0D0O 0.0DO 0.0DO0
509 1 1.77D-4 0.0DO 0.0D0O I.C. FOR MICROBE 1
0 0 0.0D0O 0.0DO 0.0D0
509 1 0.0D0O 0.0DO 0.0DO0 I.C. FOR MICROBE 2
0 0 0.0D0O 0.0DO 0.0DO0
509 1 1.77D-4 0.0DO 0.0D0O I.C. FOR MICROBE 3
0 0 0.0D0O 0.0DO 0.0D0
509 1 5.0D-3 0.0D0 0.0DO I.C. FOR SUBSTRATE
0 0 0.0D0O 0.0DO 0.0D0
509 1 5.0D-3 0.0D0 0.0DO I.C. FOR OXYGEN
0 0 0.0D0O 0.0D0O 0.0D0
509 1 5.0D-3 0.0D0 0.0DO I.C. FOR NITRATE
0 0 0.0D0O 0.0DO 0.0D0
509 1 3.0D-3 0.0D0 0.0DO I.C. FOR NUTRIENT
0 0 0.0D0O 0.0DO 0.0DO0
===== DATA SET 12: ELEMENT(DISTRIBUTED) SOURCE/SINK OF FLOW
0000 NSELF,NSPRF,NSDPF,KSAIF
===== DATA SET 13: POINT(WELL) SOURCE/SINK OF FLOW
4230 NWNPF,NWPRF,NWDPF,KWAIF

0.0d0 0.0 1.0d-6 3.75d-3 1.0d38 3.75d-3
0.0d0 0.01.0d-6 -2.0d-3 1.0d38 -2.0d-3

17 239 272 494

11210

21220

00000

=== DATA SET 14: ELEMENT(DISTRIBUTED) SOURCE/SINK OF TRANSPORT
0000 NSELT,NSPRT,NSDPT,KSAIT

=== DATA SET 15: POINT(WELL) SOURCE/SINK OF TRANSPORT
4230 NWNPF,NWPRF,NWDPF,KWAIF

0.0d0 0.0 0.0d0 1.0d-6 3.75d-3 0.0d0 1.0d38 3.75d-3 0.0dO
0.0d0 0.0 0.0d0 1.0d-6 -2.0d-3 0.0d0 1.0d38 -2.0d-3 0.0dO

17 239 272 494

11210

21220

00000

11210

21220

000O00O

11210

21220

00000
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11210
21220
00000O0
11210
21220
00000O0
11210
21220
00000O0
11210
21220
00000
===== DATA SET 16: RAINFALL/EVAPORATION-SEEPAGE BOUNDARY CONDITIONS OF FLOW
00000 NVESF,NVNPF,NRPRF,NRDPF,KRAIF
===== DATA SET 17: DIRICHLET BOUNDARY CONDITIONS OF FLOW
68 220 NDNPF,NDPRF,NDDPF,KDAIF
0.0d0 1.0 1.0d38 1.0
0.0d0 0.0 1.0d38 0.0
116 11 15
18 16 1 256 15
35 16 1 15 15
52 16 1 27015
000O0 O
133 110
35 33 1 20
0 0 00O
===== DATA SET 18: CAUCHY BOUNDARY CONDITIONS OF FLOW
0 000O NCESF,NCNPF,NCPRF,NCDPF,KCAIF
===== DATA SET 19: NEUMANN BOUNDARY CONDITIONS, FLOW
00000 NNESF,NNNPF,NNPRF,NNDPF,KNAIF
===== DATA SET 20: VARIABLE BOUNDARY CONDITIONS OF TRANSPORT
1634120 NVESF,NVNPF,NVPRF,NVDPF,KVAIF
0.0d0 0.0d0 1.0d38 0.0d0
1151 1 0
0 0 0 0 0O endofirtyp
1151 1 0
0 0 0 0 O endofirtyp
1151 1 0
0 0 0 0 0O endofirtyp
1151 1 0
0 0 0 0 O endofirtyp
1151 1 0
0 0 0 0 0O endofirtyp
1151 1 0
0 0 0 0 0O endofirtyp
1151 1 0
0 0 0 0 O endofirtyp
1 15 1 15 27028530 15151515
0 0O 0OO0OOOO0O0O0O0O0 endfofisvt(j,i),j=1,4
1 16 1 15 15
18 16 1 27015
0 000O NVEST,NVNPT,NVPRT,NVDPT,NVAIT
===== DATA SET 21: DIRICHLET BOUNDARY CONDITIONS OF TRANSPORT
34 520 NDNPT,NDPRT,NDDPT,KDAIT
0.0 1.77d-4 1.0d38 1.77d-4
0.0 0.0 1.0d38 0.0
0.0 1.5d-2 1.0d38 1.5d-2
0.0 5.0d-3 1.0d38 5.0d-3
0.0 3.0d-3 1.0d38 3.0d-3
1 16 11 15
18 16 1 256 15
000O0 O
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===== DATA SET 22: CAUCHY BOUNDARY CONDITIONS OF TRANSPORT

0 00O0O NCEST,NCNPT,NCPRT,NCDPT,KCAIT
===== DATA SET 23: NEUMANN BOUNDARY CONDITIONS, TRANSPORT

000O00O0 NNEST,NNNPT,NNPRT,NNDPT,KNAIT
===== DATA SET 24 : PARAMETERS CONTROLLOING TRACKING SCHEME
11021221221211Z00M,IDZOOM,IEPC,NXA,NYA NZA,NXW,NYW,NZW ,NXD,NYD,NZD
.0d-4 1.0d-4 ADPEPS,ADPARM
0 ====== END OF JOB ======

Figure 4.25 depicts the simulation resultssefocity field and Figures 26a through 4.26¢ show

concentration contours of microbes, substrate and oxygen, and nitrate and nutrient, respectively.
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Figure 4.25 The velocity field at (a) time = 2 days and (b) time = 4 days
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Fig. 4.26a Concentration contours of microbe #1 and microbe #3 at time = 2 days and 4 days, respectively.
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Fig. 4.26b Concentration contours of substrate and oxygen at time = 2 days and 4 days, respectively.
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Fig. 4.26¢c Concentration contours of nitrate and nutrient at time = 2 days and 4 days, respectively.
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4.15 Example 8: Three-Dimensional Multicomponent Transport in a Uniform Flow Field

This problem is used to demonstrate the 3-D multicomponent transport behavior. The kinetic and
microbial parameters for the simulation are the same as those adopted by the previous example. The region
istakenas 0<x<45m,0<y<5m,and 0 <z <6 m and discretized to 15x10x12 = 1800 elements resulting
in 16x11x 13 = 228&odal points (Figure 4.27). The initial condition is comprised of a patch with
2mx1mx2m (Figure 4.27), which is placed far enough from the domain limits tolauandlary effects. The
concentrations in the initial patch are 3 mg/L for substrate and 1 mg/L for oxygen. The total background
concentration of microbial #1 population is 0.23 mg/L and the retardation factor associated with microbes is
1000. The boundary conditions and physical parameters are shown in Figure 4.18. Although the nitrate,
nutrient, microbe #2, anthicrobe # 3 must be included in the input data, the simulation for these four
components is not performed. Therefore, the initial and boundary conditions for these four components are

set to zero in the input data file.

Unit: meter
e 7 //5
///
D0 35 9 12 450
o’ A (3,2,2)
A B" B: (5,2,2)
C: (5,3,2)
D: (5,3,4)

Figure 4.27 The region of interest for Example 8

To execute the problem, the maximum control-integers in the MAIN should be specified as
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C---- For Example 6 & Example8

PARAMETER(MAXNPK=2288,MAXELK=1800,MXBNPK=1999,MXBESK=1999,
> MXTUBK=2640,MXADNK=maxnpk+14000)
PARAMETER(MXJBDK=85,MXKBDK=8,MXNTIK=100,MXDTCK=4)
PARAMETER(LTMXNK=693,LMXNPK=231,LMXBWK=49,MXRGNK=11)
PARAMETER(MXMATK=1,MXSPMK=2,MXMPMK=7)

C--mmm- 2. For flow source/sink, boundary conditions, and materials

PARAMETER(MXSELh=1,MXSPRh=1,MXSDPh=1,MXWNPh=1,MXWPRh=1,MXWDPh=1)
PARAMETER(MXCNPh=1,MXCESh=1,MXCPRh=1,MXCDPh=1)
PARAMETER(MXNNPh=1,MXNESh=1,MXNPRh=1,MXNDPh=1)
PARAMETER(MXVNPh=1,MXVESh=1,MXVPRh=1,MXVDPh=1)
PARAMETER(MXDNPh=1,MXDPRh=1,MXDDPh=1)

C - 3. For transport source/sink, boundary conditions, and materials

PARAMETER(MXSELc=1,MXSPRc=1,MXSDPc=1,MXWNPc=1,MXWPRc=1,MXWDPc=1)
PARAMETER(MXCNPc=1,MXCESc=1,MXCPRc=1,MXCDPc=1)
PARAMETER(MXNNPc=1,MXNESc=1,MXNPRc=1,MXNDPc=1)
PARAMETER(MXVNPc=143,MXVESc=120,MXVPRc=1,MXVDPc=2)
PARAMETER(MXDNPc=143,MXDPRc=2,MXDDPc=2)

C
PARAMETER(MXNCCK=7)

C
PARAMETER(MXLSVK=5000,MXMSVK=5000,MXKGLDK=29999,MXNDBK=9999)
PARAMETER(MXNEPK=1,MXEPWK=1)
PARAMETER(MXNPWK=48 MXELWK=15, mxnpws=1,mxelws=1)
PARAMETER(MXNPFGK=260000,MXKGLK=140000)

C

4.16  Input and Output for Example 8
Table 4.15 lists the input parameters and Table 4.16 shows the input data set for the sample problem

described in the above section. The output isavailable in electronic form.
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Table 4.15 The list of input parameters for Example 8

Parameters Notation in the data Value Unit Data se
input guide
number of points NNP 2288 Dimensionless 7. A
AX XAD 3.0 (except m 7. B.
arround x =
5.0)
N YAD 0.5 7.B.
AZ ZAD 0.5 7. B.
o PROP(1,2) 0.81 m 5. E.
0 PROP(1,3) 5.0x19 m 5. E.
D,, PROP(1,4) 8.05x10 fn /day 5. E.
Ky, RKD(1) 1000 ni /mg 5. F.
Ky RKD(4) 0.4 nt /mg 5. F.
D GRATE(1) 0.21 1/day 5. H.
u,? GRATE(2) 0..0 1/day 5. H.
1 GRATE(3) 0.0 1/day 5. H.
u,® GRATE(4) 0.0 1/day 5. H.
Y. YCOEFF(1) 0.426 mg/mg 5. H.
Y @ YCOEFF(2) 0.17 mg/mg 5. H.
Y ® YCOEFF(3) 0.4 mg/mg 5. H.
Y ® YCOEFF(4) 0.17 mg/mg 5. H.
K. D RTARDS(1) 654 mg/n? 5. H.
K@ RTARDS(2) 0.018 mg/n? 5. H.
K@ RTARDS(3) 0.018 mg/n? 5. H.
K,® RTARDS(4) 0.018 mg/n? 5. H.
K,® RTARDO(1) 1.0x10 mg/m? 5. H.
K,® RTARDO(2) 2.0x10 mg/m? 5. H.
K RTARDO(3) 3.0x10 mg/m? 5. H.
K,® RTARDO(4) 2.0x10 mg/m? 5. H.
K, RTARDN(1) 3.0x10¢ mg/m? 5. H.
K2 RTARDN(2) 0.0 mg/n? 5. H.
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K,.® RTARDN(3) 0.0 mg/n? 5. H.
K, ® RTARDN(4) 0.0 mg/n? 5. H.
v .Y SCOEFF(1) 7.044 dimensionless 5. H.
v,? SCOEFF(2) 0.0 dimensionless 5. H.
A SCOEFF(3) 0.0 dimensionless 5. H.
A SCOEFF(4) 0.0 dimensionless 5. H.
o, ECOEFF(1) 0.0 dimensionless 5. H.
o,® ECOEFF(2) 0.0 dimensionless 5. H.
o, ECOEFF(3) 0.0 dimensionless 5. H.
o, ECOEFF(4) 0.0 dimensionless 5. H.
A DCOEFF(1) 0.0 1/day 5. H
1,2 DCOEFF(2) 0.0 1/day 5. H.
A, DCOEFF(3) 0.0 1/day 5. H.
1,0 DCOEFF(4) 0.0 1/day 5. H.
ro SATURC(1) 0.0 mg/n? 5. H.
r® SATURC(2) 0.0 mg/n? 5. H.
re® SATURC(3) 0.0 mg/n? 5. H.
re® SATURC(4) 0.0 mg/n? 5. H.
e PCOEFF(1) 0.0 dimensionless 5. H.
€,® PCOEFF(2) 0.0 dimensionless 5. H.
€,® PCOEFF(3) 0.0 dimensionless 5. H.
€,® PCOEFF(4) 0.0 dimensionless 5. H.
K, COFK 0.0 mg/n? 5. H.
no. of elements NEL 1800 dimensionless 9. A
no. of subregion NREGN 11 dimensionless 8. A.
no. of points in each NODES 208 dimensionless| 8. B.
subregion
Velocity V, 0.09 m/day 25. A.
transient-state for transport KSSt 1 dimensionlesy 2. B.
initial time step size DELT 2.0 day 4. B.
time step size increment CHNG 0 dimensionlesq 4. B.

percentage
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maximum time step size DELMAX 2.0 day 4. B.
no. of times to reset time step NDTCHG 0 dimensionles$ 4. A
size
Total simulation time TMAX 200 day 4. B.
no. of time steps NTI 100 dimensionless 4. A.
tolerance for transport TOLBt 1x10 dimensionless 3.B.
nonlinear iteration
relaxation factor for transpor OMEt 1.0 dimensionless 2. E.
nonlinear iteration
Pw RHO 10 mg/ni 5.B. & 6.A.
K, VISC 94832640 mg/m/day 5.B. & 6.A.
g GRAV 7.316x10° m/da¥y 6.A.

Table 4.16 Input Data Set for Example 8

8 3-d multicomponent transport in uniform flow field,mg,m,day

===== DATA SET 2: OPTION PARAMETERS
1010

)

===== DATA SET 3: ITERATION PARAMETERS
50201001
50 100 1.0d-

100 3 NTI NDTCHG

DO 1.0D-4 NITRFT OMEFTF OMEFTT
0000011 KSSFKSSTILUMP IMID IPNTSF IPNTST
1.0d0 1.0d0 0.0d0 KGRAV WF OMEF OMIF
11 KVIT IWET IOPTIM KSORP LGRAN

.0d0 1.0d0 1.0d0 WT WVT OMET OMIT

.0d-2 1.0d-2 NITERF NCYLF NPITRF TOLAF TOLBF
2 1.0d-4 NITERT NPITRT TOLAT TOLBT ALLOW
===== DATA SET 4: TIME CONTROL PARAMETERS

2.0d0 0.00d0 2.0d0 2.0d2 DELT CHNG DELMAX TMAX

0
1
1
.0d5 2.0d4 1.0D38 TDTCH
===== DATA SET 5: MATERIAL PROPERTIES
771 NMAT NMPPM

RPORrO

GRATE
YCOEFF

55 0 0 0 0 5 0 0
5

-2 1.8D-2 1.8D-2 RTARDS Kso, Ksn

3.0D-5 2.0D-5 RTARDO Ko, Kn

0.0D0 0.0DO RTARDN Kpo, Kpn

0.0 SCOEFF gammao, gamman

0.0 ECOEFF alphao, alphan
DCOEFF lambdao, lambdan

0.0D0 0.0D0 SATURC GAMMAo, GAMMAN
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21180 0 5.0 5.0 55 0.0 0.0 0.0
213112 13 9.0 5.0 5.5 3.0 0.0 0.0
20931 13 0.0 5.0 6.0 3.0 0.0 0.0
21190 0 5.0 5.0 6.0 0.0 0.0 0.0
213212 13 9.0 5.0 6.0 3.0 0.0 0.0
00000 00 00 00 0.0 0.0ENDOF COORDINATES
===== DATA SET 8: SUBREGIONAL DATA
11 NREGN
1 10 1208 O
0 00 00O END OF NNPLR(K)
1207 1 1 1
0 00 00O END OF GNLR(l,1)
1207 1209 1
0 00 0O END OF GNLR(1,2)
1207 1417 1
0 00 00O END OF GNLR(I,2)
1207 1625 1
0 00 0O END OF GNLR(I,2)
1207 1833 1
0 00 0O END OF GNLR(I,2)
1207 11041 1
0 00 0O END OF GNLR(I,2)
1207 11249 1
0 00 0O END OF GNLR(I,2)
1207 11457 1
0 00 0O END OF GNLR(I,2)
1207 1 1665 1
0 00 0O END OF GNLR(I,2)
1207 11873 1
0 00 0O END OF GNLR(I,2)
1207 12081 1
0 00 00O END OF GNLR(I,2)

