ABSTRACT

A three-dimensional model for the simulation of transient groundwater flowis devel-
oped. The nodel is called REGFED for REG onal flow using Finite El ements and Dif-
ference nethods. A review of groundwater flow and contam nant transport concepts and
theory reveal s that three-dimensional representation of groundwater systems is essential for
realistic sinulation of flow and transport. Froman analysis of currently available ground-
water flow nodels and algorithms, it is apparent that a mxed numerical method consisting
of finite-elements and finite diff"erences is a suitable method for solving the groundwater
flow equation in three dinensions. An al gorithmknown as ALALS (Alternate sublayer
And Line Sweep) is selected for the basic nodel algorithm

Finite elements are applied to areal conmponents, and flnite differences are applied
to vertical conponents of flow The nodel acconodates both conflned and unconfined
groundwat er flow problems and is al so capable of handling the draining and refilling of
individual elements or entire |ayers. Because of the nmodel's efficient algorithm it can
acconodat e thousands of nodal unknowns with mnimal conputer storage and CPU tine.

Quasi l'inear unconfined groundwater flow problens are solved using a Picard iteration
scheme. Entire confined layers are skipped in the iteration scheme in order to decrease the
CPU time required to solve the problem The nodel is validated under a wide assortment of
conditions including confined flow, confined flowwth partially screened wells, unconfined
f1ow, combined confined/unconfined flow, and flowwth drained and refilled layers. A
heuristic error analysis shows that model results conpare well with validation results.
Mass-bal ance errors for various groundwater flow problems are mninmal for nost cases.

The convergence speed and stability of the iteration schene is evaluated for solu-
tion of unconfined groundwater flow problems. A benchmark conparison using sanple
groundwat er flow problems was performed with the REGFED nodel and with the USGS
M Donal d- Har baugh model . Exanpl e applications further demonstrate the flexibility of

t he nodel .
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1 I NTRODUCTI ON

1.1 Background and Motivation

Approximately half the population of the U S depends on groundwater for its drink-
ing water supplies. There is growng evidence that this resource, once thought to be
contamnant-free, is being contamnated by municipal, industrial, and agricultural wastes.
Researchers are thus focusing upon studying the mechanisms responsible for contam nant
transport in groundwater systems. To prevent the further deterioration of groundwater
quality, researchers are devel oping methodol ogi es for nonitoring, analyzing, and predict-
ing the movenent of contamnants in the subsurface. Predictive nodels of groundwat er
contam nant transport can provide the information needed for the accurate assessment of
heal th risks resulting fromcontamnation of drinking water supplies, or for the design and

eval uation of measures for renovating contam nated groundwater aquifers.
1.1.1 Rel ationship between G oundwater Flow and Contam nant Transport

ne of the most inportant factors in predicting the movement of contaminants in
the subsurface is the analysis of groundwater flow systems. In the past, groundwater
flow sinulation has been mainly a tool for quantifying yields of groundwater resources
For exanple, the amount of water available froman aquifer to support a given popul ation
industrial, or agricultural base is a problemthat groundwater flow researchers have studied
in detail. The increasing urgency of groundwater quality problems has changed the focus
of groundwater research by spurring the devel opment of predictive tools in the formof
mat hemati cal nodel s designed to sinulate the transport of contamnants in groundwat er
However, in the mathenatical simulation of aquifer contamnation, an accurate definition
of the flow systemstill is of vital inportance (Frind et al., 1985). Thus, groundwater flow
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model s can be devel oped in the context of groundwater contam nation problens.

In order to understand the relationship between groundwater flow and contam nant
transport, one nust exanmine the equations that govern the hydrodynamcs of contamn
inant transport. Determinstic and stochastic approaches for mathematically describing
contam nant transport are possible. This report focuses upon determ nistic apporaches
for transport and flow, due to the relative difficulty of applying the stochastic approach to
practical contam nant transport problens.

The advective-dispersive equation is generally considered to be the equation that
governs contamnant transport (Anderson, 1979), although other researchers have proposed
different approaches (Gllhamet al., 1982; Tonpson, 1986). The advective-dispersive
equation considers solute flux to be the result of the average bulk movement of the fluid in
the direction of groundwater flow (advection) and a Fickian-type mxing in the displacing
fluid (dispersion) (GIlIhamet al., 1984). For saturated flowin heterogeneous porous nedia,

the general formof the advective-dispersive equation is witten as

VSV -V A+ TIO (L

wher e

C —sol ute phase concentration [M L")
t =time (7)
V —vector of average groundwater pore velocity {L/T)

D
V-

hydrodynam ¢ dispersion tensor {L'"/T)

di vergence operat or
V = gradient operator

(Wrin =reactive term(MLMT)
T{Q = source or sink term{ML"T)
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Reactive processes such as sorption, chemcal reactions, and biological degradation can
play inmportant roles in the fate of contamnants and shoul d al so be accounted for in any
model of non-conservative groundwater contam nant transport. The focus of this report is
not on the reactive portion of Equation 1.1, but concentrates on the the hydrodynan cs.

The conservative formof Equation 1.1 inplies that

( / rxn

whi ch reduces Equation 1.1 to

A = v-(Devc)-tr-vc + r(c) (1.3)

at

Bear (1972) describes the hydrodynam ¢ dispersion tensor as the sumof two conpo-

nents, which can be represented as

Dij =arvSij + {al - al)viVj/v + D¢ (1,4)

wher e

Dij =1i,) termof dispersion tensor [L" /T)

i,j = conponents of Cartesian coordinate system
ar —transverse dispersivity (L)

ai = longitudinal dispersivity (L)

V = average groundwater pore velocity {L/T)

Dre= effective nolecular diffusion coefficient [L* /T)
Sij = Kronecker delta function [dimensionless]

—1for i —j
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=0 for i 7"

The product of dispersivity and flow velocity is known as the mechanical disper-
sion conponent. The mechanical mixing is a process introduced by averaging irregul ar
advective displacements taking place within the porous groundwater matrix (Fried and
Cornabous, 1971). In active groundwater flow through a granular medi um mechanical
dispersion is usually domnant over diff'usion, and so the D* termis often a relatively
smal | conponent.

By examining Equation 1.2, one can see that groundwater velocity, through the advec-
tive term is a crucial part of the advective- dispersive approach to nodeling contam nant
transport, for a typical groundwater aquifer. In addition, Equation 1.4, which describes
the dispersion tensor, includes velocity-dependent terms.

Various mathematical solutions to the advective-dispersive equation have been pro-
posed. These sol utions have been conmpared to experimental results fromlaboratory-scale
soil colums. The sol utions have been shown to provide accurate representations of conser-
vative solute transport, under |aboratory conditions (Gllhamet al., 1984). Longitudinal
dispersivities have been found that range within a couple of orders of magnitudes of each
other ( 10""* to 10""" meters). However, when the solutions of the advective-dispersive
equation are applied to fleld-scale tracer tests, longitudinal dispersivities in the range of
1 to 100 neters have heen commonly reported (Gelhar et al., 1985). This variation in
di spersivity poses a difficulty in the use of predictive nodels of solute transport based on
the advective-di spersive equation

The discrepancies between |ongitudinal dispersivities obtained fromlaboratory- and
field-scal e experiments have |ed sone researchers to conclude that dispersivity is a pa-
rameter which is scale-dependent (Fried, 1975; Feaudecerf and Sauty, 1978; Sudicky and
Cherry, 1979; Pickens and Gisak, 1981). The scal e dependency is generally attributed
to the effect of heterogeneity of the geol ogical media (Skibitzke et al., 1963; Fried, 1975;
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Bear, 1977, Schwartz, 1977, Anderson, 1979).