===== DATA SET 9 : ELEMENT INCIDENCES

1800 NEL

1 14 12 1 14 222 209 2 15 223 210 13
2 14 12 2 15 223 210 3 16 224 211 13
3 14 12 3 16 224 211 4 17 225 212 13
4 14 12 4 17 225 212 5 18 226 213 13
5 14 12 5 18 226 213 6 19 227 214 13
6 14 12 6 19 227 214 7 20 228 215 13
7 14 12 7 20 228 215 8 21 229 216 13
8 14 12 8 21 229 216 9 22 230 217 13
9 14 12 9 22 230 217 10 23 231 218 13

10 14 12 10 23 231 218 11 24 232 219 13
11 14 12 11 24 232 219 12 25 233 220 13
12 14 12 12 25 233 220 13 26 234 221 13

181
182
183
184
185
186
187
188
189
190
191
192
361
362
363
364

209 222
210 223
211 224
212 225
213 226
214 227
215 228
216 229
217 230
218 231
219 232
220 233
417 430
418 431
419 432
420 433

430
431
432
433
434
435
436
437
438
439
440
441
638
639
640
641

417
418
419
420
421
422
423
424
425
426
427
428
625
626
627
628

210
211
212
213
214
215
216
217
218
219
220
221
418
419
420
421

223
224
225
226
227
228
229
230
231
232
233
234
431
432
433
434

431
432
433
434
435
436
437
438
439
440
441
442
639
640
641
642

418
419
420
421
422
423
424
425
426
427
428
429
626
627
628
629
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365
366
367
368
369
370
371
372
541
542
543
544
545
546
547
548
549
550
551
552
721
722
723
724
725
726
727
728
729
730
731
732
901
902
903
904
905
906
907
908
909
910
911
912
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1261
1262
1263
1264
1265
1266

421 434 642 629 422 435 643 630 13
422 435 643 630 423 436 644 631 13
423 436 644 631 424 437 645 632 13
424 437 645 632 425 438 646 633 13
425 438 646 633 426 439 647 634 13
426 439 647 634 427 440 648 635 13
427 440 648 635 428 441 649 636 13
428 441 649 636 429 442 650 637 13
625 638 846 833 626 639 847 834 13
626 639 847 834 627 640 848 835 13
627 640 848 835 628 641 849 836 13
628 641 849 836 629 642 850 837 13
629 642 850 837 630 643 851 838 13
630 643 851 838 631 644 852 839 13
631 644 852 839 632 645 853 840 13
632 645 853 840 633 646 854 841 13
633 646 854 841 634 647 855 842 13
634 647 855 842 635 648 856 843 13
635 648 856 843 636 649 857 844 13
636 649 857 844 637 650 858 845 13

833 846 1054 1041 834 847 10551042 13
834 847 1055 1042 835 848 1056 1043 13
835 848 1056 1043 836 849 1057 1044 13
836 849 1057 1044 837 850 1058 1045 13
837 850 1058 1045 838 851 1059 1046 13
838 851 1059 1046 839 852 1060 1047 13
839 852 1060 1047 840 853 1061 1048 13
840 853 1061 1048 841 854 1062 1049 13
841 854 1062 1049 842 855 1063 1050 13
842 855 1063 1050 843 856 1064 1051 13
843 856 1064 1051 844 857 1065 1052 13
844 857 1065 1052 845 858 1066 1053 13

1041 1054 1262 1249 1042 1055 1263 1250
1042 1055 1263 1250 1043 1056 1264 1251
1043 1056 1264 1251 1044 1057 1265 1252
1044 1057 1265 1252 1045 1058 1266 1253
1045 1058 1266 1253 1046 1059 1267 1254
1046 1059 1267 1254 1047 1060 1268 1255
1047 1060 1268 1255 1048 1061 1269 1256
1048 1061 1269 1256 1049 1062 1270 1257
1049 1062 1270 1257 1050 1063 1271 1258
1050 1063 1271 1258 1051 1064 1272 1259
1051 1064 1272 1259 1052 1065 1273 1260
1052 1065 1273 1260 1053 1066 1274 1261
1249 1262 1470 1457 1250 1263 1471 1458
1250 1263 1471 1458 1251 1264 1472 1459
1251 1264 1472 1459 1252 1265 1473 1460
1252 1265 1473 1460 1253 1266 1474 1461
1253 1266 1474 1461 1254 1267 1475 1462
1254 1267 1475 1462 1255 1268 1476 1463
1255 1268 1476 1463 1256 1269 1477 1464
1256 1269 1477 1464 1257 1270 1478 1465
1257 1270 1478 1465 1258 1271 1479 1466
1258 1271 1479 1466 1259 1272 1480 1467
1259 1272 1480 1467 1260 1273 1481 1468
1260 1273 1481 1468 1261 1274 1482 1469
1457 1470 1678 1665 1458 1471 1679 1666
1458 1471 1679 1666 1459 1472 1680 1667
1459 1472 1680 1667 1460 1473 1681 1668
1460 1473 1681 1668 1461 1474 1682 1669
1461 1474 1682 1669 1462 1475 1683 1670
1462 1475 1683 1670 1463 1476 1684 1671
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1267
1268
1269
1270
1271
1272
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632

1463 1476 1684 1671 1464 1477 1685 1672
1464 1477 1685 1672 1465 1478 1686 1673
1465 1478 1686 1673 1466 1479 1687 1674
1466 1479 1687 1674 1467 1480 1688 1675
1467 1480 1688 1675 1468 1481 1689 1676
1468 1481 1689 1676 1469 1482 1690 1677
1665 1678 1886 1873 1666 1679 1887 1874
1666 1679 1887 1874 1667 1680 1888 1875
1667 1680 1888 1875 1668 1681 1889 1876
1668 1681 1889 1876 1669 1682 1890 1877
1669 1682 1890 1877 1670 1683 1891 1878
1670 1683 1891 1878 1671 1684 1892 1879
1671 1684 1892 1879 1672 1685 1893 1880
1672 1685 1893 1880 1673 1686 1894 1881
1673 1686 1894 1881 1674 1687 1895 1882
1674 1687 1895 1882 1675 1688 1896 1883
1675 1688 1896 1883 1676 1689 1897 1884
1676 1689 1897 1884 1677 1690 1898 1885
1873 1886 2094 2081 1874 1887 2095 2082
1874 1887 2095 2082 1875 1888 2096 2083
1875 1888 2096 2083 1876 1889 2097 2084
1876 1889 2097 2084 1877 1890 2098 2085
1877 1890 2098 2085 1878 1891 2099 2086
1878 1891 2099 2086 1879 1892 2100 2087
1879 1892 2100 2087 1880 1893 2101 2088
1880 1893 2101 2088 1881 1894 2102 2089
1881 1894 2102 2089 1882 1895 2103 2090
1882 1895 2103 2090 1883 1896 2104 2091
1883 1896 2104 2091 1884 1897 2105 2092
1884 1897 2105 2092 1885 1898 2106 2093

0O 0O 0OOOO 0O O O O O OENDOFIE

DATA SET 10: MATERIAL CORRECTION

NCM

DATA SET 11 : INITIAL CONDIDTIONS

1 22871 2.3D-2 0.0D0 0.0D0
0 O 0 0.0DO 0.0DO 0.0D0
1 22871 0.0D0 0.0D0O 0.0DO
0 0O 0 0.0DO 0.0DO 0.0DO0
1 22871 0.0D0 0.0D0 0.0DO
0 0O 0 0.0DO 0.0DO 0.0DO0
1 848 1 0.0D0 0.0D0 0.0DO
8504 1 3.0d3 0.0d0 0.0d0

8557 1 0.0d0 0.0d0 0.0dO
8634 1 3.0d30.0d0 0.0d0
868 189 1 0.0d0 0.0d0 0.0dO
10584 1 3.0d3 0.0d0 0.0dO
10637 1 0.0d0 0.0d0 0.0dO
10714 1 3.0d3 0.0d0 0.0dO
1076 1891 0.0d0 0.0d0 0.0dO
1266 4 1 3.0d3 0.0d0 0.0dO
12717 1 0.0d0 0.0d0 0.0dO
12794 1 3.0d3 0.0d0 0.0d0
1284 1004 1 0.0d0 0.0d0 0.0dO
0 0 0 0.0d0 0.0d0 0.0dO

1 848 1 3.5D3 0.0D0 0.0DO
8504 1 1.0d30.0d0 0.0d0
8557 1 3.5d3 0.0d0 0.0dO
8634 1 1.0d30.0d0 0.0d0
868 189 1 3.5d3 0.0d0 0.0dO
10584 1 1.0d3 0.0d0 0.0dO
10637 1 3.5d3 0.0d0 0.0dO
10714 1 1.0d30.0d0 0.0dO
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1076 189 1 3.5d3 0.0d0 0.0dO
12664 1 1.0d3 0.0d0 0.0dO
12717 1 3.5d3 0.0d0 0.0d0
12794 1 1.0d3 0.0d0 0.0d0
1284 1004 1 3.5d3 0.0d0 0.0dO
0 0 0 0.0d0 0.0d0 0.0dO
122871 0.0d0 0.0d0 0.0dO
0 0 0 0.0d0 0.0d0 0.0dO
122871 0.0d0 0.0d0 0.0d0

0 0 0 0.0d0 0.0d0 0.0dO
===== DATA SET 14: ELEMENT(DISTRIBUTED) SOURCE/SINK OF TRANSPORT
0000 NSELT NSPRT NSDPT KSAIT
===== DATA SET 15: POINT(WELL) SOURCE/SINK OF TRANSPORT
0000 NWNPT NWPRT NWDPT KWAIT
===== DATA SET 20: VARIABLE BOUNDARY CONDITIONS OF TRANSPORT
120 1431 2 0 NVEST NVNPT NRPRT NRDPT KRAIT
0.0D0 0.0D0 1.0D38 0.0DO
11911 0
0 00O
11911 0
0 00O

OrRrOFrRPOFrRPOFRORFRORFrRORr
o
o
o
o

0 00O

111 1196 404 4051971 111
13 11 1 404 612 613 4051 111
2511 1612 820 821 6131 111
37 11 1 82010281029 821 1 111
49 11 11028123612371029 1 111
61 11 11236144414451237 1 111
73 11 11444165216531445 1 111
85 11 11652186018611653 1 111
97 11 11860206820691861 1 1 11
109 11 12068 2276 22772069 1 1 1 1
0O 0000 O OOOOO

112 119 1

1412 1 404 1

2712 1612 1

4012 1 820 1

5312 11028 1

6612 11236 1

7912 11444 1

9212 11652 1

10512 11860 1

11812 12068 1

13112 12276 1

000 OO
===== DATA SET 21: DIRICHLET BOUNDARY CONDITIONS OF TRANSPORT
143220 NDNPT NDPRT NDDPT KDAIT
0.0D0 0.0D0O 1.0D38 0.0D0

0.0DO 3.5D3 1.0D38 3.5D3

11211 1

14 12 1 2091

27 12 1 4171

40 12 1 6251
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53 12 1 8331

66 12 110411
79 12 112491
92 12 114571
105 12 116651
118 12 118731
131 12 120811

1

0

1

0

1

0

1142110

00 00O

1142120

00 00O

1142110

00000O

1142110

00000O

===== DATA SET 22: CAUCHY BOUNDARY CONDITIONS OF TRANSPORT
00000 NCEST NCNPT NCPRT NCDPT KCAIT

===== DATA SET 23: NEUMANN BOUNDARY CONDITIONS, TRANSPORT
00000 NNEST NNNPT NNPRT NNDPT KNAIT

===== DATA SET 24 : PARAMETERS CONTROLLOING TRACKING SCHEME

10222111222 2

-2 1.0d-2

===== DATA SET 25 : VELOCITY AND MOISTURE CONTENT

2287 1 9.0D-2 0.0D0 0.0DO 0.0DO 0.0DO 0.0DO0

0.0DO 0.0D0O 0.0DO 0.0DO 0.0D0O 0.0DO

1 1.0D0 0.0D0

0.0D0 0.0D0

0 ====== END OF JOB ====== 00000

7
0
1799
0

Figure 4.28, Figure 4.29, and Figure 4.30 show the simulation results of substrate, oxygen, and total microbial
mass distributions at 100 daasd 200 days on x-y crosssection, respectively. Figure 4.31, Figure 4.32, and
Figure 4.33 are the results of substrate, oxygen, and microbe dagy9@and®00days on x-z crosssection,

respectively.
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Substrate at Time = 100 Days (NXG=NYG=NzZG=2)

Figure 4.28 Dissolved plumes at 100 days: (a) substrate and (b) oxygen on x-y
crosssection. Concentrations isolines are in micrograms per liter
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Substrate at Time = 200 Days (NXG=NYG=NzZG=2)
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Oxygen at Time = 200 Days (NXG=NYG=NzZG=2)
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Figure 4.29 Dissolved plumes at 200 days: (a) substrate and (b) oxygen on x-y

X

crosssection. Concentrations isolines are in micrograms per liter
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Microbe at Time = 100 Days (NXG=NYG=NZG=2)
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Figure 4.30 Total microbial mass distributions: (a) 100 and (b) 200 days on x-y

crosssection. Concentrations isolines are in mg/liter of aquifer materials
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(b)

Substrate at Time = 100 Days (NXG=NYG=NzZG=2)

Oxygen at Time = 100 Days (NXG=NYG=NZG=2)

3 2000 3000
1000

Figure 4.31 Dissolved plumes at 100 days: (a) substrate and (b) oxygen on x-z

crosssection. Concentrations isolines are in micrograms per liter
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(@)

(b)

Substrate at Time = 200 Days (NXG=NYG=NzZG=2)

Oxygen at Time = 200 Days (NXG=NYG=NZG=2)

3 1000 2000 3000

Figure 4.32 Dissolved plumes at 200 days: (a) substrate and (b) oxygen on x-z
crosssection. Concentrations isolines are in micrograms per liter
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(a)
Microbe at Time = 100 Days (NXG=NYG=NZG=2)

(b)
Microbe at Time = 200 Days (NXG=NYG=NZG=2)

Figure 4.33 Total microbial mass distributions: (a) 100 and (b) 200 days on x-z
crosssection. Concentrations isolines are in mg/liter of aquifer materials
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APPENDIX A: Data Input Guide

*** Data sets 2 through 25 must be preceded by a record ***
*** containing description of the data set ***

TITLE
One record with FORMAT(15,A70) per problem. This record contains the following variables.
1. NPROB = Problem number.

2. TITLE = Title of the problem. It may contain up to 70 characters.

OPTION PARAMETERS

Seven lines of free-formatted data records are required for this data set.

A.Line I

1.1. IMOD = Integer indicating the simulation modes to be carried on. 0 = Do the initial variable
computation ONLY, for both flow and transport simulations. The purpose for this mode is
to verify the input data. 10 = Do the flow simulation ONLY; 1 = Do the transipouiation
only; 11 = Do both flow and transport simulations.

1.2. IGEOM = Integer indicating if (1) the geometry, boundary and pointer arrays are to be printed;
(2) the boundary and pointer arrays are to be computed or read via logical units. If to be
computed, they should be written on logical units. If IGEOM is an even numbenll (19t
be printed. If IGEOM is an odd number, (1) will be printedGEEOM is less than or equal
to 1, boundary arrays will be computed.

1.3. IBUG = Integer indicating if the diagnostic output is desired? 0 = No, nonzero = Yes.

1.4. ICHNG = Integer control number indicating if the cyclic change of rainfall-seepage nodes is to
be printed, =0, no = 1, yes.

B. Line 2

2.1. NITFTS = lteration numbers allowed for solving the coupled nonlinear equations for the steady-

state solutions. If the steady-state simulation is for either flow or transport only, then

the value of NITFTS must be set to 1.

2.2. OMEFTS = Iteration parameter for solving the coupled nonlinear equations for the steady-state
solutions.

2.3. ALLOW = The allowed factor for neglecting concentrations in a convergence test.
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C. Line 3

3.1. KSSf = Flow steady-state control, 0 = steady-state solution desired, 1 = transient state or transient

solutions.

3.2. KSSt = Transport steady-state control, 0 = steady-state solution desired, 1 = transient state or

transient solutions.

3.3. ILUMP =Is mass lumping? O = no, 1 = yes.

3.4. IMID = Is mid-difference? 0 = no, 1 = yes.

3.5. IPNTSf = matrix solver indicator for flow simulation:

0 = block iteration solver,

1 = successive iteration methods,

2 = polynomial preconditioned conjugate gradient methods,

3 = incomplete Cholesky preconditioned conjugate gradient methods.

3.6. IPNTSt = matrix solver indicator for transport simulation:

0 = block iteration solver,

1 = successive iteration methods,

2 = polynomial preconditioned conjugate gradient methods,

3 = incomplete Cholesky preconditioned conjugate gradient methods.

3.7. NSTRf = No. of logical records to be read via logical unit 11 for restarting calculation.

0 = No restart.

3.8. NSTRt = No. of logical records to be read via logical unit 12 for restarting calculation.

0 = No restart.

3.9. MICONF = Index of the simulation of microbial configuration:

0 = mobile microbes
1 = immobile microbes

3.10. IQUAR = Index of using quadrature for numerical integration:

D. Line 4

1 = Nodal quadrature for surface integration, Gaussian quadrature for element
integration,
2 = Nodal quadrature for surface integration, Nodal quadrature for element
integration,
3 = Gaussian quadrature for surface integration, Gaussian quadrature for element
integration,
Gaussian quadrature for surface integration, Nodal quadrature for element
integration.

IS
I

4.1. KGRAV = Gravity term control: 0 = no gravity term, 1 = with gravity term.



4.2.

4.3.

4.4.

4.5,

Wf = Time derivative weighting factor for flow simulations:
0.5 = Crank-Nicolson central,
1.0 = backward difference and/or mid-difference.

OMET = Iteration parameter for solving the nonlinear flow equation:
0.0 - 1.0 = under-relaxation,
1.0 - 1.0 = exact relaxation,
1.0 - 2.0 = over-relaxation.

OMIf = Relaxation parameter for solving the linearized flow matrix equation pointwisely or
blockwisely:
0.0 - 1.0 = under relaxation,
1.0 - 1.0 = exact relaxation,
1.0 - 2.0 = over relaxation.

CNSTKR = constraint on relative hydraulic conductivity:
0 = no constraint,
0.0001, 0.001, or 0.01 should be tried when nonconvergency occurs in solving the
nonlinear flow equation.

E. Line 5

5.1.

5.2.

5.3.

5.4.

5.5.

KVIt = Velocity input control:
-1 = card input for velocity and moisture content,
1 = steady-state velocity and moisture content will be calculated from steady-state
flow simulations,
2 = transient velocity and moisture content will be obtained from transient-flow
simulations.

IWET = Weighting function control which is used only if the conventional FEM is employed
to solve transport equations:
0 = Galerkin weighting,
1 = Upstream weighting.

IOPTIM = Optimization factor computing indicator which is used only if the conventional FEM
is employed to solve transport equations:
1 = Optimization factor is to be computed,
0 = optimization factor is to be set to -1.0 or 0.0 or 1.0 depending on the velocity.

KSORP = Sorption model control:
1 = linear isotherm, the only option used in this model.

LGRN = Lagrangian approach control: 0 = no, 1 = yes.

F. Line 6

6.1.

Wt = Time derivative weighting factor for transport simulations:
0.5 = Crank-Nicolson central,
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1.0 = backward difference and/or mid-difference.

6.2. WVt = Integration factor for velocity used only if the conventional FEM is employed to solve
transport equations; should be between 0.0 to 1.0.

6.3. OMEt = lteration parameter for solving the nonlinear transport equation; always used 1.0
because KSORP = 1.

6.4. OMIt = Relaxation parameter for solving the linearized transport matrix equation pointwisely
or blockwisely; used only the block iteration or the pointwise solver:
0.0 - 1.0 = under relaxation,
1.0 - 1.0 = exact relaxation,
1.0 - 2.0 = over relaxation.
G. Line 7 This line is needed if and only if IPNTSf or IPNTSt is greater than O.
7.1. IEIGEN = signal of parameter estimation for GG in the polynomial preconditioned conjugate
gradient method:
zero = not requested,
non-zero = requested.
7.2. GG = the upper bound on the maximum eigenvalue of the coefficient matrix used in the

polynomial preconditioned conjugate gradient method. When requested, GG is
usually set to 1.0.

ITERATION PARAMETERS

Two subsets of free-formatted data records are required for this data set, one for flow simulations, the
other for transport simulations.

A. subset 1For flow simulations -

1.1. NITERf = Number of iterations allowed for solving the non-linear flow equation.

1.2. NCYLf = No. of cycles permitted for iterating rainfall-seepage boundary conditions per time step.

1.3. NPITERf = No. of iterations permitted for solving the linearized flow equation using block or
pointwise iterative matrix solver.

1.4. TOLAS = Steady-state convergence criteria for flow simulations, (L).

1.5. TOLBf = Transient-state convergence criteria for flow simulations, (L).

B. subset 2For transport simulations -

2.1. NITERt = Number of iterations allowed for solving the non-linear transport equation.

2.2. NPITERt = No. of iterations for block or pointwise iteration to solve the linearized transport
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equation.
2.3. TOLAt = Steady-state convergence criteria for transport simulations.
2.4. TOLBt = Transient-state convergence criteria for transport simulations.

TIME CONTROL PARAMETERS
Five subsets of data records are required for this data set.

A. subset 1free format

1.1. NTI = Number of time steps or time increments.

1.2. NDTCHG = No. of times to reset time-step size to initial time-step size.
B. subset 2free format

2.1. DELT = Initial time step size, (T).

2.2. CHNG = Percentage of change in time-step size in each of the subsequent time increments,
(dimensionless in decimal point).

2.3. DELMAX = Maximum value of DELT, (T).
2.4. TMAX = Maximum simulation time, (T).
C. subset 3format = 8011
3.1. KPRO = Printer control for steady state and initial conditions;
0 = print nothing,
1 = print FLOW, FRATE, and TFLOW,
2 = print above (1) plus pressure head H,
3 = print above (2) plus total head,
4 = print above (3) plus moister content,
5 = print above (4) plus Darcy velocity.
3.2. KPR(l) = Printer control for the I-th (1 = 1, 2, ..., NTI) time step similar to KPRO.
D. subset 4format = 8011

4.1. KDSKO = Auxiliary storage control for steady state and initial condition:
0 = no storage, 1 = store on Logical Unit 11 (for flow output) or 12 (for transport output).

4.1. KDSK(I) = Auxiliary storage control for the I-th time step similar to KDSKO.
E. subset Sfree format

5.1. TDTCH(l,1) = Time when the I-th (I = 1, 2, ..., NDTCH) step-size-resetting is needed.
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5.2. TDTCH(l,2) = Time-step size of the first step of the I-th (I = 1, 2, ..., NDTCH)
step-size-resetting.

> NOTE: Two ways to terminate the execution: either NTI is reached first or TMAX is reached
first.

MATERIAL PROPERTIES
Four subsets of free-formatted data records are required for this data set.

A. subset 1

1.1. NMAT = Number of material types.

1.2. NMPPM = No. of material properties per matetiar. for the present version.

1.3. NCC = No. of components in the system. Since the kinetic reaction model is built in the program
accading to Eq. (2.9) through Eq. (2.15), NCC is assigned to 7 and IRXN is set to 1 if
the microbial-chemical Monod type reactions are involved. NCC can be 1 for the single
component simulation and NCC is equal to 2 by using stochiometric model which results
in IRXN = -1. NCC can be any value if users modify the kinetic model in the program
(Subroutine ADVRX).

1.4. IRXN = the index indicating the chemical-microbial kinetic reaction type. -1 refers to
stochiometric reaction; 1 indicates Monod type reaction.

The following three subdata sets ( B ~ D) are needed only if IMOD = 10 or IMOD = 11.

B. subset 2A total of NMAT records are needed per problem, one each for one material.

2.1.1. PROPI(l,1) = Saturated xx-conductivity or permeability of the medium I, (L/T or L**2).

2.1.2. PROPI(1,2) = Saturated yy-conductivity or permeability of the medium I, (L/T or L**2).

2.1.3. PROPI1(l,3) = Saturated zz-conductivity or permeability of the medium I, (L/T or L**2).

2.1.4. PROPI(1,4) = Saturated xy-conductivity or permeability of the medium I, (L/T or L**2).

2.1.5. PROPI1(l,5) = Saturated xz-conductivity or permeability of the medium I, (L/T or L**2).

2.1.6. PROPI1(l,6) = Saturated yz-conductivity or permeability of the medium I, (L/T or L**2).

2.1.7. PROPI(1,7) = Fluid density of the medium I, (L/T or L**2).

C. subset 3The intrinsic density for each component used in Eq. (2.2b).
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A total number of NCC parameters appears in this record. NCC is the total number of
components in the system.

3.1. DINTS(I) = intrinsic density (M/L**3) of the I-th component.
D. subset 4Coefficient for calculating dynamic viscosity used in Eg. (2.2c).
A total number of NCC parameters appears in this record. NCC is the total number of

components in the system.

4.1. RHOMU(I) = coefficient for calculating dynamic viscosity as a function of concentratfon, (L /M).

The following three subdata sets ( E~ H) are needed only if IMOD =1 or IMOD = 11.
Subdata sets E to G should be repeated NMAT times.

E. subset 5A total of NMAT records are needed per problem, one each for one material.
5.1. PROPt(l,1) = Bulk density, (M/L**3) for medium I.

5.2. PROP{(l,2) = Longitudinal dispersivity, (L), for medium I.

5.3. PROPI(l,3) = Lateral dispersivity, (L), for medium I.

5.4. PROPt(l,4) = Molecular diffusion coefficient, (L**2/T), for medium 1.

5.5. PROPt(1,5) = Tortuosity, (Dimensionless) for medium I.

5.6. PROPt(1,6) = Decay constant, (1/L) in medium I.

5.7. PROPt(I,7) = 0.0.

F. subset 6A total number of NCC parameters appears in this record. NCC is the total number of
components in the system.

6.1. RKD(1,J) = distribution coefficient of the J-th component in the I-th material.

G. subset 7A total number of NCC parameters appears in this record. NCC is the total number of
components in the system.

7.1. TRANC(I,J) = chemical transformation rate of the J-th component in the I-th material.

H. subset 8 MICROBE-CHEMICAL INTERACTION CONSTANTS
Eleven records of FREE-FORMATTED data are needed.

8.1. Record 1: Four parameters describing the specific growth rate of microbes (1/T) are needed in
this record. If there are no microbes in this system, the following four numbers have
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to be set to zeros.
(1) GRATE(1) = Maximum specifioxygen-based growth rate for microbe #1,%(u in Egs. (2.9) ~
(2) GRATE(2) izﬁ/}:i?fnum specific nitrate-based growth rate for microbe #%. (u in Egs. (2.9) ~
(3) GRATE(3) =(21\./I%':1xs))izﬁum specifioxygen-based growth rate for microbe #3,%(u  in Egs. (2.9) ~
(4) GRATE(®4) %zﬁ/}:%ifnum specific nitrate-based growth rate for microbe #8 (u in Egs. (2.9) ~
2.15)).

8.2. Record 2 : Four yield coefficients (M/MYye needed in this record and these four values cannot
be zeros.

(1) YCOEFF(1) = Yield coefficient for microbe #1 utilizing Oxygen..¥Y in Egs. (2.9) & (2.12)).

(2) YCOEFF(2) = Yield coefficient for microbe #2 utilizing Nitrate., ¥ in Egs. (2.9) & (2.12)).

(3) YCOEFF(3) = Yield coefficient for microbe #3 utilizing Oxygen.. Y in Egs. (2.9) & (2.12)).

(4) YCOEFF(4) = Yield coefficient for microbe #3 utilizing Nitrate., € in Egs. (2.9) & (2.12)).

8.3. Record 3: Four retarded substrate saturation constants (M/L ) are needed in this record.

(1) RTARDS(1) = Retarded substrate saturation constant under aerobic conditions with respect to
microbe #1. (K™ in Egs. (2.9) ~ (2.15)).

(2) RTARDS(2) = Retarded substrate saturation constant under anaerobic conditions with respect to
microbe #2. (K@ in Egs. (2.9) ~ (2.15)).

(3) RTARDS(3) = Retarded substrate saturation constant under aerobic conditions with respect to
microbe #3. (K® in Egs. (2.9) ~ (2.15)).

(4) RTARDS(4) = Retarded substrate saturation constant under anaerobic conditions with respect to
microbe #3. (K® in Egs. (2.9) ~ (2.15)).

8.4. Record 4: Four retarded Oxygen or Nitrate saturationasdagiM/L®) are needed in this record.

(1) RTARDO(1) = Retarded Oxygen saturation constant under aerobic conditions with respect to
microbe #1. (K in Egs. (2.9) ~ (2.15)).

(2) RTARDQ(2) = Retarded Nitrate saturation constant under anaerobic conditions with respect to
microbe #2. (K? in Egs. (2.9) ~ (2.15)).

(3) RTARDO(3) = Retarded Oxygen saturation constant under aerobic conditions with respect to
microbe #3. (K® in Egs. (2.9) ~ (2.15)).

(4) RTARDQ(4) = Retarded Nitrate saturation constant under anaerobic conditions with respect to
microbe #3. (K® in Egs. (2.9) ~ (2.15)).

8.5. Record 5: Four retarded nutrient saturation constants (M/L ) are needed in this record.

(1) RTARDN(1) = Retarded nutrient saturation constant under aerobic conditions with respect to
microbe #1. (K® in Egs. (2.9) ~ (2.15)).

(2) RTARDN(2) = Retarded nutrient saturation constant under anaerobic conditions with respect to
microbe #2. (K@ in Egs. (2.9) ~ (2.15)).

(3) RTARDN(3) = Retarded nutrient saturation constant under aerobic conditions with respect to
microbe #3. (K in Egs. (2.9) ~ (2.15)).

(4) RTARDN(4) = Retarded nutrient saturation constant under anaerobic conditions with respect to
microbe #3. (K® in Egs. (2.9) ~ (2.15)).

8.6. Record 6: Four Oxygen-use or Nitrate-use coefficients for synthesis are needed in this record.
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(1) SCOEFF(1) = Oxygen-use coefficient for synthesis by microbey® it Eq. (2.10)).
(2) SCOEFF(2) = Nitrate-use coefficient for synthesis by microbe #& it Eq. (2.11)).
(3) SCOEFF(3) = Oxygen-use coefficient for synthesis by microbew8. if Eq. (2.10)).
(4) SCOEFF(4) = Nitrate-use coefficient for synthesis by microbe #8 it Eq. (2.11)).

8.7. Record 7: Four Oxygen-use or Nitrate-use coefficients for energy are needed in this record.
(1) ECOEFF(1) = Oxygen-use coefficient for energy by microbe &J? i( Eq. (2.10)).

(2) ECOEFF(2) = Nitrate-use coefficient for energy by microbe #2? n Eq. (2.11)).

(3) ECOEFF(3) = Oxygen-use coefficient for energy by microbe &3? i( Eq. (2.10)).

(4) ECOEFF(4) = Nitrate-use coefficient for energy by microbe #32 (n Eq. (2.11)).

8.8. Record 8: Four microbial decay coefficients (1/T) are needed in this record.

(1) DCOEFF(1) =Microbial decay coefficient of aerobic respiration of micrétie (., in Egs.
(2.13) & (2.15)).

(2) DCOEFF(2) = Microbial decay coefficient of anaerobic respiration of microbed#2.in{ Egs.
(2.14) & (2.15)).

(3) DCOEFF(3) =Microbial decay coefficient of aerobic respiration of micrét3e (.. in Egs.
(2.13) & (2.15)).

(4) DCOEFF(4) = Microbial decay coefficient of anaerobic respiration of microbei8.ir( Egs.
(2.14) & (2.15)).

8.9. Record 9: Four Oxygen or Nitrate saturation constants’ (M/L ) for decay are needed in this record.
(1) SATURC(1) =Oxygen-saturation constant for decay with respect to migtabel,*) in Eq.
(2) SATURC(2§2=.1I(\JI)i'Zr.ate-saturation constant for decay with respect to migbd @ in Eq.
(3) SATU RC(3()2.=101>23/.gen-saturation constant for decay with respect to migt8bel’,® in Eq.
4) SATURC(4§2=.1I(\JI§'§r.ate-saturation constant for decay with respect to mig@bd.® in Eq.
2.11)).

8.10. Record 10: Four nutrient-use coefficients for the production are needed in this record.

(1) PCOEFF(1) = Nutrient-use coefficient for n@duction of microbe #1 with aerobic respiration.
(e, in Eq. (2.12)).

(2) PCOEFF(2) = Nutrient-use coefficient for the production of microbe #2 with anaerobic
respiration. €,@ in Eq. (2.12)).

(3) PCOEFF(3) = Nutrient-use coefficient for v@duction of microbe #3 with aerobic respiration.
(e,?in Eq. (2.12)).

(4) PCOEFF(4) = Nutrient-use coefficient for the production of microbe #3 with anaerobic
respiration. €,® in Eq. (2.12)).

8.11. Record 11: One variable (M/L ) is included in this record.
(1) COFK = Inhibition coefficient. (K in inhibition function, 1(C ))

SOIL PROPERTIES
Three or five subsets of free-formatted data records are required for this data set depending on the
forms of the soil property functions given.
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A. subset 1Soil property control parameters
1.1. KSP = Soil property input control: 0 = analytical input, 1 = Tabular data input.