Heterogeneities can be found in a range of scales in the geological media. Figure 1.1
I1Tustrates various types of heterogeneities that occur and the subsequent effect on velocity
distributions. These heterogeneities affect the velocity field, and therefore groundwater
flow at all scales. Figure 1.1 illustrates that heterogeneities can occur fromthe grain-size
scale to the geologic- layering scale. The layering scale could, if necessary, be identified
and mapped by careful drilling, sampling or geophysical logging. If the smallest scale of
heterogeneities in a determnistic-type media could be identified and accounted for, then
the differences in advection or groundwater flow could be accurately similated. However,
these heterogeneities cannot be identified by conventional methods of field testing (Freeze
and Cherry, 1979). As long as the smallest heterogeneities cannot be identified, it is
important that nodels of groundwater flow provide accurate simulations, using the best

available information fromthe scales that can be identified.

The dispersivity parameter is aresult of averaging over scales larger than the smallest
scales. The average |inear groundwater velocity that is used as input to the advective-
di spersive equation reduces the individual velocities inthe interstitial flow paths to a

single value (Freeze and Cherry, 1979). Averaging of velocities often goes one step further
where individual velocities within layers of different hydraulic conductivities are averaged
to asingle value. The result of this averaging is that the observed dispersity parameters
contain the deviations in velocities at the scale over which the flow has been averaged
(Anderson, 1984). Determnistic nodel s of the advective-dispersive equation cissune that
hydrodynam ¢ process occur over neasurable scales. If the nodels included the smallest
heterogeneities, theoretically there would be no deviations in velocities over a smll scale
and therefore the dependence of prediciting hydrodynamcs on dispersivities woul d be

reduced.

1.1.2 Inportance of Mbdeling Flow and Transport in Three Dinensions
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The myjority of contamnant transport nodels have been devel oped over two di men-
sions (Burnett and Frind, 1987). In these cases, inportant aquifer properties such as
vel oci ty magnitudes and directions are spatially averaged over the relevant dimensions
(usual Iy the vertical dimension). This approach doons the prediction of contam nant
transport to failure, inall but the sinplest of groundwater systems. Figure 1.2 provides
a schematic illustration of a typical three-dinmensional groundwater flow and contani nant

transport problem

Various researchers have reported that three-dimensional nodeling of flow and con-
tamnant transport inproves the accuracy of such sinmulations relative to two- or three-
di mensional simulations. Stochastic analyses performed by Freeze (1975) and Gel har
(1976) show that there is considerably less variation about a mean hydraulic head val ue

for three-dinensional flow nodels than for two- and one-di nensi onal nodels. Increases in

these variations tend to inflate the value of dispersion and produce poor predictive ability
in contaninant transport nodels.

The scal e eff"ects on dispersion that were discussed previously may be an artifact of
the dimensionality of the nodels enployed to predict dispersion (Domenico and Robbins,
1984). Results of Domenico and Robbins (1984) indicate that a "scaling-up" of dispersivity
w |l occur when the dinmensionality of a model fails to match that of a natural system
Molz et al. (1983) conclude that the vertical distribution of hydraulic conductivity (and
the subsequent effect on mxing) is a key parameter that aff"ects overall dispersivity.

Burnett and Frind (1987) describe variations in hydrodynamc paraneters in three
di mensi ons that influence the shape of a contamnant plume. Arnett et al. (1977) report
that three-dinensional nodels of contamnant movenent conpare better with observed
contam nant novenent at the Hanford, \ashington site, than for two-dinensional models.

Vertically-1ayered groundwater systems are often found in the field (Huyakorn et al.
1986). Such systems occur commonly in stratigraphic sections, as a result of nost depo-
sitional processes. Diffferences in hydraulic conductivities between |ayers can be severa
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orders of magnitude (Sudicky, 1986). If the variations in flow caused by the differences are
not taken into account, at best only averaged contam nant concentrations can he predicted

rather than in the individual layers. The presence of a high conductivity layer may direct
the contannants toward this ayer, the effects of which may be ignored in a one- or two-

di mensi onal analysis. Results from Sudicky (1986) and Mblz (1986) showing the vertica
distribution of hydraulic conductivities are shown in Figure 1.3. These results show that

hydraulic conductivity, and thus velocities, can vary nore than an order of magnitude in
the vertical direction.

The effects of the vertical averaging of groundwater velocity distributions can be
shown through some hypot hetical simulations. An analytical nodel of the one dinmensional
conservative formof the advective-dispersive equation (Bear, 1979) was applied to two
cases: 1) a five-layer aquifer, with each layer having a different groundwater velocity, and
a line source of contamnant, as shown in Figure 1.4; and 2) the sane aquifer, but wth
the velocities of the five layers averaged into a single value of velocity. The sinulations
were performed at three different positions down-gradient fromthe contam nant source
The val ue of |ongitudinal dispersivity for the second case was fitted to the results fromthe
first case at the first down-gradient position. All other parameter values were the same for

each case.

The results are shown in Figure 1.5 (note that the tine axis has a log scale). These
results show that, at the first position (where the dispersivity was fitted), the vertically
averaged results resenbl e the non-vertically averaged resits. However, cis the simlations
move farther fromthe contamnant source, the vertically averaged results no onger resem
ble the non-vertically averaged results. Thus, the vertical variations cannot be averaged

whi | e expecting the sinulations to provide accurate results

1.1.3 Inportance of Mdeling Unconfined Fl ow

Aquifers are generally classified as either confined (artesian) or unconfined (water
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FI GURE 1. 3
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FI GURE 1. 4
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table). Flowin confined aquifers is bounded above and bel ow by inmpervious |ayers. Un-
confined aquifers are bound bel ow by an inpervious |ayer, but are bound above by the
top of the water table. Figure 1.6 shows a schematic representation of the two types of
aqui fers. Mbst contam nation cases can be found in unconfined aquifers, due to the lack
of a protective confining layer and thus an increased vulnerability over confined aquifers.
Shal | ow unconfined aquifers are particularly susceptible to pollution from contan nants
when little or no treatment is afforded by the overlying strata (Guvanasen and Vol ker,
1981).

However, nost of the available flow models either do not accompdate unconfined flow
at all or do so unreliably. Mdeling an unconfined groundwater systemas a confined
systemusually i's inaccurate because the flow regimes may differ greatly between the two
types of systems. The presence of a free upper boundary in an unconfined aquifer can
significantly affect groundwater velocities, especially in shallower aquifers. These differ-
ences can translate to poor estimtes for the movement of groundwater contamnants, if

the wong systemis nodel ed.

1.3 Research Goals and Objectives

Thus, the goal of this research is to develop a versatile nodel that accurately and
efficiently simulates confined and unconfined groundwater flow in three dinensions

The objectives to be met with this research are

1) To develop a three-dinensional numerical nodel for simulating confined ground-

water flow.