1.2. NSPPM = Nmber of points in tabular soil property functions or number of parameters to
specify analytical soil functions per material.

1.3. KCP = Permeability input control:
0 = input saturated hydraulic conductivity,
1 = input saturated permeability.

1.4. RHO = Referenced density of water, (M/L**3).
1.5. GRAYV = Acceleration of gravity, (L/T**2).
1.6. VISC = Referenced dynamic viscosity of water, (M/L/T).

B. subset 2aAnalytical soil parameters - This sub-data-set is needed if and dtBPifis 0. Two
sets of records are required, one for moisture-content parameters and the other for
conductivity (permeability) parameters and each set should be repeated NMAT times.

2.1. SPP(J,1,1) = Analytical moisture-content parameter J of material I, J = 1..NSPPM. NMAT sets
of these parameters are required for | = 1..NMAT. That is, if SPP(J,1,1) for J =
1..NSPPM can be put on a single line, NMAT consecutive lines are needed for the
sets of parameters.

2.2. SPP(J,1,2) = Analytical relative conductivity parameter J of material I. Similar input data setting
is required for these parameters as for SPP(J,l,1).

C. subset 2bSoil properties in tabular form - This sub-data-set is needed if and only if KSP is not O.
Four sets of records are needed -- for pressure, water-content, relative conductivity
(or relative permeability), and water capacity, respectively.

3.1. SPP(J,1,4) = Tabular value of pressure he#éukal-th point for material I. NMAT sets of these
parameters are required for | = 1..NMAT. That s, if SPP(J,1,4) for J = 1..NSPPM can
be put on a single line, NMAT consecutive lines are needed for the sets of
parameters.

3.2. SPP(J,I,1) = Tabular value of moisture-content of the J-th point in material I. Similar input data
setting is required for these parameters as for SPP(J,1,4).

3.3. SPP(J,1,2) = Tabular value of relative conductivity of the J-th point in material I. Similar input
data setting is required for these parameters as for SPP(J,1,4).

3.4. SPP(J,1,3) = Tabular value of moisture-content capacity of the J-th point in material I. Similar
input data setting is required for these parameters as for SPP(J,1,4).



NODAL COORDINATE
Two subsets of free-formatted data records are required if NSTRf = 0 and NSTRt = 0.

A. subset 1

1.1. NNP = Number of nodes.

B. subset 2nodal coordinates - Coordinates for NNP nodes are needed if KVI .LE. 0. Usually a total
of NNP records (KVI records are required. However, if a group of subsequent nodes
appear in a regular pattern, automatic generation can be made. Each record contains
the following variables and is FREE-FORMATTED.

2.1. NI = Node number of the first node in the sequence.

2.2. NSEQ = NSEQ subsequent nodes will be automatically generated.

2.3. NAD = Increment of node number for each of the NSEQ subsequent nodes.

2.4. XNI = x-coordinate of node NI, (L).

2.5. YNI = y-coordinate of node NI, (L).

2.6. ZNI = z-coordinate of node NI, (L).

2.7. XAD = Increment of x-coordinate for each of the NSEQ subsequent nodes, (L).

2.8. YAD = Increment of y-coordinate for each of the NSEQ subsequent nodes, (L).

2.9. ZAD = Increment of z-coordinate for each of the NSEQ subsequent nodes, (L).

**** NOTE: A record with 9 0's must be used to signal the end of this data set.

SUBREGION DATA

This data set is required if either IPNTSf or IPNTSt is 0. Three subsets of free-formatted data records

are required.

A. subset 10ne free format data record is heeded for this sub-data-set.

1.1. NREGN = No. of subregions.

B. subset 2No. of Nodes for each Subregion - Normally, NREGN records are required. However,
if regular pattern appears, automatic generation can be made. Each record contains the
5 variables and is FREE-FORMATTED.

2.1. NK = Subregion number of the first subregion region in a sequence.



2.2. NSEQ = NSEQ subsequent subregions will have their no. of nodes automatically generated.

2.3. NKAD = Increment of NK in each of the NSEQ subsequent subregions.

2.4. NODES = No. of nodes for the subregion NK.

2.5. NOAD = Increment of NODES in each of the NSEQ subsequent subregions.

**** NOTE: A record with 5 0's must be used to end the input of this subdata set.

C. subset 3Mapping between Global nodes and Subregion Nodes - This subdata set should be
repeated NREGN times, one for each subregion. For each subregion, normally, LNNP
records are needed. However, automatic generation can be made if subregional node
number appears in regular pattern. Each record contains 5 variables and is FREE-
FORMATTED.

3.1. LI = Local node number of the first node in a sequence.

3.2. NSEQ = NSEQ subsequent local nodes will be generated automatically.

3.3. LIAD = Increment of LI for each of the NSEQ subsequent nodes.

3.4. NI = Global node number of local node LI.

3.5. NIAD = Increment of NI for each of the NSEQ subsequent nodes.

**** NOTE: A record with 5 0's must be used to signal the end of this subdata set.

ELEMENT DATA
Two subsets of free-formatted data records are required for this data set.

A. subset 1

1.1. NEL = Number of elements.

B. subset 2Element incidence for NEL elements is needed if NSTRt = 0 and NSTRf = 0. Usually,
a total of NEL records are needed. However, if a group of elements appear in a regular
pattern, automatic generation is made. Each record contains the following variable and
is FREE-FORMATTED.

2.1. MI = Global element number of the first element in a sequence.

2.2. NSEQ = NSEQ subsequent elements will be automatically generated.

2.3. MIAD = Increment of Ml for each of the NSEQ subsequent elements.



2.4. IE(MI,1) = Global node number of the first node of element MI.

2.5. IE(MI,2) = Global node number of the second node of element M.

2.6. IE(MI,3) = Global node number of the third node of element MI.

2.7. IE(MIL4) = Global node number of the fourth node of element MI.

2.8. IE(MI,5) = Global node number of the fifth node of element MI.

2.9. IE(MI,6) = Global node number of the sixth node of element MI.

2.10. IE(MI,7) = Global node number of the seventh node of element M.

2.11. IE(MI,8) = Global node number of the eighth node of element MI.

2.12. IEMAD = Increment of IE(MI,1) through IE(MI,8) for each of the NSEQ elements.

**** Note: IE(MI,1) - IE(MI,8) are numbered according to the convention shown in following
diagram. The first four nodes stiidm the front, lower, left corner and progress around the bottom

element surface in a counterclockwise direction. The other four nodes begin from the front, upper,
left corner and progress around the top element surface in a counterclockwise direction.
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Figure A.1 Global Node Number Index of (A) a Hexahedral, (B) a Triangular Prism,
and (C) a Tetrahedral Element.
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10.

11.

MATERIAL TYPE CORRECTION
Two subsets of free-formatted data records are required for this data set.

A. subset 1

1.1. NCM = Number of elements with material corrections.

B. subset 2This set of data records is required only if NCM > 0. Normally, NCM records are
required. However, if a group of elements appear in a regular pattern, automatic
generation may be made. Each record contains the following variables.

2.1. MI = Global element number of the first element in the sequence.

2.2. NSEQ = NSEQ subsequent elements will be generated automatically.

2.3. MAD = Increment of element number for each of the NSEQ subsequent elements.

2.4. MITYP = Type of material correction for element MI.

2.5. MTYPAD = Increment of MITYP for each of the NSEQ subsequent elements.
**** NOTE: A line with 5 0's must be used to signal the end of this data set.

CARD INPUT FOR INITIAL OR PRE-INITIAL CONDITIONS

Two subsets of free-formatted data records are required for this data set, one for initial pressure head,
the other for initial concentration. Generally, for each subset NNP record, one record for each node
is needed. However, if a group of nodes appears in regular pattern, auto-generation is made.

A. subset 1 Initial pressure head -The first record contains one variable and each of subsequent
records contains 6 variables. This subset is needed if IMOD = 10 or IMOD = 11.

1.1 IHTR =Is total head to be read as the initial condition? 0 = No, 1 = yes.

2.1. NI = Global node number of the first node in the sequence.

2.2. NSEQ = NSEQ subsequent nodes will be generated automatically.

2.3. NAD = Increment of node number for each of the NSEQ nodes.

2.4. HNI = Initial or pre-initial pressure head of node NI, (L).

2.5. HAD = Increment of initial or pre-initial head for each of the NSEQ nodes, (L).
2.6. HRD =0.0.

**** NOTE: A line with 6 0's must be used to signal the end of this data set.
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NOTE ON INITIAL CONDITIONS AND RESTARTING: The initial condition for a transient
calculation may be obtained in two different ways: figard input, or steady-state calculation using
time-invariant boundary conditions that are different from those for transient computation. In the
latter case a card input of the pre-initial conditions is required as the zero-th order iterate of the steady-
state solution.

NOTE ON STEADY-STATE INPUT: Steady-state optioray beused to provide either the final

state of a system under study or the initial conditions for a transient state calculation. In the former
case KSSf=0, KSSt =0, and NTI =ed in the latter case KSSf=0 or KSS2 and NTI > 0. If

KSSf > 0, there will be no steady-state calculation for flow part.

B. subset 2 Initial concentration for microbe #1 - each record contains the following variables.
This subset is needed if IMOD =1 or IMOD = 11.

2.1. NI = Global node number of the first node in the sequence.

2.2. NSEQ = NSEQ subsequent nodes will be generated automatically.

2.3. NAD = Increment of node number for each of the NSEQ nodes.

2.4. CNI = Initial or pre-initial concentration of node NI, (M/L**3).

2.5. CAD = Increment of CNI for each of the NSEQ nodes, (M/L**3).

2.6. CRD = Geometrical increment of CNI for each of the NSEQ subsequent nodes.
***x* NOTE: A record with 6 0's must be used to signal the end of this data set.

C. subset 3 ~ subsetl8itial concentration for microbe #2, microbe #3, substrate, oxygen,nitrate, and
nutrient, respectively. The input format is the same as subset 2.

NOTE ON INITIAL CONDITIONS: The initial condition for a transient calculation may be obtained

in two different ways: from carthput or steady-state calculation using time-invariant boundary
conditions that are different from those for transient computation. In the latter case a card input of
the pre-initial conditions is required as the zero-th order iterate of the steady-state solution.

NOTE ON STEADY-STATE INPUT: Steady-state optioray beused to provide either the final

state of a system under study or the initial conditions for a transient state calculation. In the former
case KSSt =0, KSSfand NTI =0, and in the latter case KSSt = 0, K§S&hd NTI > 0. If KSSt

> 0, there will be no steady-state calculation for transport part.

ELEMENT (DISTRIBUTED) SOURCE/SINK FOR FLOW SIMULATIONS
This data set is needed if IMOD =10 or IMOD = 11.
Four subsets of free-formatted data records are required in this data set.

A. subset 1control parameters
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1.1. NSEL = No. of source/sink elements.
1.2. NSPR = No. of source/sink profiles.
1.3. NSDP = No. of data points in each of the NSPR source/sink profiles.

1.4. KSAI = Is element-source/sink profile to be input analytically, 0 = no, 1 = yes.

B. subset 2source/sink profiles - This group of data is needed if and only if NSEL .GT. 0. For each

sub-data-record, NSDP of the data pair (TSOSF(J,1),SOSF(J,1)) are required. If this
sub-data-record can be fitted in a line, NSPR lines are needed.

2.1. TSOSF(J,l) = Time of the J-th data point in the I-th profile, (T).

2.2. SOSF(1,l) = Source/sink value of the J-th data point in the I-th profile, (L**3/T/L**2/L).

C. subset 3global source/sink element number - This group of data is needed if and only if NSEL

.GT. 0. NSEL data points are required for this record.

3.1. MSEL(l) = Global element number of the I-th compressed distributed source/sink element.

D. subset 4Source type assigned to each element - Usually one record per element. However,
automatic generation can be made. For I-th (I = 1, 2, ..., ) record, it contains the
following.

4.1. MI = Global element number of the first element in the sequence.

4.2. NSEQ = NSEQ elements will be generated automatically.

4.3. MAD = Increment of element number for each of the NSEQ elements.

4.4. MITYP = Source type in element MI.

4.5. MTYPAD = Increment of MITYP for each of the NSEQ elements.

**+ NOTE: A line with 5 0's is used to signal the end of this data set.

POINT (WELL) SOURCE/SINK DATA FOR FLOW SIMULATION

This data set is needed if IMOD =10 or IMOD = 11.

Four subsets of free-formatted data records are required for this data set.
A. subset 1control parameters

1.1. NWNP = No. of well or point source/sink nodal points.

1.2. NWPR = No. of well or point source/sink strength profiles.
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1.3. NWDP = No. of data points in each of the NWPR profiles.

1.4. KWAI = Is well-source/sink profile to be input analytically, 0 = no, 1 = yes.

B. subset 2source/sink profiles - This group of data is needed if and only if NWNP .GT. 0. For each
sub-data-record, NWDP of the data pair (TWSSF(J,1),WSSF(J,l)) are required. If this
sub-data-record can be fitted in a line, only NWPR lines are needed.

2.1. TWSSF(J,l) = Time of the J-th data point in the I-th profile, (T).

2.2. WSSF(J,l) = Source/sink value of the J-th data point in the I-th profile, (L**3/T/L).

C. Record 3global source/sink nodal number - This group of data is needed if and only if NWNP
.GT. 0. NWNP data points are required for this record.

3.1. NPW(l) = Global node number of the I-th compressed well source/sink node.

D. subset 4Source type assigned to each well - Usually one record per well. However, automatic
generation can be made. For I-th (=1, 2, ...,) record, it contains the following.

4.1. NI = Compressed well node number of the first node in the sequence.
4.2. NSEQ = NSEQ nodes will be generated automatically.

4.3. NAD = Increment of well node number for each of the NSEQ nodes.
4.4, NITYP = Source type in node NI.

4.5. NTYPAD = Increment of NITYP for each of the NSEQ nodes.

**** NOTE: A line with 5 0's is used to signal the end of this data set.

ELEMENT (DISTRIBUTED) SOURCE/SINK FOR TRANSPORT SIMULATIONS
This data set is needed if IMOD =1 or IMOD = 11.

Ten subsets of free-formatted data records are required in this data set.
A. subset 1control parameters

1.1. NSEL = No. of source/sink elements.

1.2. NSPR = No. of source profiles, should be .GE. 1.

1.3. NSDP = No. of data points in each profile, should be .GE. 2.

1.4. KSAI = Is element-source/sink profile to be input analytically? 0 = no, 1 = yes.
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B. Subset 2source/sink profile - This sub-data-set is needed if and only if NSEL .GT. 0. For each
sub-data-record, NSDP of the data group (TSOSF(J,l), SOSF(J,1,1), SOSF(J,1,2)) are
required. If this sub-data-record can be fitted in a line, only NSPR lines are needed.

2.1. TSOSF(J,l) = Time of J-th data point in I-th profile, (T).

2.2. SOSF(J,1,1) = Source/sink flow rate of the J-th data point in the I-th profile, (L**3/T/L**3);
positive for source and negative for sink.

2.3. SOSF(J,1,2) = Source/sink concentration of the J-th data point in the I-th profile, (M/L**3).

C. subset 3global source/sink element number. NSEL data points are required for this record.

3.1. LES(I) = Global element number of the I-th compressed distributed source/sink element.

D. subset 4Source type assigd to each element for microbe # 1 - Usually one record per element.
However, automatic generation can be made. For I-th (I=1, 2, ...,) record, it contains
the following.

4.1. MI = Global element number of the first element in the sequence.

4.2. NSEQ = NSEQ elements will be generated automatically.

4.3. MAD = Increment of element number for each of the NSEQ elements.

4.4. MITYP = Source type in element MI.

4.5. MTYPAD = Increment of MITYP for each of the NSEQ elements.

***+* NOTE: A line with 5 0's is used to signal the end of this data set.

E. subset 5 ~ Subset:1%ource type assigned to each elementiorobe #2, microbe #3, substrate,
Oxygen, Nitrate, and nutrient. The input format is the same as subset 4.

POINT (WELL) SOURCE/SINK DATA FOR TRANSPORT SIMULATION
This data set is needed if IMOD =1 or IMOD = 11.

Ten subsets of data records are required for this data set.

A. subset 1control parameters

1.1. NWNP = No. of well or point source/sink nodes.

1.2. NWPR = No. of well or point source/sink strength profiles.

1.3. NWDP = No. of data points in each of the NWPR profiles.

1.4. KWAI = Is well-source/sink profile to be input analytically? 0 = no, 1 = yes.
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B. subset 2source/sink profiles - This group of data is needed if and only if NWNP .GT. 0. For each

sub-data-record, NWDP of the data group (TWSSF(J,l), WSSF(J,1,1), WSSF(J,1,2))
are required. If this sub-data-record can be fitted in a line, SWAPR lines are
needed.

2.1. TWSSF(J,l) = Time of J-th data point in I-th profile, (T).

2.2. WSSF(J,1,1) = Source/sink flow rate of the J-th data point in the I-th profile, (L**3/T/L**3);
positive for source and negative for sink.

2.3. WSSF(J,1,2) = Source/sink concentration of the J-th data point in the I-th profile, (M/L**3).

C. subset 3global source/sink element number - This group of data is needed if and only if NWNP
.GT. 0. NWNP data points are required for this record.

3.1. NPW(l) = Global node number of the I-th compressed point source/sink node.

D. subset 4Source type assigned to each well for microbe #1 - Usually one record per element.
However, automatic generation can be made.

4.1. NI = Compressed point source/sink node number of the first node in a sequence.

4.2. NSEQ = NSEQ nodes will contain the source types that will be automatically generated.
4.3. NIAD = Increment of NI for each of the NSEQ nodes.

4.4, NITYP = Source type in node NI.

4.5. NTYPAD = Increment of NITYP for each of the NSEQ subsequent nodes.

***x* NOTE: A record with 5 0's must be used to signal the end of this data set.

E. subset 5 ~ Subset:1Bource type assigned to each well for micréBemicrobe #3, substrate,
Oxygen, Nitrate, and nutrient. The input format is the same as subset 4.

RAINFALL/EVAPORATION-SEEPAGE BOUNDARY CONDITIONS
This data set is needed if IMOD =10 or IMOD = 11.

Seven subsets of data records are required for this data set.

A. subset 1control parameters

1.1. NVES = No. of variable boundary element sides.

1.2. NVNP = No. of variable boundary nodal points.

1.3. NVPR = No. of rainfall profiles.



1.4. NVDP = No. of rainfall data points in each of the NRPR rainfall profiles.

1.5. KVAI = Is rainfall profile to be input analytically? 0 = no, 1 = yes.

B. subset 2boundary profiles - This subset is required only when NVES is ndRRR profiles are
needed. For each profile, NRDP of the data pair (TRF(J,l),RF(J,l)) are required. If
these data pairs can fit in a line, only NRPR lines are needed.

2.1. TRF(J,I) = Time of the J-th data point in the I-th profile, (T).

2.2. RF(J,l) = Rainfall/fevaporation rate of the J-th data point in the I-th profile, (L/T).

C. subset 3boundary profile types assigned to each element. At MBS records are needed.
However, automatic generation can be made. For I-th (1 = 1, 2, ...,) record, it contains
the following variables.

3.1. MI = Compressed VB element side of the first side in the sequence.

3.2. NSEQ = NSEQ sides will be generated automatically.

3.3. MIAD = Increment of NI for each of the NSEQ sides.

3.4. MITYP = Type of rainfall/evaporation profiles assigned to side MI.

3.5. MTYPAD = Increment of MITYP for each of the NSEQ sides.

**** NOTE: A line with 5 0's is used to signal the end of this data set.

D. subset 4 Specification of Rainfall/evaporation-seepage sides. Normally, NVES records are
required, one each for a variable boundary (MBnent side. However, if a group of
rainfall/evaporation-seepage element sides appears in a regular pattern, automatic
generation may be made. For I-th (I = 1, 2, ..., ) record, it contains the following
variables.

4.1. Ml = Compressed VB element side number of the first element side in a sequence.

4.2. NSEQ = NSEQ subsequent VB element sides will be generated automatically.

4.3. MIAD = Increment of MI for each of the NSEQ subsequent VB element sides.

4.4. 11 = Global node number of the first node of element side MI.

4.5. 12 = Global node number of the second node of element side MI.

4.6. 13 = Global node number of the third node of element side MI.

4.7. 14 = Global node number of the fourth node of element side MI.



4.8. 11AD = Increment of |1 for each of the NSEQ subsequent VB element sides.

4.9. 12AD = Increment of |12 for each of the NSEQ subsequent VB element sides.

4.10. 13AD = Increment of I3 for each of the NSEQ subsequent VB element sides.

4.11. 14AD = Increment of 14 for each of the NSEQ subsequent VB element sides.

*** NOTE: A blank with 11 0's must be used to signal the end of this subdata set.

E. subset 5Global Node Number of All Compressed Variable Boundary (VB) Nodes. At most,
NVNP records are needed for this subset, one each for NVNP variable boundary nodes.
For I-th (1 =1, 2, ..., ) Record, it contains the following 5 variables.

5.1. NI = Compressed VB node number of the first node in the sequence.

5.2. NSEQ = NSEQ nodes will be generated automatically.

5.3. NIAD = Increment of NI for each of the NSEQ nodes.

5.4. NODE = Global node number of node NI.

5.5. NODEAD = Increment of NODE for each of the NSEQ nodes.

**** NOTE: A line with 5 0's is used to signal the end of this data set.

F. subset 6Ponding Depth Allowed in Each of NVNP Variable Boundary Nodes. Normally, NVNP
records are needed, one for each of the NVNP nodes. However, if a group of nodes has
a regular pattern of ponding depth, automatic generation is made. For I-th (1 =1, 2, ...,
) record, it contains the following variables.

6.1. NI = Compressed VB node number of the first node in a sequence.

6.2. NSEQ = NSEQ subsequent nodes will be generated automatically.

6.3. NIAD = Increment of NI for each of the NSEQ subsequent nodes.

6.4. HCONNI = Ponding depth of node NI, (L).

6.5. HCONAD = Increment of HCONNI for each of the NSEQ nodes, (L).

6.6. 0.0

***+ NOTE: A line with 6 0's must be used to signal the end of this data set.

G. subset 7Minimum Pressure Head Allowed in Each NVNP Variable Boundary Nodes. This subset

is read-in similar to the above subset. For I-th (I =1, 2, ..., ) record, it contains the
following variables.
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7.1. NI = Compressed VB node number of the first node in a sequence.
7.2. NSEQ = NSEQ subsequent nodes will be generated automatically.
7.3. NIAD = Increment of NI for each of the NSEQ subsequent nodes.
7.4. HMINNI = Minimum pressure head allow for node NI, (L).

7.5. HMINAD = Increment of HMINNI for each of the NSEQ nodes, (L).
7.6. 0.0

***x* NOTE: A line with 6 0's must be used to signal the end of this data set.

DIRICHLET BOUNDARY CONDITIONS FOR FLOW SIMULATION

This data set is needed if IMOD =10 or IMOD = 11.

Four subsets of data records are required for this data set.

A. subset 1control parameters

1.1. NDNP = No. of Dirichlet nodal points, should be .GE. 1.

1.2. NDPR = No. of total Dirichlet-head profiles, should be .GE. 1.

1.3. NDDP = No. of data points in each total head profiles, should be .GE. 1.

1.4. KDAI = Is Dirichlet boundary value profile to be input analytically? 0= no, 1= yes.

B. subset 2Dirichlet-head profiles - This subset is required only if NDNP is not 0. NDPR of profiles
are needed. For each profile, NDDP of the data pair (THDBF(J,I),HDBF(J,l)) are
needed. If these data pairs can fit in a line, only NDPR lines are needed.

2.1. THDBF(J,l) = Time of the J-th data point in the I-th profile, (T).

2.2. HDBF(J,l) = Total head of the J-th data point in the I-th profile, (L).

C. subset 3Dirichlet nodes - At most, NDNP records are needethfersubset, one each for NDNP
Dirichlet boundary nodes. However, if the Dirichlet nodgseapin a regular pattern,
automatic generatiomay bemade. For I-th (I =1, 2, ..., ) Record, it contains the
following 5 variables.

3.1. NI = Compressed DB node number of the first node in the sequence.

3.2. NSEQ = NSEQ nodes will be generated automatically.

3.3. NIAD = Increment of NI for each of the NSEQ nodes.
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3.4. NODE = Global node number of node NI.

3.5. NODEAD = Increment of NODE for each of the NSEQ nodes.

***x* NOTE: A line with 5 0's is used to signal the end of this data set.

D. subset 4boundary profile type assign to each Dirichlet node - Normally one record per Dirichlet
node; i.e., a total of NDNP records. However, if the Dirichbelas appear in regular
pattern, automatic generation may be made. For I-th (=1, 2, ..., ) record, it contains
the following variables.

4.1. NI = Compressed Dirichlet node number of the first node in the sequence.

4.2. NSEQ = NSEQ subsequent Dirichlet nodes will be generated automatically.

4.3. NAD = Increment of NI for each of the NSEQ nodes.

4.4. NITYP = Type of total head profile for node NI and NSEQ subsequent nodes.

4.5. NTYPAD = Increment of NITYP for each of the NSEQ subsequent nodes.

***+ NOTE: A line with 5 0's must be used to signal the end of this data set.

CAUCHY BOUNDARY CONDITIONS FOR FLOW SIMULATIONS

This data set is needed if IMOD =10 or IMOD = 11.

Five subsets of data records are required for this data set.

A. subset 1control parameters

1.1. NCES = No. of Cauchy boundary element sides.

1.2. NCNP = No. of Cauchy nodal points.

1.3. NCPR = No. of Cauchy-flux profiles.

1.4. NCDP = No. of data points in each of the NCPR Cauchy-flux profiles.

1.5. KCAI =Is Cauchy flux profile to be input analytically? 0 = no, 1 = yes.

B. subset 2prescribed Cauchy-flux profiles - This set is required onNGES is not 0. NCPR of
profiles are needed. For each profile, NCDP of the datd gt BF(J,1),QCBF(J,1))

are needed. If these data pairs can fit in a line, only NDPR lines are needed.

2.1. TQCBF(J,l) = Time of the J-th data point in the I-th profile, (T).



2.2. QCBF(J) = Normal Cauchy flux of the J-th data point in the I-th profile, (L**3/T/L**2);
positive out from the region, negative into the region.

C. subset 3type of Cauchy flux profiles assigned to each of all NCES sides. At most NCES records
are needed. However, automatic generation can be made. For I-th (1=1, 2, ...,)
record, it contains the following variables.

3.1. MI = Compressed Cauchy side number of the first side in the sequence.

3.2. NSEQ = NSEQ sides will be generated automatically.

3.3. MIAD = Increment of Ml for each of the NSEQ sides.

3.4. MITYP = Type of Cauchy flux profile assigned to side M.

3.5. MTYPAD = Increment of MITYP for each of the NSEQ sides.

***+* NOTE: A line with 5 0's is used to signal the end of this data set.

D. subset 4Cauchy boundary element sides - Normally, NCES records are required, one each for a
Cauchy boundary element side. However, if a group of Cauchy boundary element sides
appears in a regular pattern, automatic generation may be made. For I-th (=1, 2, ...,
) record, it contains the following variables.

4.1. Ml = Compressed Cauchy element side number of the first element-side in a sequence.

4.2. NSEQ = NSEQ subsequent Cauchy element-sides will be generated automatically.

4.3. MIAD = Increment of Ml for each of the NSEQ subsequent sides.

4.4. 11 = Global node number of the first node on the Cauchy element-side M.

4.5. 12 = Global node number of the second node on the Cauchy element-side MI.

4.6. 13 = Global node number of the third node on the Cauchy element-side MI.

4.7. 14 = Global node number of the fourth node on the Cauchy element-side M.

4.8. 11AD = Increment of |11 for each of the NSEQ subsequent element-sides.

4.9. 12AD = Increment of 12 for each of the NSEQ subsequent element-sides.

4.10. I3AD = Increment of I3 for each of the NSEQ subsequent element-sides.

4.11. 14AD = Increment of 14 for each of the NSEQ subsequent element-sides.

**** NOTE: A line with 11 O's is used to end this data set input.
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E. subset 5global node number of all compressed Cauchy nodes - Normally one record per
compressed Cauchy node; i.e., a total of NCNP records. However, if the Cauchy nodes
appear in a regular pattern, automatic generatiayybemade. ForI-th (1=1, 2, ...,

) record, it contains the following variables.

5.1. NI = Compressed Cauchy node number of the first node in the sequence.

5.2. NSEQ = NSEQ subsequent Cauchy nodes will be generated automatically.

5.3. NAD = Increment of NI for each of the NSEQ nodes.

5.4. NODE = Global node number for node NI and NSEQ subsequent nodes.

5.5. NODEAD = Increment of NODE for each of the NSEQ subsequent nodes.

***+ NOTE: A line with 5 0's must be used to signal the end of this sub-data set.

NEUMANN BOUNDARY CONDITIONS FOR FLOW SIMULATIONS

This data set is needed if IMOD =10 or IMOD = 11.

Five subsets of data records are required for this data set.

A. subset 1control parameters

1.1. NNES = No. of Neumann boundary element sides.

1.2. NNNP = No. of Neumann nodal points.

1.3. NNPR = No. of Neumann flux profiles.

1.4. NNDP = No. of data points in each of the NNPR Neumann-flux profiles.

1.5. KNAI = Is Neumann flux profile to be input analytically; 0 = no, 1 = yes.

B. subset 2prescribed Neumann-flux profiles - This sub-data-set is required only if NNES is not O.
NNPR of profiles are needed. For each profile, NNDP of the data pair
(TQNBF(J,),QNBF(J,1)) are needed. If these data pairs can fit in a line, only NDPR
lines are needed.

2.1. TONBF(J,l) = Time of the J-th data point in the I-th profile, (T).

2.2. QNBF(J,l) =Normal Neumann flux of the J-th data point in the I-th profile, (L**3[T/2);
positive out from the region, negative into the region.

C. subset 3type of Neumann flux profiles assigned to each oN&ES sides. At most NNES

records are needed. However, automatic generation can be made. For I-th (I=1, 2, ...
) record, it contains the following variables.
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3.1. MI = Compressed Neumann side number of the first side in the sequence.

3.2. NSEQ = NSEQ sides will be generated automatically.

3.3. MIAD = Increment of Ml for each of the NSEQ sides.

3.4. MITYP = Type of Neumann flux profile assigned to side MI.

3.5. MTYPAD = Increment of MITYP for each of the NSEQ sides.

***x* NOTE: A line with 5 0's is used to signal the end of this data set.

D. subset 4Neumann boundary element sides - Normally, NNES records are required, one each for
a Neumann boundary element side. However, if a group of Neumann boundary
element sides appears in a regular pattern, automatic generation may be made. For I-th
(=1, 2, ...,) record, it contains the following variables.

4.1. MI = Compressed Neumann side number of the first side in sequence.

4.2. NSEQ = NSEQ subsequent Neumann sides will be generated automatically.

4.3. MIAD = Increment of Ml for each of the NSEQ subsequent sides.

4.4. 11 = Global node number of the first node on the Neumann element-side MI.

4.5. 12 = Global node number of the second node on Neumann element-side MI.

4.6. 13 = Global node number of the third node on the Neumann element-side MI.

4.7. 14 = Global node number of the fourth node on the Neumann element-side M.

4.8. 11AD = Increment of 11 for each of the NSEQ subsequent element-sides.

4.9. 12AD = Increment of 12 for each of the NSEQ subsequent element-sides.

4.10. ISAD = Increment of 13 for each of the NSEQ subsequent element-sides.

4.11. 14AD = Increment of 14 for each of the NSEQ subsequent element-sides.

***+ NOTE: A line with 11 O's is used to end this data set input.

E. subset 5global node number of all compressed Neumann nodes - Normally one record per
compressed Neumann node; i.égtal of NNNP records. However, if the Neumann
nodes appear in a regular pattern, automatic generation may be made. For I-th (=1,

2, ..., ) record, it contains the following variables.

5.1. NI = Compressed Neumann node number of the first node in the sequence.
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5.2. NSEQ = NSEQ subsequent Neumann nodes will be generated automatically.

5.3. NAD = Increment of NI for each of the NSEQ nodes.

5.4. NITYP = Type of total head profile for node NI and NSEQ subsequent nodes.

5.5. NTYPAD = Increment of NITYP for each of the NSEQ subsequent nodes.

***x* NOTE: A line with 5 0's must be used to signal the end of this data set.

RUN-IN/FLOW-OUT (VARIABLE) BOUNDARY CONDITIONS FOR TRANSPORT
SIMULATIONS

This data set is needed if IMOD =1 or IMOD = 11.

Eleven subsets of data records are required for this data set.

A. subset 1control parameters

1.1.

1.2.

1.3.

1.4.

1.5.

NVES = No. of variable boundary element sides.
NVNP = No. of variable boundary nodal points.

NVPR = No. of incoming fluid concentration profiles to be applied to variable boundary element
sides.

NVDP = No. of data points in each of the NRPR profiles.

KVAI = Is incoming concentration profile to be input analytically? 0 = no, 1 = yes.

B. subset 2variable boundary flux profile - NRPR records are needed. Each record contains NRDP

data points and is FREE-FORMATTED. Each data point has 2 numbers representing
the time and run-in flow-out concentrations, respectively as follows:

2.1. TCVSF(J,]) = Time of the J-th data point on the I-th run-in concentration profile, (T).

2.2. CVSF(J,l) = Concentration of the J-th data point on the I-th profile, (M/L**3).

C. subset 3Run-in concentration type assigned to each df®lES sides for microbe #1. Usually

3.1.