2) To develop a three-dinensional numerical model for sinulating unconfined ground-
water flow using the confined flow nodel for the basic structure so that a combination

of confined and unconfined flow can be acconodated in the final nodel

3) To test the accuracy of hoth the confined and unconfined flow portions of the fina

nodel .
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FI GURE 1.6
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4) To apply the model to some hypothetical groundwater flow situations.

1.3  Met hodol ogy

To meet the first objective, an algorithmconsisting of a numerical solution of the
groundwater flow equation is selected. This algorithm called the ALALS al gorithm (for
ALternate sublayer And Line Sweep procedure) has been described in the literature. The
conpl ete derivation of this algorithmis performed. Next, a structured and comented
conputer code that incorporates the ALALS al gorithmis developed. Various nodifications
of the algorithmare also included in the code, such as the ability to simlte steady-state
as wel | as transient problems, and a provision for calculating mass bal ance errors. The
result is a model for sinulating confined flow.

The nodel devel oped under the first objective is then modified to include unconfined
flow. The equation describing unconfined flowis not linear, as it was the confined case
An iterative algorithm(Picard iteration) is utilized to solve the unconfined flow equation
Application of the iterative algorithmresults in a significant increase in conputaiona
effort over the confined model. The computational eff”ort is reduced by modifying the
iterative algorithmto include unconfined aquifer layers only. Qther problens resulting
frommodeling unconfined flow such as the draining and reflUing of aquifer layers, are
incorporated into the model. The resulting nodel can sinulate confined and unconfined
flow separately or at the sane time. The nodel is named REGFED for REG onal flow
using Finite Elenent and Differences nethods.

The third objective involves testing the accuracy of the unconfined and confined por-
tions of the model. In this research, accuracy i s evaluated by graphical conparisons of
model results with results fromanalytical solutions. In a few cases where analytical nod-
els are not availble for conparison, the ability of the nodel to balance mass in and out
of the groundwater systemis anal yzed. The sensitivity of the nodel to various node
paraneters, such as vertical and horizontal discretization schenes and tine step sizes, i

1-15


NEATPAGEINFO:id=C87DBE9F-BE13-467C-9405-F4CB60ECEAED


anal yzed by graphical conparisons of nodel results with analytical solution results.

Hypot hetical applications are sinulated with the model. The exanple applications
include flowwthin a nonitoring well, flowin an aquifer-confining layer system and flow
resulting froma two-wel | tracer test. In addition, the performance of the nodel is comn
pared to the most popul ar three-dimensional public domain groundwater flow nodel, the
M Donal d- Har baugh model . Thi s conparison provides a way to gauge the relative effi-
ciency of the WELFED model. The total conputational time required for each model to

simulate a sanple problemis conpared.
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2 THEORETI CAL BACKGROUND AND LI TERATURE RE-
VI EW

The determnation of groundwater flow requires the evaluation of either or both of
the hydraulic head variable or the velocity variable. Hydraulic head is a neasure of fluid
potential; it consists of the sumof a pressure head and an elevation head. Mbst groundater
fl'ow nodel s simulate distributions of hydraulic heads. Goundwater velocity is the velocity
variable found in the advective-dispersive equation. Velocity i's proportional to the negative
of the groundwater gradient (Darcy's Law).

Cenerally, there are two approaches towards sinulating groundwater flow velocities:
the indirect and direct method. The indirect nethod- the most popular- consists of simn
ulating hydraulic head distributions and then using Darcy's Law to approximate ground-
water velocities. The direct method uses Darcy's Law directly to sinulate groundwater
velocities. This report focuses on sinulating distributions of hydraulic heads.

Before discussing the approaches toward obtaining hydraulic head and velocity, the
classical theories of groundwater flow should be reviewed. By examning the theory first,

one can understand the necessary steps in each approach.

2.1 CGoverning Equations for Goundwater Flow

2.1.1 Theory: Darcy's Law

Groundwat er flow theory begins with Darcy's Law. Darcy's Lawis an enpirically
derived formula that relates specific discharge to the groundwater gradient. It is usually

represented as
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-kl ™ m

wher e

q = specific discharge (L/T)

K = hydraulic conductivity [L/T)

h —hydraulic head (L)

N = groundwat er gradient [dimensionl ess]

Darcy's lawis valid for groundwater flowin any direction in space. However, it should
be understood that the specific discharge calculated fromDarcy's Lawis a macroscopic
concept, which is averaged over a portion of the porous medium The specific discharge is
clearly diff"erentiated fromthe velocities encountered in the actual path of the fluid particle
through a porous medi um (Bear, 1979).

The average velocity, v, represents the flow that passes through only the portion of
the porous medium occupied by voids in the porous matrix. The average velocity is found
in the advective and dispersive terns of the advective-dispersive equation. It is obtained
by

tJ = - 2. 2)

wher e

V —average groundwater pore velocity [LfT]
n —porosity [dintnsionltss)

2.1.2 Theory: Goundwater Flow Equation
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The continuity equation for groundwater flowis a partial differential equation that
describes the conservation of fluid mass during flow through a porous medium The ground-
water flow equation for saturated flowin confined aquifers is generally represented as

V. (K 2Vh) + Ti h)~Ss~ (2.7)

wher e

h = hydraulic head (L)

K = hydraulic conductivity tensor [L/T)
S3 = specific storage (I/X)

r{/i) = source or sink term{1/T)

The cissunptions implied in this equation are that (1) the flow of water is [amnar, (2)
the fluid i's incompressible and of constant density, (3) the porous mediumis rigid, and (4)
the unsaturated portion of flowcan be negelected. Assunptions (1) through (3) are nost
comonly applied in groundvater flow analysis. Assunption (4) involves the unsaturated
region. This region involves the two- phase flow of air and water and is found directly
above the top of the vater table (see Figure 1.6). Unsaturated flowis inmportant when
considering infiltration of fluids fromabove the water table. The unsaturated portion

of flowis neglected in this report, because the difficulty of nodeling unsaturated flow
outwei ghs the practical advantages to be gai ned.

Equation 2.3 can be sinplified further by assumng that the conponents of the con-
ductivity tensor are aligned with the directions of the gradients of head. This assumption
al lows for the consideration of only the diagonal conponents of the conductivity tensor

and reduces Equation 2.3 to
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d (™ dh d (™ dn d [, d A " dh

wher e

Kx, Ky, Kz —conponents of conductivity inthe x, y, and z directions, respectively [LjT)

2.1.3 Theory: Unconfined Flow

When examning flow in unconfined aquifers, the physics governing flow change. These
changes are reflected in the groundwater flow equation. The conductivity parameters found
in Equation 2.4 are constant for confined flow However, for unconfined flow vertica
averaging produces the transmssivity parameter, which is a function of the saturated
thickness of the aquifer. The storage parameter found in Equation 2.4 al so changes for
unconfined aquifers, to represent the saturated/unsaturated interaction of the aquifer.

In order to analyze unconfined flowwth Equation 2.4, the equation is often vertically
averaged (using the Dupuit assumptions of negligible vertical gradients). The averaging
produces the new parameters of transmssivity (the vertically averaged hydraulic conduc-

tivity) and storativity (the vertically averaged specific storage). Vertical averaging also
elimnates the terms that are a function of z. Equation 2.4 can be rewitten as

wher e

Tx, Ty = conponents of transmssivity inthe x, and y directions, respectively, where
T = Kh {LMT)

Sy = specific yield [dinensionless)
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T'{h) ~ vertically averaged source or sink term{LjT)

The resulting differential equationis nore difficult to solve, because it is no longer a

linear function of h (hydraulic head).