3.2.

3.3.

one record per variable element side. However, automatic generation can be made.
Each record contains 5 variables and is FREE-FORMATTED.

MI = Compressed VB element side of the first side in a sequence.
NSEQ = NSEQ subsequent sides will be generated automatically.

MIAD = Increment of Ml for each of NSEQ subsequent sides.



3.4. MITYP = Type of concentration profile assigned to side M.
3.5. MTYPAD = Increment of MITYP for each of the NSEQ subsequent sides.
**** NOTE: A record with 5 0's must be used to signal the end of this data set.

D. subset 4 ~ Subset Run-in concentration type assigned to each element for microbe #2, microbe
#3, substrate, Oxygen, Nitrate, and nutrient. ihpat format is the same as subset 4.

J. subset IGpecification of run-in boundary element sides - Normally, NVES records are required,
one each for a VBlement side. However, if a group of VB element sides appears in
a regular pattern, automatic generatimay bemade. Each record contains 11
variables and is FREE-FORMATTED.

10.1. MI = Compressed VB element side number of the first side in a sequence.

10.2. NSEQ = NSEQ subsequent VB element sides will be generated automatically.

10.3. MIAD = Increment of MI for each of the NSEQ subsequent Vb element sides.

10.4. 11 = Global node number of the first node of element side MI.

10.5. 12 = Global node number of the second node of element side MI.

10.6. 13 = Global node number of the third node of element side MI.

10.7. 14 = Global node number of the fourth node of element side Ml .

10.8. I1AD = Increment of 11 for each of the NSEQ subsequent element sides.

10.9. I2AD = Increment of 12 for each of the NSEQ subsequent element sides.

10.10. IBAD = Increment of 13 for each of the NSEQ subsequent element sides.

10.11. I14AD = Increment of 14 for each of the NSEQ subsequent element sides.

**** NOTE: A record with 11 O's is used to signal the end of this data set.

K. subset 11global nodal number of all run-in flow-out boundary nodes. Usually NVNP records are
needed for this subdata set. However, automatic generation can be made. Each record
contains 5 variables and is FREE-FORMATTED.

11.1. NI = Compressed VB node number of the first node in a sequence.

11.2. NSEQ = NSEQ subsequent nodes will be generated automatically.

11.3. NIAD = Increment for NI for each of the NSEQ nodes.
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11.4. NODE = Global nodal number of the node NI.
11.5. NODEAD = Increment of NODE for each of the NSEQ subsequent nodes.

***x* NOTE: A record with 5 O's is used to signal end of this data set.

DIRICHLET BOUNDARY CONDITIONS FOR TRANSPORT SIMULATIONS

This data set is needed if IMOD =1 or IMOD = 11.

Ten subsets of data records are required for this data set.

A. subset 1control parameters

1.1. NDNP = No. of Dirichlet nodes, should be .GE. 1.

1.2. NDPR = No. of Dirichlet profiles, should be .GE. 1.

1.3. NDDP = No. of data points in each profile, should be .GE. 2.

1.4. KDAI = Is Dirichlet boundary value profile to be input analytically? 0 = no, 1 = yes.

B. subset 2Dirichlet-concentration profiles - NDPR records are needed. Each record contains NDDP
data points and is FREE-FORMATTED. Each data point has 2 numbers representing
the time and Dirichlet concentrations, respectively as follows:

2.1. TCDBF(J,l) = Time of J-th data point in I-th Dirichlet-concentration profile, (T).

2.2. CDBF(J,l) = Concentration of J-th data point in I-th Dirichlet-concentration profile, (M/L**3).

C. subset 3global node number of compressed Dirichlet nodes - Usually NDNP records are needed
for this subdata set. However, automatic generation can be made. Each record contains
5 variables and is FREE-FORMATTED.

3.1. NI = Compressed Dirichlet boundary node number of the first node in a sequence.

3.2. NSEQ = NSEQ subsequent nodes will be generated automatically.

3.3. NIAD = Increment for NI for each of the NSEQ nodes.

3.4. NODE = Global nodal number of the node NI.

3.5. NODEAD = Increment of the global nodal number for each of the NSEQ subsequent nodes.

**** NOTE: A record with 5 O's is used to signal end of this data set.

D. subset 4Dirichlet concentration typesssigned to Dirichlet nodes for microbe #1. Normally one
record per Dirichlet node; i.e., a total of NDNP records, is needed. However, if the
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Dirichlet nodes appear inragular pattern, automatic generation may be made. Each
record contains 5 variables and is FREE-FORMATTED.

4.1. NI = Compressed Dirichlet node number of the first node in the sequence.

4.2. NSEQ = NSEQ nodes will contain the Dirichlet concentration types that will be automatically
generated.

4.3. NIAD = Increment of NI for each of the NSEQ nodes.

4.4. NITYP = Dirichlet concentration type in node NI.

4.5. NTYPAD = Increment of NITYP for each of the NSEQ subsequent nodes.
**** NOTE: A record with 5 0's must be used to signal the end of this data set.

E. subset 5 ~ Subset:1Dirichlet concentration type assigned to each node for microbe #2, microbe
#3, substrate, Oxygen, Nitrate, and nutrient. ihpat format is the same as subset 4.

CAUCHY BOUNDARY CONDITIONS FOR TRANSPORT SIMULATION

This data set is needed if IMOD =1 or IMOD = 11.

Eleven subsets of data records are required for this data set.

A. subset 1control parameters

1.1. NCES = No. of Cauchy element sides.

1.2. NCNP = No. of Cauchy nodal points.

1.3. NCPR = No. of Cauchy-flux profiles.

1.4. NCDP = No. of data points on each Cauchy-flux profile.

1.5. KCAI = Is Cauchy flux profile to be input analytically? 0 = no, 1 = yes.

B. subset 2Cauchy flux profiles - NCPR records are needed. Each record contains NCDP data
points and is FREE-FORMATTED. Each data point has 2 numbers representing the
time and Cauchy flux, respectively as follows:

2.1. TQCBF(J,l) = Time of the J-th data point in the I-th Cauchy flux profile, (T).

2.2. QCBF(J,l) =Value of Cauchy flux of the J-th data point in the I-th Cauchy-flux profile,
(M/T/L**2).

C. subset 3Cauchy flux type assigned to each of all NCES sides for microbe #1 - Usuliecord

per Cauchy element side. However, automatic generation can be made. Each record
contains 5 variables and is FREE-FORMATTED.
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3.1. MI = Compressed Cauchy boundary element side of the first side in a sequence.
3.2. NSEQ = NSEQ subsequent sides will be generated automatically.

3.3. MIAD = Increment of Ml for each of NSEQ subsequent sides.

3.4. MITYP = Type of Cauchy flux profile assigned to side MI.

3.5. MTYPAD = Increment of MITYP for each of the NSEQ subsequent sides.

***x* NOTE: A record with 5 0's must be used to signal the end of this data set.

D. subset 4 ~ Subset Gauchy flux type assigned to each element for mickshemicrobe #3,
substrate, Oxygen, Nitrate, and nutrient. The input format is the same as subset 4.

J. Subset IGspecification of Cauchy boundary element sides -Normally, NCES records are required,
one each for a Cauchy boundary element side. However, if a group of Cauchy element
sides appears in a regular pattern, automatic generaigrbemade. Each record
contains 11 variable and is FREE-FORMATTED.

10.1. MI = Compressed Cauchy boundary element side number of the first element side in a
sequence.

10.2. NSEQ = NSEQ subsequent Cauchy boundary element sides will be generated automatically.
10.3. MIAD = Increment of Ml for each of the NSEQ subsequent Cauchy boundary element sides.
10.4. 11 = Global node number of the first node of element side MI.

10.5. 12 = Global node number of the second node of element side MI.

10.6. 13 = Global node number of the third node of element side MI.

10.7. 14 = Global node number of the fourth node of element side Ml

10.8. 11AD = Increment of I1 for each of the NSEQ subsequent element sides.

10.9. 12AD = Increment of 12 for each of the NSEQ subsequent element sides.

10.10. I3AD = Increment of I3 for each of the NSEQ subsequent element sides.

10.11. 14AD = Increment of 14 for each of the NSEQ subsequent element sides.

***+* NOTE: A record with 11 0's is used to signal the end of this data set.

K. subset 11global hodal number of all Cauchy boundary nodes - Usually NCNP records are needed

for this subdata set. However, automatic generation can be made. Each record
contains 5 variables and is FREE-FORMATTED.
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11.1. NI = Compressed Cauchy boundary node number of the first node in a sequence.

11.2. NSEQ = NSEQ subsequent nodes will be generated automatically.

11.3. NIAD = Increment for NI for each of the NSEQ nodes.

11.4. NODE = Global nodal number of the node NI.

11.5. NODEAD = Increment of the global nodal number for each of the NSEQ subsequent nodes.

***x* NOTE: A record with 5 0's is used to signal end of this data set.

NEUMANN BOUNDARY CONDITIONS FOR TRANSPORT SIMULATIONS

This data set is needed if IMOD =1 or IMOD = 11.

Eleven subsets of data records are required for this data set.

A. subset 1control parameters

1.1. NNES = No. of Neumann element sides.

1.2. NNNP = No. of Neumann nodal points.

1.3. NNPR = No. of Neumann-flux profiles.

1.4. NNDP = No. of data points on each Neumann-flux profile.

1.5. KNAI = Is Neumann flux profile to be input analytically? 0 = no, 1 = yes.

B. subset 2Neumann flux profiles - NNPR records are needed. Each record contains NNDP data
points and is FREE-FORMATTED. Each data point has 2 numbers representing the
time and Neumann flux, respectively, as follows:

2.1. TQONBF(J,l) = Time of the J-th data point in the I-th Neumann flux profile, (T).

2.2. QNBF(J,l) =value of Neumann flux of the J-th data point in the I-th Neumann-flux profile,
(M/T/L**2).

C. subset 3Neumann flux type assigned to each ofNMES sides for microbe #1 - Usually one
record per Neumann element side. However, automatic generation can be made. Each
record contains 5 variables and is FREE-FORMATTED.

3.1. MI = Compressed Neumann boundary element side of the first side in a sequence.

3.2. NSEQ = NSEQ subsequent sides will be generated automatically.

3.3. MIAD = Increment of Ml for each of NSEQ subsequent sides.



3.4. MITYP = Type of Neumann flux profile assigned to side MI.
3.5. MTYPAD = Increment of MITYP for each of the NSEQ subsequent sides.
**** NOTE: A record with 5 0's must be used to signal the end of this data set.

D. subset 4 ~ Subset Beumann flux type assigned to each element for mici#@benicrobe #3,
substrate, Oxygen, Nitrate, and nutrient. The input format is the same as subset 4.

J. subset 10specification of Neumann boundary element sides -NormBINES records are
required, one each for a Neumann boundary element side. However, if a group of
Neumann element sides appears in a regular pattern, automatic genematidre
made. Each record contains 11 variables and is FREE-FORMATTED.

10.1. MI = Compressed Neumann boundary element side number of the first element side in a
sequence.

10.2. NSEQ = NSEQ subsequent Neumann boundary element sides will be generated automatically.

10.3. MIAD = Increment of Ml for each of the NSEQ subsequent sides.

10.4. 11 = Global node number of the first node of element side MI.

10.5. 12 = Global node number of the second node of element side MI.

10.6. 13 = Global node number of the third node of element side MI.

10.7. 14 = Global node number of the fourth node of element side MI.

10.8. 11AD = Increment of I1 for each of the NSEQ subsequent element sides.

10.9. 12AD = Increment of 12 for each of the NSEQ subsequent element sides.

10.10. I13AD = Increment of I3 for each of the NSEQ subsequent element sides.

10.11. 14AD = Increment of 14 for each of the NSEQ subsequent element sides.

***+* NOTE: A record with 11 0's is used to signal the end of this data set.

K. subset 11global nodal humber of all Neumann boundary nodes - Usually NNNP records are
needed for this subdata set. However, automatic generation can be made. Each record
contains 5 variables and is FREE-FORMATTED.

11.1. NI = Compressed Neumann boundary node number of the first node in a sequence.

11.2. NSEQ = NSEQ subsequent nodes will be generated automatically.

11.3. NIAD = Increment for NI for each of the NSEQ nodes.
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11.4. NODE = Global nodal number of the node NI.
11.5. NODEAD = Increment of the global nodal number for each of the NSEQ subsequent nodes.

***x* NOTE: A record with 5 O's is used to signal end of this data set.

PARAMETERS CONTROLLING TRACKING SCHEME
Two subdata sets are needed if IM®@DO.

A. subset 1Thirteen integers are typed by free format.

1.1. 1ZOOM = Is zooming needed for advection computation? 0 = No, 1 = Yes.

1.2. IDZOOM = Is zooming needed for dispersion computation? O = No, 1 = Yes.
1.3. IEPC = Is EPCOF scheme included? 0 = No, 1 = Yes. Note: O for this version.

1.4. NXA =No. of regularly refined subelements for the advection step in the X-direction in an
element.

1.5. NYA =No. of regularly refined subelements for the advection step in the Y-direction in an
element.

1.6. NZA = No. of regularly refined subelements for the advection step in the Z-direction in an
element.

1.7. NXW = The number of subelements in each global element for element trackingeictinsi
1.8. NYW = The number of subelements in each global elemegiefoent tracking in y-direction.
1.9. NZW = The number of subelements in each gleleahent for element tracking in z-direction.
1.10. NXD = No. of dispersion fine subelements in each global element in X-direction.
1.11. NYD = No. of dispersion fine subelements in each global element in Y-direction.
1.12. NZD = No. of dispersion fine subelements in each global element in Z-direction.
1.13. IDETQ = Index of particle tracking pattern:

1 = Average velocity is used (more accurate);

2 = Single velocity of the starting point is used (less computation).

B. Subset 2It reads the following 2 variables (FREE FORMAT)

2.1. ADPEPS = Error tolerance of relative concentration and nonlinear convergence criteria.
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2.2. ADPARM = Error tolerance of concentration relative to maximum concentration.

HYDROLOGICAL VARIABLES

This data set is needed if and only if KVI .LE. 0. When KVI .LE. 0, two groups of data are needed,

one group for the velocity field and the other group for the moisture content.

A. subset 1velocity field - Usually NNP records are needed. However, if velocity appears in regular
pattern, automatic generation can be made. Each record contains 9 variables and is
FREE-FORMATTED.

1.1. NI = Node number of the first node in a sequence.

1.2. NSEQ = NSEQ subsequent nodes will be automatically generated.

1.3. NIAD = Increment of node humber in each of the NSEQ subsequent nodes.

1.4. VXNI = x-velocity component at node NI, (L/T).

1.5. VYNI = y-velocity component at node NI, (L/T).

1.6. VZNI = z-velocity component at node NI, (L/T).

1.7. VXAD = Increment of VXNI for each of the NSEQ subsequent nodes, (L/T).

1.8. VYAD = Increment of VYNI for each of the NSEQ subsequent nodes, (L/T).

1.9. VZAD = Increment of VZNI for each of the NSEQ subsequent nodes, (L/T).

**** NOTE: A record with 9 O's is used to signal the end of this data set.

B. subset 2moisture content field - Usually, NEL records are needed. However, if moisture content
appears in regular pattern, automatic generation can be made. Each record contains
5 variables and is FREE-FORMATTED.

2.1. MI = Element number of the first element in a sequence.

2.2. NSEQ = NSEQ subsequent elements will be automatically generated.

2.3. MIAD = Increment of Ml for each of NSEQ subsequent elements.

2.4. THNI = Moisture content of element NI, (Decimal point).

2.5. THNIAD = Increment of THNI for NSEQ subsequent elements, (Decimal point).

2.6. 0.0



***x* NOTE: A record with 6 O's is used to signal the end of this data set.

26. END OF JOB
If another problem is to be run, then input begins again with input data set 1. If termination of the job
is desired, a blank card must be inserted at the end of the data set.






APPENDIX B: Mathematical Formulation

B.1 Governing Equations for Flow

From the notion for continuity of fluid, continuity of solid, consolidation of the media, and the

equation of state (Yeh, 1992), one obtains the starting equation for this derivation:

a(nSp)
ot

V-[p—J'(VD + ngZ)} -V(pnSVy +p'q = (B.1.1)

wherep is the fluid density (M/E )k is the intrinsic permeability tensor of the media (L )s the dynamic
viscosity of the fluid (M/L/T), p is the fluid pressure [(MIZ/T /L ], g is the acceleration of gravity’(L/T ), z is
the potential head (L),.n is the effective porosity (E /L ), S is the degree of saturation (dimensiwglsss),
the velocity of the deformable surface due to consolidation (h/T13,the density of the injected fluid (ML ),

q is the internal source/sink f(L /T)IL ], and t is the time (T).