2.2 Solutions of the Goundwater Flow Equation

Solutions to groundwater flow equations such as 2.4 or 2.5 can be solved for the
hydraulic head variable. Analytical and numerical solutions of the flow equations are
used in the analysis of groundwater flow. However, analytical solutions usually are not
sophisticated enough to handle heterogeneous aquifers of irregular shape that are nost
often encountered in the field. The analysis and prediction of aquifer performnce in such
situations is normally carried out by numerical simulation. However, analytical solutions
can be used for sone types of aquifer eval uations and al so serve as convenient benchmarks

for evaluating the accuracy of numerical nodels.
2.2.1 Analytical Flow Mdels

Sinulations of hydraulic head distributions have been performed for at east 50 years
Theis (1935) solved a radial formof the groundwater flow equation to obtain an analytica
expression for the change in hydraulic head around a punped well in a confined aquifer.
Many other analytical solutions for various types of flow have been produced since Theis.

In the case of unconfined flow transient groundwater flowis nore difficult to sim
ulate. The analytical (and numerical) solutions available to analyze unconflned flow are
consequent |y fewer than those for confined flow Analytical solutions proposed to sinulate
unconfined flow are still under scrutiny by groundwater researchers. The problens arise
fromthe fact that the top boundary (also known as the free surface) of the aquifer moves
as hydraulic head changes and that the groundwater flow equation is no |onger |inear. To
sinplify the treatment of such problems, researchers have relied on the Dupuit assunptions
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(Streltsova, 1973; Bear, 1979). These assunptions basically mean that vertical gradients
within the aquifer can be ignored. These assunptions give rise to the Boussinesq equation

for unconfined flow

¢ (hd (™ dhl o M

Freeze and Cherry (1979) identified three approach® to analyze unconfined flowin
punped welI's. The first recogni zes that the unconfined probleminvol ves a saturated-
unstaurated flow systemin which changes in hydraulic head are acconpanied by changes
In the moisture content above the water table. An analytical solution for this case was
presented by Kroszynski and Dagan (1975). However, the conclusions fromthis and other
studies (Taylor and Luthin, 1969; Cooley, 1971) is that hydraulic heads are not substan-
tially affected by including the unsaturated flow component.

The second approach is to use the confined aquifer (the Theis equation) defined in
terns of specific yield instead of storativity. This nethod effectively relies on the Dupuit
assunptions. Jacob (1950) has shown that this approach is nearly correct as long as
drawdowns are small in conparison with saturated thickness. The third approach is hased
on the concept of a delayed water-table response. Neuman (1972) presents an anal ytica
solution for this approach. After long times or at a long enough distance fromthe well,
the hydraulic head distributuon eventually mmcs the Theis sol ution for unconfined flow

2.2.2 Nunerical Flow Mdels

Numerical sinulations of confined and unconfined groundwater flow are also wel
established. Various numerical methods are available for solving the groundwater flow
equations. These nethods include finite differences, finite elements, finite elenent- finite
difference hybrids, and boundary integral equation nethods (BIEM.

Finite difference methods have been applied to groundwater flow problens for many
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years. This method is relatively easy to apply, as long as the problem domain has bound-
aries that are relatively regular in shape. Irregular boundaries are simulated inefficiently
wth finite differences. The accuracy of results obtained fromfinite difference methods is
general |y lower than results fromfinite elements, given the same number of nodes used in
the discretization. However, the computational effort required to solve a finite difference
problemis usually smaller than for finite elements, given the sane [evel of desired accuracy
(Faust and Mercer, 1981).

Wth finite-elements, problems can be solved using fewer unknowns than for finite
differences, given the same degree of accuracy. Finite element methods have the advan-
tage of being able to fit irregular boundaries wthout additional conptutational effort over
sinpler boundaries. Inaddition, finite elements provide values of the dependent variable
over the entire problemdomain, not just at selected nodal [ocations as in finite differences.
However, the conputational cost of three-dimensional finite element applications is pro-
hibitive, due to the large anount of data and operations that nust be carried through the

conputational procedure.

Hbrid finite element-finite difference methods combine the good points fromboth
nethods. Irreqular boundaries are usual |y encountered in the horizontal or areal directions
therefore, finite elenents are applied in this direction. Vertical changes in parameters such
as hydraulic conductivity often occur as changes fromone parallel layer to another, which
makes for a suitable application of finite differences. By reducing the dimensionality over
which finite elements are applied, the computational cost of the applied method is reduced

The BIEM al so has the advantage of providing flexible boundaries. It is also especially
suited for unconfined flow problems. However, this nethod contains some serious draw
backs. First, current theory does not allow for the convenient solution of tine dependent
probl ems. Second, model parameters must be constant within the domain- a substantial
di sdvantage for any method where heterogeneous conditons are encountered

Nunerical sinulations are commonly perforned in two space dimensions, either with
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cross-sectional or areal nodels. There are at |east two two-dinensional aquifer-simulation
prograns that have heen conpletely documented and widely applied in North Arerica
These programs are the Trescott-Pinder-Larson model (Trescott et al., 1976) and the
[I1inois Wter Survey model (Prickett and Lonnquist, 1971). Both of these nodels utilize
finite difference fornulations to produce head distributions.

Numerical methods for sinulating two-dimensional unconfined flow have also been
proposed. The problemof |ocating the position of the free surface is usually resolved
by approximating the free surface location and then iterating, successively solving the
conplete flow problem and relocating the approximate surface. Alternatively, if it is not
necessary to determne the position of the free surface, heads are approximted only at
fixed nodal positions (the approach taken in this research).

Neunan and Wtherspoon (1971) developed what is believed to be the earliest nu-
merical model in which vertical gradients are not assumed to be negligible. Their tran-
sient, two-dimensional flow nodel is based on the finite elenent method The free surface
boundary is sinulated by changing the location of the nodes at the top of the aquifer as

the hydraulic head changes.

The Boundary Integral Equation Method (BIEM has been enployed by Liggett
(1977) and Lennon et al. (1980) to resolve the free surface problem The advantage of
using the BIEMis that the flow equations at the free surface at the boundary depends only
on boundary data and thus the free surface can be located without solving the complete
fiow problem (Liggett, 1977). However, the disadvantage of the BIEMis that hydrol ogic
paranters are assumed to be constant over the entire domain. In addition, most BlEM
theory has been devel oped for steady-state conditions only. Applications of the BIEMto
subsurface hydrology problens are found in Hiyakorn and Pinder (1983).

Trescott and Larson (1977) conpared the efficiency of various iteration methods for
simlating unconfined flow Using a two- dinensional finite difference nodel, they found
that the Strongly Implicit Procedure (SIP) was superior to Line Succesive Overrelaxtion
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(LSCR) and the Alternating Direction Inplicit procedure (AD) for solving the nonlinear
free-surface problem Huyakorn and Pinder (1983) offer general procedures for solving
nonlinear flow problems by iteration. These procedures include the Newt on-Raphson and

Picard iteration procedures.

Conpl exity and high conputational cost are usually the reasons for avoiding three-
di mensi onal anal yses. Mbdeling transient unconfined flowin three dinensions i's especially
difficult because the top boundary of the water table nust be moveable and hecause of the
quasilinearity of the equations. However, as was discussed in Chapter 1, there are many
I nstances where two-di mensional approaches are not adequate.

Three-dinensi onal groundwater flow nodels can be described as either "fully" three-
dinensional, in order to distinguish themfrom"quasi" three-dinensional nodels. The
fully three-dinensional nodels represent all dinensions of flow equally. The quasi three-
di mensi onal model s, however, take advantage of the fact that groundwater systens of -
ten consist of several aquifers separated by confining or sem-confining |ayers. These |ayers
transmt water and interconnect the aquifers to various degrees. The contrast in permeabil-
Ity between the confining |ayers and the aquifers i's usually several orders of magnitude
The systemcan be sinplified by assumng that vertical components of flowwithin the
aquifer are negligible and that the horizontal components of flowin the confining |ayers
are negligible. Figure 2.1 shows how the presence of a sem-confining |ayer can affect flow
inalayered system

The quasi three-dinmensional approach is attractive to many researchers hecause of
the reduced computational costs resulting fromthe assunptions described above. Bre-
dehoeft and Pinder (1970) used a finite difference scheme in their transient, quasi three-
dimensional flow model. Finite elements were enployed by Chorley and Frind (1978) in a
transient, quasi three-dinensional model. They showed that their model required about
dal. (1982) developed a quasi three-dimensional flow nodel that also simlated land sub-
sidence. The transient flow and subsidence problens were simlated with finite el enents.
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FIGURE 2.1
EFFECT OF SEM - CONFI NI NG LAYER
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Ganbol ati et al. (1986) also used finite elenents to sinulate transient, quasi three- di-
nensional flow Several three-dinensional numerical nodels have been proposed for flow
anal ysi's

Ful l'y three-dimensional flow nodels also have been devel oped. Freeze (1971) was per-
haps the first researcher to develop a fully three-dimensional nmodel of transient ground-
water flow He used a finite difference fornulation to solve the groundwater flow equation

The nodel included the unsaturated zone and coul d acconpdate both confined and un-

confined conditions. Narasimhan and Wtherspoon (1976) devel oped a general nodel for
transient, three-dimensional flow based on the integrated finite difference approach. Con-

fined and unconfined flows were included in the formulation of the nodel.

Trescott (1976) developed a transient, three-dinensional, finite difference flow node
for confined aquifers. Wnter (1978) derived a steady-state, three-dinmensional, finite differ-
ence model to analyze the interaction between |akes and groundwater flow. An integrated
nodel for flow and transport enploying finite differences was devel oped by Reeves and
Cranwel | (1981). The SVENT nodel, devel oped by Intera Environnmental Consultants
(1983), sinulates flow, energy and radionuclide transport. The nodel utilizes finite dif-
ferences to solve the various equations. There are other nodel s which couple flowwith
transport, but they do not have the ability to check fiow results independently. (Anderson
1979).

The USGS McDonal d- Har baugh nodel (MDonal d and Har baugh, 1984) is anot her
transient three-dinensional flow nodel that uses finite differences. O all the the three-
di mensi onal flow nodels, it is the most fully documented and widely applied (Internationa
Gound Water Modeling Center, 1987)

The finite el ement method is another nethod for solving the groundwater flow equa-
tion. Narasimhan et al. (1978) enployed three- dinmensional finite elenments to node
unconfined flow, but assuned that flow was horizontal at or near the free surface, and
thus coul d enpl oy the Boussinesq equation (Equation I1-7) at this location. Gupta and
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Tanji (1976) used a three-dimensional finite element nodel in the analysis of flowin Sutter
Basin, California. This model is mainly suited for steady-state flow (Frind and Verge,
1978). Huang and Sonnenfeld (1974) used three-dimensional finite elements to analyze
the time-dependent drawdown in the vicinity of a well. Frind and Verge (1978) sol ved the

unsat urated-saturated formof the groundwater flow equation. The model employs finite

el ements to sinulate three-dinensional flow.

Qupta et al. (1984) devel oped the FE3DGN nodel, using a finite element schene.

This transient flow model was applied to the groundwater basin beneath Long Island, New

York. Babu et al. (1982) produced a hybrid finite difference-finite element scheme for

anal yzing transient, three-dinensional flow This schene was enployed |ater by Huyakorn
et al. (1986). Ganbolati et al. (1986) devel oped a three-dimensional, transient flow nodel

Thi's nodel has the feature of automatically generating the finite element discretization

schene.

2.2.3 Indirect Velocity Estimation

G oundwat er vel ocities can be estimated fromsimul ated head distributions. Having
obtained the head field, the velocity field is determned fromDarcy's Law (Equation 2.1)
by using some type of numerical differentiation. The advantage to the indirect estima-
tion approach is that head distributions can be verified easily in the field. Heads can be
measured at the desired spatial locations, in all spatial dimensions, with relatively sinple
equi pent and procedures.

The nunerical differentiation can be performed by using either the finite difference or

finite element method. A sinple exanple of numerical differentiation by finite differences

is as follows.

Vz = -gx --Kr— (2.7)

2-12


NEATPAGEINFO:id=7F8E9A7B-A1CE-46B3-AD61-4D9C896D0673


wher e

Ax
Ah

di stance between spatial location Xi and Zi+i (L)

change in hydraulic head fromX to Xi+ (L)

n = porosity [dimensionless]

The differentiation is followed by averaging of hydraulic conductivities over a single
finite element so that a continuous distribution of velocities is obtained. Pinder (1973),
Reeves and Duguid (1975), and Segol (1976) sinulated head distributions using finite ele-
nment flow nodels. These researchers used nunerical differention of the head distribution
to produce velocities located at the center of each element. Pinder et al. (1981) and Abri-
ola and Pinder (1982) introduced a finite element interpolation method to obtain a head
gradient estimation in two and three dinmensions. Because the interpolation function ap-
plied was linear, this approximtion is essentially the same as the numerical differentiation
of the previous work.

However, when applying the differentiation approach to heads obtained by conven-
tional finite element nethods, there is a resulting discontinuity in the velocity at noda
points and el enent boundaries (Yeh, 1981). The discontinuity leads to a violation of the
conservation of mass around a single element. In areas where there are significant vari=
ations in hydraulic conductivity, the resulting error can range fromvery small to severa
hundred percent (Yeh, 1981). In addition, applying the approach to aquifers with |ow
hydraulic gradients can result in roundoff errors that produce spurious gradients (Frind et
al., 1985).

Because of the problens with the differentiation approach, some researchers have
introduced nethods of estimating velocities fromhead distributions that somewhat over-
come these inaccuracies. Yeh (1981) applied the finite element nethod to the velocity
field, after obtaining the head field with the same finite el enment method. The velocity

fieldis then continuous and the mass balance error is reduced (Yeh, 1981). Batu (1984)
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proposed creating a "dual" discretization mesh for estimating velocities. In this method a
second discretization scheme for estimating velocities is created that is shifted away from
the discretization scheme used to estinmate heads. This approach sonewhat avoids the dis-
continuity problemand satifies the conservation of mass principles to an acceptable degree

(Batu, 1984).