Expanding the right hand side of Eq.(B.1.1):

d(nSp) p on, 3S
— ¢ -SnL +pS—C+np= B.1.2
ot neat P ot P ot ( )

Expanding Eq.(B.1.2) by the chain rule:

a(neSp) =S @@ +
ot ap ot

dp oC on, oS
Sn—Yt—"+pS— +np— B.1.3
Yoo PTa T (B.1.3)

where C is chemical concentration (M/L ). Rearranging Eq.(B.1.3), one obtains:

a(n.S an
(nSp) -S @@“LPS_E}*S’L@E*%P@ (B.1.4)
ot 3p ot ot aC ot ot

where the first and second terms represent the storativity term, the third term is the density-concentration

coupling term, and the fourth term is the unsaturated term. Substituting Eq.(B.1.4) into Eq.(B.1.1):



APPENDIX C

The determination of Maximum Control Parameters for LEZOOMPC implementation

The example shown in this section is Example 6 with 510 global nodes and 224 hexahedral elements.
According to the input data file, the number of refined subelements in eaeth glement is NXA=NXW=2,
NYA=NYW=1, NZA=NZW=2 in the Lagrangian step and NXD=2, NYD=1, NZD=2 in the Eulerian step.
Consider NX, NY, and NZ to represent the above values for both Lagrangian and Eulerian steps. Hence, there
are NX*NY*NZ, NX*NX*NZ, and NX*NX*NX regular refined subelements in each hexahedral global
element, triangular prism global element, and tetrahedral gitdrakent, respectively. The number of regular
fine grids is (NX+21)*(NY+1)*(NZ+1), %(NX +1)x(NX+2)*(NZ+1) , and

%(NX +1)*(NX+2)x(NX +3) for each hexahedral, triangular prism, and tetrahedral global element,
respectively. During the simulation, 54 rough elements are assumed to be zoomed. Therefore, there are
54x(NX+1)x(NY+1)x(NZ+1) regular fine grids and 54xNXxNYxNZ regular subelements in the region of
interest. The assumption that 340 peak and valley points in the associated subelmeaptured increases
the total fine grids to 54x(NX+1)x(NY+1)x(NZ+1)+340. Because NCC components is included in the
system, MXNPFGK is equal to NCCx[ 54x(NX+1)x(NY+1)x(NZ+1)+340)]. Then, 2200 additional
subelements are assumed to be generated after tetrangulating the captured pedlkyapdints and
MXKGLK is assigned to 54xNXxNYxNZ+2200. The workingrray declaration of MXNPWK and
MXELWK are 18 and 4, respectively, for particle tracking computation. If therejaotiam/extraction wells
in the region of interest, then  MXNPWS=(NXA+1)x(NYA+1)x(NZA+1)=18 and
MXELWS=NXAxNYAxNZA=4. For the Eulerian step, the calculation of diffusion fine grids and of refined
subelements is dependent on the number of extended rough elements which can be predicted from the number
of rough elements in the Lagrangian step. In total, 79 extended rough elements are assumed in this case.

Because each rough element is refined Gy>2D) x 2 (NYD) x 1 (NZD) = 4 subelements, the total number



Appendix D: Nomenclatures
time (T)
the coordinate in the x-, y-, and z-directions in the region of interest (L)
the x, y, z on the boundary of the region of interest (L)
region of interest
boundary of the region of interest
outward unit normal vector
the referenced pressure head definedmgg p/
pressure (M/LT )
hydraulic conductivity tensor (L/T)
the saturated hydraulic conductivity tensor (L/T)
the relative hydraulic conductivity or relative permeability
the potential head (L)
flow rate of the source and/or sink (L /T)
the moisture content
density of the fluid (M/E)
dynamic viscosity (M/LT)
referenced saturated hydraulic conductivity tensor (L/T)
referenced density of the fluid (ML ),
referenced dynamic viscosity (M/LT)
density of the injected fluid (ML)
Darcy flux (L/T)
prescribed initial pressure head (L)

prescribed Dirichlet pressure head (L)



Neumann flux (L/T)

Cauchy flux (L/T)

the throughfall of precipitation of the variable boundary (L/T)
the allowed ponding depth on variable boundary (L)
the allowed minimum pressure head (L)

the allowed maximum evaporation rate on the variable boundary, i.e., the potential
evaporation (L/T)

the Dirichlet boundary

the Neumann boundary

the Cauchy boundary

the variable boundary

dissolved concentration of the substrate @M/L )
intrinsic density of substrate, (M/L )

dissolved concentration of oxygen (M/L )

intrinsic density of oxygen (MA )

dissolved concentration of nitrate (M/L )

intrinsic density of nitrate (MA )

dissolved concentration of nutrient (M/L )

intrinsic density of nutrient (MA. )

dissolved concentration of microbe #1 (M/L )
intrinsic density of microbe #1 (ML )

dissolved concentration of microbe #2 (M/L )
intrinsic density of microbe #2 (MiL )

dissolved concentration of microbe #3 (M/L )



P3 = intrinsic density of microbe #3 (MiL )

Bs= viscosity effecting factor associated with substrate (L /T)
B, = viscosity effecting factor associated with oxygen (L)

B, = viscosity effecting factor associated with nitrate (L)

B, = viscosity effecting factor associated with nutrierft (L /T)
B,= viscosity effecting factor associated with microbe #1 (L /T)
B, = viscosity effecting factor associated with microbe #2 (L /T)
Bs= viscosity effecting factor associated with microbe #3 (L /T)
Pp = the bulk density of the medium (ML )

D= the dispersion coefficient tensor’(L /T)

A= transformation rate constant for substrate (1/T)

A, = transformation rate constant for oxygen (1/T)

A= transformation rate constant for nutrient (1/T)

A= transformation rate constant for nitrate (1/T)

A= transformation rate constant for microbe #1 (1/T)

A, = transformation rate constant for microbe #2 (1/T)

A; = transformation rate constant for microbe #3 (1/T)

Kgs= distribution coefficient of substrate (LAM )

K= distribution coefficient of oxygen (L/f1)

Kan= distribution coefficient of nitrate (L/f )

Kap= distribution coefficient of nutrient (L/# )

Ka= distribution coefficient of microbe #1 (LM )

Ke= distribution coefficient of microbe #2 (LM )

Kgs= distribution coefficient of microbe #3 (LM )



Gn = source rate of waterYL /T)

Cyn = concentration of substrate in the source {M/L )

O
I

concentration of oxygen in the source (M/L )

i concentration of nitrate in the source (M/L)

oin concentration of nutrient in the source (M/L )

1in = concentration of microbe #1 in the source GVI/L )

oin = concentration of microbe #2 in the source (M/L )
Cin = concentration of microbe #3 in the source (M/L )
o = maximum specific oxygen-based growth rate for microbe #1 (1/T)

1@ =  maximum specific nitrate-based growth rate for microbe #2 (1/T)

1P =  maximum specific oxygen-based growth rate for microbe #3 (1/T)

1@ =  maximum specific nitrate-based growth rate for microbe #3 (1/T)

Y W= vyield coefficient for microbe #1 utilizing oxygen in mass of microbe per unit mass of subitide (

Y@= the yielding coefficient for microbe #2 utilizing nitrate in masmafrobe per unit mass of substrate
(M/M)

Y @ = the yielding coefficient for microbe #3 utilizing oxygen in mass of microbemiemass of substrate
(M/M)

Y, ®=vyielding coefficient for microbe #3 utilizing nitrate in mass of microbe per unit mass of substrate

(M/M)
I(C,) = an inhibition function which is under the assumption that denitrifying enzyme inhibition is
reversible and noncompetitive
K.= inhibition coefficient (M/L%)

K.Y= retarded substrate saturation constants under aerobic conditions with respect to microbé #1 (M/L )

K.® = retarded substrate saturation constants under aerobic conditions with respect to microbé #3 (M/L )



K@= retarded substrate saturation constants under anaerobic conditions with respeobi® #2
(M/L3

K. ® = retarded substrate saturation constants under anaerobic conditions with respect to microbg #3 (M/L )

Koo = retarded nutrient saturation constants under aerobic conditions with respect to microbe #1
(M/LY)

Koo = retarded nutrient saturation constants under aerobic conditions with respect to microbe #3
(M/LY)

Kon? = retarded nutrient saturation constamtder anaerobic conditions with respect to microbe #2
(M/LY)

Kon = retarded nutrient saturation constantder anaerobic conditions with respect to microbe #3
(M/LY)

K, P = retarded oxygen saturation constants under aerobic conditions with respect to microbe®#1 (M/L )
K, ®= retarded oxygen saturation constants under aerobic conditions with respect to microb€ #3 (M/L )
K.?= retarded nitrate saturation constant under anaerobic conditions with respect to microbe®#2 (M/L )
K.®= retarded nitrate saturation constant under anaerobic conditions with respect to microbe*#3 (M/L )
A = microbial decay constant of aerobic respiration of microbe #1 (1/T)

A9 = microbial decay constant of aerobic respiration of microbe #3 (1/T)

2,2 = microbial decay constant of anaerobic respiration of microbe #3 (1/T)

A9 = microbial decay constant of anaerobic respiration of microbe #3 (1/T)

v.U' = oxygen-use for syntheses by microbe #1

v.2 = oxygen-use for syntheses by microbe #3

v.? = nitrate-use for syntheses by microbe #2

v.& = nitrate-use for syntheses by microbe #3

o= oxygen-use coefficient for energy by microbe #1



e,®=

S=

oxygen-use coefficient for energy by microbe #3

nitrate-use coefficient for energy by microbe #2

nitrate-use coefficient for energy by microbe #3

oxygen saturation constants for decay with respect to microbe #1 (M/L )

oxygen saturation constants for decay with respect to microbe #3 (M/L )
nitrate saturation constants for decay with respect to microbe #2 (M/L )

nitrate saturation constants for decay with respect to microbe #3 (M/L )

nutrient-use coefficients for the production of ralm #1 with respect to aerobic respiration
nutrient-use coefficients for the production of ralwe #3 with respect to aerobic respiration
nutrient-use coefficients for the production of microbe #2 with respect to anaerobic

respiration

nutrient-use coefficients for the production of microbe #3 with respect to anaerobic respiration

material concentration in the absorbed phase (M/M)

ron” = the removal rate of substrate under aerobic respiration with respect to microbe #1 (M/M)

3) —
I’sop()_

2) —
I’snp()_

FonpD) =
r® =
r@ =
r®=
ro =
(@ =

r® =

ro=

the removal rate of substrate under aerobic respiration with respect to microbe #3 (M/M)
the removal rate of substrate under anaerobic respiration with respect to microbe #2 (M/M)
the removal rate of substrate under anaerobic respiration with respect to microbe #3 (M/M)
the removal rates of substrate by microbe #1

the removal rates of substrate by microbe #2

the removal rates of substrate by microbe #3

oxygen utilization rate per unit of biomass, microbe #1

oxygen utilization rate per unit of biomass, microbe #2

oxygen utilization rate per unit of biomass, microbe #3

nitrate utilization rate per unit of biomass, microbe #1



nitrate utilization rate per unit of biomass, microbe #2

nitrate utilization rate per unit of biomass, microbe #3

nutrient utilization rate per unit of biomass, microbe #1

nutrient utilization rate per unit of biomass, microbe #2

nutrient utilization rate per unit of biomass, microbe #3

the Kronecker delta tensor

the lateral dispersivity (L)

the longitudinal dispersivity (L)

the molecular diffusion coefficient{L /T)

the tortuosity

the prescribed initial concentrations of substrate {M/L )

the prescribed initial concentrations of oxygen (M/L )

the prescribed initial concentrations of nitrate (M/L )

the prescribed initial concentrations of nutrient (M/L )

the prescribed initial concentrations of microbe #1 @MI/L )

the prescribed initial concentrations of microbe #2 @MI/L )

the prescribed initial concentrations of microbe #3 @MI/L )

the prescribed Dirichlet boundary concentrations of substrate (M/L )
the prescribed Dirichlet boundary concentrations of oxygen3(M/L )
the prescribed Dirichlet boundary concentrations of nitrate {M/L )
the prescribed Dirichlet boundary concentrations of nutrient(M/L )
the prescribed Dirichlet boundary concentrations of microbe #1*(M/L )
the prescribed Dirichlet boundary concentrations of microbe #2*(M/L )

the prescribed Dirichlet boundary concentrations of microbe #3*(M/L )
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<
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the prescribed concentrations of substrate {M/L ) on variable boundary
the prescribed concentrations of oxygen (M/L ) on variable boundary
the prescribed concentrations of nitrate (M/L ) on variable boundary
the prescribed concentrations of nutrient (M/L ) on variable boundary
the prescribed concentrations of microbe #1 ¢M/L ) on variable boundary
the prescribed concentrations of microbe #2 ¢M/L ) on variable boundary
the prescribed concentrations of microbe #3 ¢M/L ) on variable boundary
the prescribed total flux of substrate through Cauchy boundary

the prescribed total flux of oxygen through Cauchy boundary

the prescribed total flux of nitrate through Cauchy boundary

the prescribed total flux of nutrient through Cauchy boundary

the prescribed total flux of microbe #1 through Cauchy boundary

the prescribed total flux of microbe #2 through Cauchy boundary

the prescribed total flux of microbe #3 through Cauchy boundary

the prescribed gradient flux of substrate through Neumann boundary
the prescribed gradient flux of oxygen through Neumann boundary
the prescribed gradient flux of nitrate through Neumann boundary

the prescribed gradient flux of nutrient through Neumann boundary
the prescribed gradient flux of microbe #1 through Neumann boundary
the prescribed gradient flux of microbe #2 through Neumann boundary
the prescribed gradient flux of microbe #3 through Neumann boundary
the total number of nodes in the region of interest

the shape function at node j

the pressure head at node j (L)



F= water capacity; F =@ddh (1/L)

{dh/dt} = column vector containing the values of dh/dt (L/T)

{h} = column vector containing the values of h (L)

M] = mass matrix

[S]= stiffness matrix

{G} = load vector resulting from the gravity force

{Q} = load vector due to sources/sinks

{B} = load vector by the implementation of boundary condition
R. = the region of element e

= the set of elements that have a local sigcoinciding with the global side i-j

NS = thea-th local basis function of element e

Ng® = theB-th local basis function of element e

B.= the element surface of the boundary segment e

N = the set of boundary segments that have a local med@nciding with the global node i
V, V,,V,= the Darcy flux components along the x-, y-, and z-directions (L/T)

i, j, k = the unit vectors along the x-, y-, and z-directions
{B .} = boundary-element column vector for a Cauchy boundary side
{B .} = boundary-element column vector for a Neumann boundary side

{B .} = boundary-element column vector for a variable boundary side

{93 = Cauchy boundary flux vector

{0.3= Neumann boundary flux vector

{0.3 = variable boundary flux vector

Npe = number of Neumann boundary element sides
Nee = number of Cauchy boundary element sides



Nye = number of variable boundary element sides
f(C, G, G, G, G, G, £ )=amicrobial-chemical interaction function

9(C, G, G,C,C, £, ) =amicrobial growth function

V4= retarded velocity (L/T)

G = the concentration at node j (M/L )

[A] = stiffness matrix associated with the velocity term

[D] = stiffness matrix associated with the dispersion term

K] = stiffness matrix associated with the decay term, density effect, and microbial-chemical
interaction

[Bv] = stiffness matrix resulting from boundary conditions

[V]= stiffness matrix associated with the convection term

V,= normal Darcy flux with respect to the flow-in variable boundary

w = the derivative weighting factor

t, = previous time (T)

C'= concentration at timg t (ML )

e = current time (T)

cMt= concentration at timg,f (ML )

X = position vector representing (x, y, z) (L)

At (X) = the transport time associated with

N, = number of activated fine-grid nodes

at = time-step size (T)

C'= the concentration at location' (x/", y;', z ) (M/L )

C' = approximated concentration determined from finite element interpolatiorf (M/L )

Cy = the maximum concentration of C (M/L )



Err,, Err =
[Ag=
{C3=
{R%=

the first and second relative errors
element coefficient matrix
unknown vector of concentration

element load vector






of subelements is MXKGLDK = 316. There are 584 imbedded diffusion fine grids in these 79 extended rough
elements. Therefore, MXADNK=MAXNPK+584. Because of the simulation of 2-D problem by using a 3-D
model, 830 of MXADNK nodes are located on the global boundaries. Hence, MXNDBK should not be less
than 830. In the rough region, there are 33 global element surfaces and 66 subelemental surface located on
the intra-boundaries. So MXMSVK should not be less than 33 and MXLSVK must be greater than or equal

to 66. The maximum number of nodes connected to each node is assumed to 35. Thus MXJBD=35.






k *
V-[%-(Vp + ngz)} +p'q -

dp ap dp oC S
Sn—— +Sn——+np—
Yoot T

an
+ pSé)—te +SpV-nV, +nV_ V(Sp)

Making the approximation by neglecting the second-order term:

one has:
V-[*’—u“-(Vp +pgvVz)] +p'q =

op dC oS
Sne_p + nep_

PP, oc
aC ot ot

S
neap ot
an,
+ pS? +SpV-n .V,
Defining the compressibility of the fluid as:

_1op
p dp

wherep is the compressibility of the fluid (T /M). Also defining the moisture content as:

0 =Sn,

where0 is the moisture content (dimensionless). One snagtitute Eqgs.(B.1.8) and (B.1.9) into Eq.(B.1.7)

and rewrite it to obtain:

(B.1.5)

(B.1.6)

(B.1.7)

(B.1.8)

(B.1.9)



k .
v-[%-(Vp +pgv2)] +p'q =

op . 0p oC S
0fp— +0——+np—
b ot Jac ot P (B.1.10)

an, V()
+ — +V+(n
P ot €
Remembering that the continuity statement of incompressible solids but a compressible skeleton is
(Yeh, 1992):

o(d-n)
ot

+V-(1-n)V, =0 (B.1.11)
Rearranging Eq.(B.1.11) in the following form:

an,

E +V'neVS:V'VS (8112)
Substituting Eq.(B.1.12) into Eq.(B.1.10), one obtains:

k *
V'[%'(Vp +pgv2)] +p'q =

(B.1.13)
ap dp oC S
Op— + 0—=—+ np— + pSV-V
Bat acat o P s
Recalling that the flux of solid velocity is the divergence W, (Yeh, 1992):
d
V-V, - oc?? (B.1.14)

whereo is the coefficient of consolidation of the media{LT /M). Substituting Eq.(B.1.14) into Eq.(B.1.13)

and rewriting:



Kk .
V-[%-(Vp +pgvz] +p'q =

(B.1.15)
ap dp oC oS
0B + So)— + 0——+n p—
p(OP )at aC ot e ot
Remembering Eq.(B.1.9) and substituting:
pk s
V-[T-(Vp +pgVz] +p'q =
0 .0 dp 9C 9S (B.1.16)
0p + —a) P 9P\ o9
p(0B Ne )at oC ot ep&t

Experimental evidence has shown that the degree of saturation is a function of pressure as:
S = S(p) (B.1.17)

Substitution of Eq. (B.1.17) into Eqg. (B.1.18) give:

K :
V-[%-(Vp + ngZ)} £p'q -

(B.1.18)
p(6p + Qa)@ + e@% + ned_S@
n, ot dC ot dp ot
Next, one needs to define the reference pressure head as:
h--P B.1.19
0.9 (B.1.19)

where h is the reference pressure head (L)ganis$ the reference water density (M/L ).  Substituting

Eq.(B.1.19) into Eq.(B.1.18), one obtains:



k *
V-{%-(prVh + ngZ)} +p'q =

oh . dp aC dSah (8120
0 +—oc 9P, o 22
P(op n, )pwgat aC ot " ednat
Dividing Eq.(B.1.20) by, and rearranging, one gets:
V_p_gk_ h+ vz +p*q =
M Pw Pw
(B.1.21)
P (g +_ oh i@@ dsah
pW( %P gpw )at p,, 0C ot edh ot
Defining the modified compressibilities of the media and water as
a’ =ap,g (B.1.22)
B’ =Pp,9 (B.1.23)

wherea' is the modified compressibility of the media (1/L) g d the modified copressibility of the water

(1/L). Substituting Egs.(B.1.22) and (B.1.23) into Eq.(B.1.21) and rearranging:

\V& p_gk h+£Vz P q =
H Pw Pw
(B.1.24)
ﬂ(a/ O +n 22 dSyoh 6 dp dC
w  Ne €dh’ ot p,, 9C ot
Defining the storage coefficient as:
0 ds
F= Oc’n— +po + Teqn (B.1.25)

e

where F is the storage coefficient. Substituting Eq.(B.1.25) into Eq.(B.1.24) and following Frind (1982) by

neglecting the second term on the right hand side of Eq.(B.1.24), one gets:



V[P oh+ L vzl | g L gD (B.1.26)
H Pw Py Py Ot
Defining the relation:
k
K= % (B.1.27)

whereK is the hydraulic conductivity tensor. Substituting EdL(B7) into Eqg.(B.1.26) and rearranging, one

gets the density-dependent flow equation:

P _glkvhe Pval| « Pg (B.1.28)
Py Ot Pu Pu
From the Darcy's law :
1 pk
V - ——%-(Vp + pgvz) (B.1.29)

whereV is the Darcy flux (L/T). Recalling Eq.(B.1.19) and substituting into Eq.(B.1.29), one obtains:

Pk

VAR LS (prVh + ngz) (B.1.30)
pH
Rearranging Eq.(B.1.30):
v - - PIK | Pugy VZ) (B.1.31)
H p

and substituting Eqg.(B.1.27) into Eqg.(B.1.31), one gets the Darcy flux equation for density-dependent flow

in its final form:

V= -K -(ﬂw + VZ) (B.1.32)



The density is a function of water, chemical, and microbial concentratigns, C,, G,, G, G, G, C,C,

and G, as the following form:
p:CW+CS+C0+Cn+CIO+C1+C2+C3 (B.1.33)

Physically, the following equation, Eq. (B.1.34), is valid.

c, C. C, C C C C C,

1-w, s, o, n, P, -, _<c,_° (B.1.34)
pW ps po pn pp pl p2 p3

Eq. (B.1.35) is obtained from (B.1.33) divided by, and substituting (B.1.34) into the termf-
Pw
I O B T S S|
Pw Pw Pw Pw Puw Pw Py Py Py
C
=1-) —+ iz G
i pi pW i
(B.1.35)
-1- Z 1.1 C
i pi pw
=1+ Z i — i Ci
i pW pi
The viscosity is assumed the following form
Hoo1. B,Cs + BCy + BCp + B,C, + B1Cy + B,C, + B3Cy (B.1.36)

w

where C is the chemical concentration (RM/L ) $ad,, B, B, B, B, andPsare the parametersYL /M) that
are used to describe the concentration dependence of dynamic viscosity.

The initial conditions for the flow equations are stated as:



h=h(xy,z) in R (B.1.37)

where R is the region of interest and h is the prescribed initial conditibgdagiulic head. The h can either
be obtained by solving the steady-state versioBmf(B.1.26) or alternatively by defining through field
measurements.

The specification of boundary conditions is probably the most critical and complex chore in flow
modeling. As explained by Yeh (1987), the boundary conditions of the region of interest can be examined
from a dynamic, physical, or mathematical point of view. From a dynamic standpoint, a boundary segment
can be either considered as impermeable or flow-through. On the other hand, from a physical point of view,
such a segment could be classified as a soil-soil interface, soil-air interface, or soil-water interface. Lastly,
from a mathematical point of view, the boundary segment can be classified as one of four types of boundary
conditions, namely as (1) Dirichlet, (2) Neumann, (3) Cauchy, or (4) variable boundary conditions. In
addition, a good numerical model must be able to handle these boundary conditions when they vary on the
boundary and are either abruptly or gradually time-dependent.

The Dirichlet boundary condition is usually applied to soil-water interfaces, sstileass, artificial
impoundmentsand coastal lines, and involves prescribing the functional value on the boundary. The
Neumann boundary condition, on the other hand, involves prescribing the gradient of the function on the
boundary and does not occur very often in real-world problems. This condition, howeverenanurgered
at the base of the media where natural drainage occurs. The third type of boundary condition, the Cauchy
boundary conditionfivolves prescribing the total normal flux due to the gradient on the boundary. Usually
surface water bodies with known infiltration rates through the layers of the bottheirafediments or liners
into the subsurface media are administered this boundary condition. If there exists a soil-air interface in the
region of interest, a variable boundary condition is employed. In such a case, either Dirichlet or Cauchy
boundary conditions dominate, mainly depending on the potentialratiapo the conductivity of the media,

and the availability of water such as rainfall (Yeh, 1987).
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From the above discussion, four types of boundary conditions can feeddec the flow equations
depending on the physical location of the boundaries. These boundary conditions are stated as:

Dirichlet Boundary Conditions:
h = hyx,y,z,) on B, (B.1.38)

Neumann Boundary Conditions:

-n-K &-Vh = 0,(XpY,Z,t) on B (B.1.39)
p
Cauchy Boundary Conditions:
—n-K{&Vh+VZJ = 0.(X,YpZ,t) on B, (B.1.40)
P

Variable Boundary Conditions - During Precipitation Period:

h = h(X,Y,z,t) on B, (B.1.41a)

or

—n-K-( %Vsz = 0,(XpYpZpt) on B, (B.1.41b)

Variable Boundary Conditions - During Non-Precipitation Period:

h = hp(xb,yb,zb,t) on B, (B.1.41c)
or
h =h (X,Y,Z,t) on B, (B.1.41d)

or

= 0%, Y, Z,t) on B, (B.1.41e)

—n-K-( &Vh +Vz
p

wheren is the outward unit vector normal to the boundary; (x,y ,z ) is the spatial coordinate on the boundary;

B-9



hy, ¢,, and g are the Dirichlet functional value, Neunféng and Cauchy flux, respectively,B ,B , B, and

B, are the Dirichlet, Neumann, Cauchy, and variable boundaries, respectjvely; h, and q are the allowed
ponding depth and the throughfall of precipitation, respectively, on the variable boungdary; h is the allowed
minimum pressure on the variable boundary; and g is the allowed maximum evaporation rate (= potential
evaporation) on the variable boundary. Note that only one of Egs. (B.1.41a) through (B.1.41e) is utilized at

any point on the variable boundary at any time.

B.2 Governing Equations for Transport

This section derives the governing equations for chemical and microbial transport and fate in
subsurface media. The assumptions, which form the basis for the transport and fate model dmddifbich
each one of the four chemical compounds, i.e. substrate s, nutréxyigen o, and nitrate n, and of three
microbial biomass, i.e., microbe #1, microbe #2, and microbe #3, are now listed.
Q) Mass transport is via advection and dispersion plus artificial sources and sinkimplify the
notation, let C stand for,C ,C ,C,C, C, C, and C. The well known transport equation is derived

in (Yeh, et al., 1994) and written as

oC dS ap Gl
06— +p,—+V'VC = - a—(0C+p, S)-—C + m
ot *Pp ot + 81:( PpS) ot (B.2.1)

where S is the material concentration in the absorbed phase (Minoisture content fL A_ 1y

is the compresbility of the medium, p is the pressure, and m is the artificial source/sink (which is
equal to q¢; for the case of sources or equal to qC for the nksendih G, being the concentration

of the source).

(2) The porous medium follows the linear isotherm rule as follows.

S =K,C (B.2.2)
where K, is the distribution coefficient. Substituting Eq. (B.2.2) into Eq. (B.2.1), the transport
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3)

(4)

equation becomes

C 0
(6+pbKd)%—t+V-VC - VODVC + m - %tc - a%(mpbl(d)c (8.2.3)

Loss of chemicals and microbes can occur via first order irreversibjerémssses, such as chemical
transformations and precipitation in both the free and sorbed phases, in addition to loss via microbial

degradation or growth. Then the governing equation is given as Eq. (B.2.4).

(6+pbKd)% +V-VC = V-0D-VC - (a%ﬂ\) (6+pbKd)C—aa—?C +m  (B.2.4)

To rewrite the above conservative form of the transport equation to the adwactyéhe governing
equation is obtained as

(6 +pbKd)%_? +V-VC - V-6DVC - (a%+A) (6+pbKd)C—%—?C + M-CV-V (8.2.5)
The following relationship can be derived from the Darcy velocity Eq. (B.1.32)

VK- (vh+-Lvz) = v(L2v) = vivL : Loy (B.2.6)

W pW pW pw
Substituting Eqg. (B.2.6) into Eqg. (B.1.28), one has

' oh
Lyv - Pg-Ppfl-vvl (B.2.7)

P Py P, Ot Pw

The transport governing equation is expressed as Eq. (B.2.8) after substituting Eq. (B.2.7) into Eq.

(B.2.5).



(6 +pbKd)%—f +V-VC = V-6D-VC

* (B.2.8)
P qc+(F -9, Pwyyy Py
p ot ot p

- (a%+A) (6+p KH)C + m-

w

(5) Microbiological processes are modeled using process laws described by Molz et al. [1986] and
Widdowson et al. [1988], who constructed biodegradation models using the carbon assimilation and
oxidation assumptions of Herbert [1958]. The model developed here includes three microbial popula-

tions, namely € , C , and;C . The utilization rate laws adapted from Benefield and Molz [1984] are

ol T T
- Lo e o (B.2.9)
oy Ok®ic |k®ic [k -
o [ "so s[' o of “po p|
@ I“lng) Cs C, Cp
s~ ol @ @ @ (8.2.10)
YOK@c |kPrc, k@,
(©) I“lgg) Cs C, CIO
o0 = Tl @ @ @ (B8.2.11)
YOO [kP c |k@+c,
€
@ _ M| G C, C,
s = )l @ ®) @) ICy) (B.2.12)
Yn {Ksn +C K7+ G [Kpy + G
“_.0 0.0 6._.0,0
rs” = Tsop Ts” = lsnp Ts = Fsop™lsnp (B.2.13)

where , P, 2, @, andt® (M/M) represent the removal rate of substrate under aerobic or
anaerobic conditions with respect to microbes #1, #2, or #3.

The growth of three microbial populations adapted from Widdowson et al. [1988] are



ac,
(1), (@) _4(@
F] B [YO Fsop™ Ao }Cl (B.2.14)
microbe activity
aC 2). (2 2
(_2] - M ren A )]Cz (B.2.15)
ot microbe activity
aC,
- (3),.0B)_40 (3),3) 10
(ﬁ | T KYO lsop™ Ao )+(Yn Fnp™ A )l(Co)]C3 (B.2.16)
microbe activity

(6) Expressions for the respective electron acceptor utilizationaiadsmsed on the assumptions that (i)
utilization resulting from the energy requirement for gross heterotrophic biomass production is
proportional to substrate utilization, and (ii) requirement for energy of maintenance folteveod-
type response with respect to the particular species. Thus the oxygen utilization rate per unit of

biomass (specific rate) is expressed as

e ]
@ _ OO @), 1), Q) 0
o = Yo Yo F'sop™ ®o Ao e (B.2.17)
ry7+C
o o
e
@ _ By, B)E) 0
o = Yo Yo F'sop™ ®o Ao @) (B.2.18)
r;7+C
L 0 o_
Likewise, the expression for the specific rate of nitrate utilization is given by
C
@ _ .,y 2, 2,2 n
" = Yn Yn Fsnp™ Cn An @ (B.2.19)
rr’+C
n n
C
@ _ ,,0Cy0B.Q3), (3,3 n
' = Yn Yn Fsnp™ Gn A @) Io(Co) (B.2.20)
ry"+C,



The specific rate of nutrient removal for the synthesis of heterotrophic biomass is assumed

proportional to the specific rate of the substrate utilization rate and is expressed by

@ _ (1) 1) @ _ (2) @ @ _ (3) GO (3) 3
rp o SOP rp €n Snp rp €o sop €n snp (B.2.21)

After coupling the biodegradation and microbial growth, the governing equations of fate and transport

of chemicals and microbes are expressed as the following:

aC,
(6+pbKdS) +VVC = V-0D-VC,

a—e)a—hc o (Bw vvte,

w
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The specification of boundary conditions is a difficult anddate task in transport modeling. From
the dynamic point of view, a boundary segment may be classified as either flow-throughapumspeFrom
the physical point of view, it is a soil-air interface, or soil-soil interface, or soil-water interface. From the
mathematical point of view, itnay betreated as a Dirichlet boundary on which the total analytical
concentration is prescribed, Neumann boundary on which the flux due to the gradient of total analytical
concentration is known, or Cauchy boundary on which the total flux is given. An even more difficult
mathematical boundary is the variable conditions on which the boundary conditions are not known a priori but
are themselves the solution to be sought. In other words, on the mathematically variable boundary, either
Neumann or Cauchy conditions may prevail and change with time. Which condition prevails at a particular
time can be determined only in the cyclic processes of solving the governing eqlratens (L972a, 1972b;

Yeh and Ward 1980; Yeh and Ward, 1981).



B.3 Simplification

The governing equations derived in Appendix B represents the density-dependent flow and the fate
and transport of microbes and chemicals in slightly deformable media as characterized by the modified
compressibilities, ' and f'. In the development of 3DFATMIC, it is assumed that the media are

non-deformable, i.eq’ = 0 andB' = 0. As a result of this simplification, one has

a0
F-Z -0
= (B.3.1)

To remove this restriction, it is as simple as making apple pie. Finally, it should be noted that the terms

associated with source/sinks can be reduced to source terms only. It is obvious that

m - P qC = qinCin B

P gC for a source
p p

(B.3.2)

m - F:)qC = q,C, for a sink
because for a source m z g, @nd for a sink m = qC ar@ = p. The governing equations used in Chapter

2 were obtained from the corresponding equations in this appendix using Egs. (B.3.1) and (B.3.2) and setting

o=0.
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