2.2.4 Direct Mehtods of Cbtaining Velocity

The direct estimtion of groundwater velocities is a relatively new approach. Direct es-
timation of velocities avoids the mass bal ance and discontinuity problens described above
However, the results obtained froma direct method are not easily verifiable in the field.
Currently, the instrunentation available for measuring velocities in groundwater relies on
sending heat pul ses out through the water and nmeasuring the time it takes for those pul ses
to reach a heat sensing device. This type of instrumentation produces an unacceptabl e
degree of error. Tracer tests are unreliable for predicting velocities because of dispersion
effects. Exanples of this approach are scarce, due to the newness of the approach and the
difficulty of field verification

Segol et al. (1975) presented an approach where finite elenment theory is used to
obtain the head and velocity fields simultaneously, by carrying the derivative terns for
velocity through the finite element estimtion. Zijl (1984) applied a non-porous media fluid
dynami cs approach where pressure (or hydraulic head) is elimnated and a set of equations
for the vorticity and vector potentials is produced. The vector potentials are applied to
Darcy's Law, resulting in a velocity vector field. This nethod required fewer conputer
operations and |ess conputer storage to solve a flow problemto the same accuracy as a
hydraul i c head estimator (Zijl, 1984).

A streaniine and equi potential approach was taken by Frind and Matanga (1985).
Galerkin finite elements were applied to streamand potential functions. This nethod is

especially suited for aquifers with low gradients (Frind et al., 1985).  However, stream
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functions can only provide velocities for steady-state conditions. Zijl (1986) applied both
the streamfunction and a direct velocity approach. Derivation of the velocity expressions
was performed by vector analysis.

A nore general approach to the problemis to enploy Hermite finite el ements (Van
Genuchten et al., 1977). This type of finite el ement provides continuity at the el enent
nodes for higher-order derivatives, and can provide solutions for groundwater gradients
at the nodes. However, the conputational effort required to sinulate a groundwater flow

problemwith Hermte finite elements can be prohibitive.
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3 DEVELOPMENT OF CONFI NED FLOW MODEL

3.1 Overview of Mdel Algorithm

The devel opnent of any model upon which engineering decisions are to be based shoul d
be founded on a set of engineering criteria. The first step in developing the confined flow
model of this research is to select a basic algorithmfor solution of the flow equations

Fromthe discussion in Chapter 1, several of criteria concerning the model algorithm can

be formalized. The criteria can be stated as

+ The al gorithm shoul d provide accurate sol utions

« The al gorithmshoul d be able to represent the true nature of the physical system

e.g. fully three-dinensional representation

In addition to the above, there are other criteria which should be applied to any
algorithmthat is to be used in a groundwater flow nodel

« The algorithmshould utilize state -of-the-art procedures

* The algorithmshould be conputational ly efficient (in terms of speed and storage

requi rements)

« The al gorithmshould be flexible, e.g. be able to adapt to irregular boundaries,

miltiple stresses, etc

The literature reviewin Chapter 2 identified the various methods available for solv-
ing the three-dimensional groundwater flow equation. These nmethods included finite dif-
ferences, finite elements, finite element-finite difference hybrids, and boundary integra
equation nethods (BIEM.

Fromthe discussion in Chapter 2, it is evident that the hybrid finite elenent-finite
difference method is suitable for solving three-dinensional groundwater flow problens.

Thi's hybrid nmethod has been devel oped into an al gorithmby Babu and Pinder (1982),
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and later refined by Huyakorn et al. (1986). The algorithmis best known by its acronym
ALALS, for ALternate sublayer And Line Sweep. The ALALS algorithmis designed to
sol ve transient groundwater flow problenms in three di nensions

The al gorithmenploys a finite element method in the areal plane, and a finite differ-
ence method in the vertical dinmension. The algorithmis especially suited for multilayer
systens because it maintains the inherent flexibility of the finite el ement discretization in
the areal plane, where it is needed nost.

The algorithmallows for the uncoupling of the vertical equations while the areal
equations are being solved, thus making it conputationally nore efficient than other fully

three-dimensional algorithms. This efficiency heis been demonstrated by Huyakorn (1986)

a nodel devl oped fromthe ALALS algorithmis conpared to a two-dimensional and a

three-dinensional finite elenment nodel. The ALALS nodel required considerably |ess

CPU time to sinulate a sanple problemthan either of the two finite el enent nodels.
The derivation of the ALALS algorithm and a discussion of additional refinements

included in the confined flow nodel are found in the follow ng sections

3.2 Derivation of Algorithm

Transient groundwater flow in a confined aquifer is described by:

AN dh\ :

AR B ) ¢ g (K0 = SR (3

Thi s equation can be solved by conbining the Galerkin finite element method and the

finite difference method (Huyakorn et al. 1986). The finite difference and finite el ement
met hods are reviewed in Appendix 1. In this case, a three-dimensional aquifer regionis

divided into a nunber of layers, and each layer is subdivided into a nunber of elenents, as

shown in Figure 3.1. Although triangul ar-shaped el ements are applied here, other shapes
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or element types may al so be applied by substituting the appropriate basis functions. For
sone special cases of boundary or other conditions different elements my be more suitable.

The discretization is performed so that each sublayer has the same projected area
inthe x-y plane. The resulting three-dinensional elenments need to have planar vertica
sides, but the bases and tops do not need to be parallel to each other. The discretization
thus allows for layering that is not necessarily parallel to the x-y plane. By dividing the
three-di nensional region into sublayers, finite elements can be applied to the individua
subl ayers. Thus, finite elements are applied only in the x-y plane

The first stepin the finite element procedure is to approximte (hydraulic head) by a

trial function:

h{x,y,z,t) wh{x,y,z,t) = *Nn{x,y)hn{z,t) (3.2)

wher e

h
h

Na{x,y) = two-dinensional basis function in the x-y plane

hydraul i ¢ head (L)

trial function for hydraulic head (L)

[in = nodal paraneter dependent on z and tinme (L)

Tixy —nunber of nodes in the x-y plane of each |ayer

Applying the Galerkin criterion over the x-y plane, the weighted residual approxi m-

tion of Equation 3.1 becones

vl d b

R

for i =1,...,nx/
(3.3)
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wher e

N = two-di mensional basis function in the x-y plane

R = x-y probl em donain

The cross-sectional area R over which the integration in (3.3) is performed is assunmed
to remain unchanged in the z- direction. This assunption allows for the use of a single

discretization in the x-y plane. Substitution of (3.2) into (3.3) yields

d NNy N\ +
| |- a2 % o YNK dy 2\ 'z

3.4
FT(R)-Ssi | Y, A axay = 4
for i =1,....n;y

Integration by parts using Geen's Theoremreduces the order of the highest deriva-
tives. This operation gives

dNj dh dN\ dh
// (' dx dx " dy dy dXdy+| I'

Lt A o LN dhgpdon g 8

wher e

S = boundary of the cross-section of Z

Q7 = outward nornal derivative on B

Kn = normal conponent of hydraulic conductivity on B
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Afinite difference approximation is applied to the z-derivative terms of (3.5), using

a central difference, block-centered approach. The bl ock-centered approach refers to the
location of the nodes in the finite difference approxinmation and is illustrated in Figure
3.2. By using a bl ock-centered approach, discontinuities in hydraulic conductivity can be
treated by taking a harnonic mean of the conductivity divided by the |ayer thickness. This

approach reduces the z-derivative terns to

8- M M Alnz./\'

dz \ N Az
) D ek - fen kA Mk
. Az_"Az JV AzZ- AZ

wher e

indices k -h| k—/rocl2k -|-1, and k —1 are as shown in Figure 3.2
Az terns are as shown in Figure 3.2 (L)

Kz+ = upper-wei ghted, harnonic-nmean hydraulic conductivity [LjT)
Kz- —I ower-wei gh ted, harmonic-mean hydraulic conductivity {LjT)
and harmonic mean is defined as Kz —"," ,,.  where

d = total thickness [L)

d\ = thickness of individual layer (L)

K\ —hydraul i ¢ conductivity in indivdual layer [LjT)

Equation 3.6 can also be witten as
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FI GURE 3. 2
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An, k+ ~ fen, k . M,k ~ Mn, k-
A\ n ! ! | )
2£ f{f, K, if. B

Ei Vi A;AZ hn s /\:/I\j‘]ffw+A2 t o 1K (3.7)

N

+ BM

n=I

A an ik
The next step is to approximate the tenporal derivatives using finite differences. An

explicit, forward-difference approximation provides a first-order correct approximation
Applying this approximation yields

¢ dh d N hiAr - hy
dt dt d -n AAm dt Ao N (3.9)
n=I n=I n=|
wher e
1 —index for present time step
1+ 1 =1index for next time step
At =time increment for time step [T)
The remaining derivative terms can be expressed as fol | ows
oo dvw
dx dx dx . . dx (3- 9)
o, T T dwe
(3.10)

The ternms from Equations 3.7 through 3.10 can be substituted into Equation 3.5
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By time-lagging the z-component terms, the original set of n*j, by n* terms are split
into Tiz subsets of equations, each of which contains rixy equations. Tine-lagging the z-
component terms inplies that these terns are evaluated at the old (1) time step, while

the other conponents are eval uated at the new (1+1) timestep. The resulting equations

can be split into two parts, the first representing a prediction of the approximte val ues
of head at the new (1+1) timestep, and the second representing the corrected approximate

val ues of head at the new (1+1) timestep. Splitting the equations in this manner allows

for computations in the x-y plane to be separated fromconputations for the z-direction,

thus easing the computational burden

Instead of explicitly witing all terms of the two equations, they can be represented

in matrix formas

| KHuwr "'+ i chvr M- Chi) o
CH)J 4 (R0 (W - (KU + KU B+ (K )i

and

[ FA] wr A+ (ur A~ {MD
(LR )+ (R )H Y + (K2 )it) - [{KU+KL) . h)it + {KU» h)il

(3.12)

wher e

index * refers to predicted solutions

and

IMOW:= /(i ASN T AFF)  dxdy
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AL M) = {hy) = S NS de dy
{T{h)}=ff N.T{h) dxdy

(MAN (Knl ) dB
(K B)KT - (KU + K2 Bk + [KUE BKka = 0 NE, (if.g) o dy

The model considered in this paper utilizes linear triangular elements in the x-y plane,

as shown in Figure 3.3. The basis functions for this type of element are as follows.

M= A2y, - X Myt o+ (yn, YUK (X, - Xty

K= -A[{™r™Vhi - Xmdd + (yn, " yni )+ (x,, - X0NY]

ANAAL(AT A Ay )yt g+ (X, - X)) (3.3)

wher e

ni,nj, and Um= nodal indices on triangular elenent
Xi,X,Xmyi,yj, and t/m=coordinates of triangle vertices (L)

Ae = area of triangle {L'")

These basis functions are substituted into Equations 3.11 and 3.12 and subsequently

differentiated and integrated.
Equations 3.11 and 3.12 give the matrix formsolution of the groundwater flow equation
in three dimensions. These equations can be solved for the hydraulic head distribution in

a two-step procedure. However, there are further refinements which can sinplify the
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conputational procedure. The first step is to [unp-diagonalize the [ST] matrix, which
contains the storage terms, and the [KU, [KUtKL], and [KL] matrices, which contain the

vertical flowterms. The algorithmused to hinp-diagonalize is as follows.

an = 2_"Mi3" "Ay =N for i #] (3.13)

|
wher e

fltj =1i,] element of [A] matrix

Thi's approach greatly sinplifles the conputation of the two equations (3.11 and 3.12)
However, the | unp-diagonalizing procedure inplicitly assumes that the values of terns in
[A] do not differ signifcantly over the nodes of a single elenent. The set of equations in
(3.11) can be termed the predictor equations.

The flrst stage of the solution procedure amounts to a |ayer-by-layer solution of the
predictor equations for hA' MM After the subl ayer- sweeping operation has been compl eted,
the second stage of the algorithmis achieved by solving Equation 3.12 for hAM' MM\ the
corrective version of the flowequation. It is apparent that there are several terms in
(3.11) that are identical to those in (3.12). There is no need to solve the entirety of both
equations. The repeated terms can be elimnated by taking the difference of (3.11) and

(3.12), thus obtaining

={KL » h)it\ - [{KU+KL) . hJ[+ +{KU+ h)i\\ (3-14)
KA R) L+ {{KU+KL) o h)i - (KU B[+,
The overal | coefficient matrix on the right-hand-side of Equation 3.14 can be made

tridiagonal if the matrix [ST] is lunp- diagonalized and the matrices [KU, [KU+KL],
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and [KL] are lunp-diagonalized. A highly efficient tridiagonal solver such as the Thomas
Algorithmcan be used to solve (3.14). The second stage of the conputational procedure

thus involves solving rixy subsets of equations, with each subset containing n* equations
with ng unknowns. The resulting sol utions for h"''A' are the current hydraulic head val ues
at the nodes on a vertical line along the conplete thickness of the aquifer domin

The conputational procedure for setting up and solving the predictor and corrector
equations is summarized in Figure 3.4. The procedure is repeated for each time step unti
the maxi mim nunber of timesteps (specified by the user) is reached. No iterations within

the timestep are necessary for the confined flow case, because direct solution procedures

are used

3.3 Application of Boundary Conditions and Source and Sink Terns

Sui tabl e boundary conditions and source or sink terns can be applied to the ALALS
al gorithm The nost commonly applied boundary conditions for groundwater flow prob-
lems are the Neumann or Dirichlet boundary conditions. Typical boundary conditions and

sources or sinks are shown in Figure 3.5.

The Neumann boundary condition can be generalized as

du{x,dyr,]x,t) = 9{x,y.,z,t) (3.15)

wher e

outward nornal vector

n

B

probl em boundary

g = arbitrary boundary function

The specialized Neumann condition of no flowis inplicitly applied in the x-y plane
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by sinply placing the free edge of an elenent on the relevant boundary. In the z-direction
no flow conditions are imposed by setting the relevant portion of the the vertical flow

component equal to zero (see Equation 3.11). For exanple, at the top layer of an aquifer
system the condition of no flow onto the top reduces the expression for vertical flow
conponents from Equation 3.11 as fol | ows.

(M 1 ddy (K ) - V(KO )2 B (308

Fluxes into boundary elements can be applied inall three dinensions by integrating
the flux over the relevant el ement and applying the resultant to the nodes of the el ement,
The hydrol ogic quantity of recharge i's an exanple of a boundary flux that may be applied

In groundwater flow The integration is analogous to the boundary termfound in Equation
3.5. Recharge can be handled as fol | ows

11T“Adx dy = recharge (3.17)

wher e

Fr =recharge rate {L/T)

Dirichlet boundary conditions can be generalized as

UB (x, vy, z, t) =f{x, vy, z, t) (3.18)

wher e

ug = probl em boundary
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[ = arbitrary boundary function

[n groundwater flow a Dirichlet boundary condition usually inplies that a hydraulic
head, or set of heads, is constant over specified boundary nodes. The boundary nodes

are acconodated by operating on the global coefficient matrix to ensure that the solution
of the resultant equations satisfies the constant head conditions. The conditions may he

satistied by forcing the boundary nodes to possess a value of ong in the relevant location in
the global coefficient matrix, and forcing the remaining terms in that location to be equa
to zero. The right hand side of the equation is forced to be equal to/ fromEquation 3.18.

Source or sink terns are applied ina manner simlar to boundary fluxes, except that
they are placed at any node throughout the three-dimensional domain. For exanple,

recharge Is essentiallly a source term but it is applied as a boundary flux. Wthdrana
or injection wells are examples of point sink or source terms that are quite common in

groundwater flow. These terns are applied simply by subtracting or adding the rel evant
quantity fromright or left hand side of the flow equations found in Equation 3,11 and 3. 12

fro(h)] = ffVON dx dy (3.19)

wher e

Fp = withdrawal or injection quantity (L*/T)

3.4 Matrix Solution Methods

The solution of Equation 3,13 requires a solution to the generic matrix problem
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\A]l{h} = {b} (3.20)

wher e

[A] —sumof |eft-hand-side matrices (known)
{h) —the solution, or hydraulic head vector (unknown)
{6} =sumof right-hand-side vectors (known)

The Gaussian Elimnation algorithmis used to solve this systemof equations. After
the matrix [A] s formed, it is factored into a upper triangular mtrix, which can be saved
eis long as no changes in transmssivity or storage terms occur after the first tine step
(s 1n the confined case). A backvard substitution procedure is used after the vector bis
formed, in order to solve for x. The fact that [Al I's a banded matrix Is taken advantage
of with the Gaussian Elimnation solver, thus reducing computational tine and storage
requirements. More details on the Gaussian Elimnation algorithmcan be found in Strang
(1986) .

Sol ution of Equation (I11-36) is simlar, except that inthis case, the tridiagonal nature
of the mtrix [Al allows for the use of a nore efficient solution algorithm The Thomas
algorithm a variation of Gaussian Elimnation, is nost suitable for this problem A
etailed explanation of the Thomas al gorithmcan be found in Véng and Anderson (1982).

3.5 O her Mdel Features

3.5.1 Steady-State Case

Groundwater flow at steady-state is often an inportant case. Steady state flow can be
approxiniated by the model simply by increasing time until the change in hydraulic heads
Detween previous and current timesteps becomes insignificant. However, this process can
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be time-consumng or lead to innacuracies if large timesteps are used. A nore appropriate

way to nodel steady-state flowis to set the termcontaining derivatives wth respect to
time equivalent to zero, or

AL+ ,1)=0 (3.21)

At

Cnly one timestep is required to solve this problem but of course with unconfined flow
terations may be required before convergence is achieved. Convergence to a steady-state
solution for the unconfined case may be accelerated by using the square of the hydraulic
heads for boundary conditions and initial quesses of heads at interior nodes. Flux terns
must be miltiplied by a factor of two. The square root of the resultant head distribution
provides the correct solution. The modfication of the algorithmfor the steady-state case

i's shown in Figure 3.6.

3,5.2 Water Bal ance Error

The vater balance error is a neasure of howwell the model can balance the changes
|n mass, or water in the case of groundwater flow The concept that underlies the mass

o vater balance i that mass is conserved throughout the model system In grouncwat er
flowwith a source or sinks term the conservation of mass can be stated as

[ volume of water inor out fromsource or sink terms |
= [ volume of water released fromaquifer storage |

or in mthemtical terns (over an individual elenent)

T e A R T Y
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wher e

It —total tine elapsed over simulation (T)

Thus the water bal ance error for an individual element is calculated as

L rS MY D3N, dx dy At

wher e
s™wh = water halance error {dinensionl ess)

hi = head at start of simulation [L)
hf = head at end of simulation [L)

The model calculates the vater balance over the entire domain after the final tinmestep
by summng the errors fromindividual elenments.
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4 DEVELOPMENT OF UNCONFI NED FLOW MODEL

[nthis chapter, the devel opnent of an unconfined flow nodel is discussed. The uncon-
fined flow nodel is based on the algorithmand nodel devel oped in the previous chapter,
whi ch does not accomodate unconfined flowin its current state. The resulting flow model,
REGFED (for REG onal flow using Finite El ement and Diff"erence methods), is capanle of
simulating confined and unconfined flow.

The acconodation of unconfined flow decreases the efficiency of the nodel (as com
pared to confined flowonly), due to anincrease in the nunber of operations needed to
produce a solution. The efficiency can be inproved by refining the unconfined flow al go-
rithm however. A discussion of this refinement and other needed modifications is found

inthe foll owing sections.

4.1 Overview of Unconfined Fl ow Mdeling

Inorder for the model to accomodate unconfined flow Equations 4.11 and 4.12 mst
be modified. The horizontal flow components are nodified first. In the x-y plane, the pa-
rameters of conductivity and storativity must be vertically averaged to simlate unconfined
flow Vertical averaging yields horizontal transmssivities and storage terms consisting of

storativity or specific yield (for confined or unconfingd flow respectively). Thus the [KH
and [ST] terns becone

wher e
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T —transmssivity = Ko [L"" /T)
where b = saturated thickness in aquifer layer (L)

and

A =) NS dedy (4.2)

S=specific yreld (unconfined aquifer) or storativity {confined aquifer) [dimensi onl ess]

The vertical flow components al so can be vertically averaged. However, the quantity of
vertical transmssivity is meaningless in groundwater flow Instead of producing a vertical
transmessivity term vertical averaging produces a source or sink termfor each [ayer. In

this case vertical averaging simly reduces the order of the second-order spatial derivatives.
The KL and KU terns thus become

KU =K~

and

K|':/\K ANA O NTAN " Vo

A. 3 ""e

Sol ution of these new equations nodified for unconfined flow provides values of hy-
draulic head at fixed locations, and thus the location of the free surface is not known,

The equations that result when Equations 4.1 and 4.2 are substituted into Equations
3.10and 3.12 are no longer [inear, and thus cannot be solved directly for hydraulic heads.
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These equations are called quasi-linear. The quasi-linearity is aresult of transmssivity
being a function of the aquifer saturated thickness. Figure 4.11llustrates the difference
between confined and unconfined flow conditions with respect to saturated thickness. The
saturated thickness is essentially equivalent to hydraulic head

The quasi-|inear equations can be represented in matrix formas

[Al{h}y = {6} (4.4)

wher e

[Al = sumof [eft-hand-side matrices (unknown)
{h} =the solution, or hydraulic head vector (unknown)
{b} = sumof right-hand-side vectors (known)

Thi's problemcan be solved by iterating over the equations within each tinestep.
There are a variety of iterative methods available. These methods include Picard iteration

and Newt on-Raphson iteration schemes. Both schemes require an initial estimte of the
solution at the start of a timestep, but the two schenes differ in how the new estimte Is

produced. The Newton-Raphson scheme requires the additional evaluation of a derivative
termat each iteration The Picard iteration schene was selected for use in the algorithm
because of its ease of application.

4,2 Picard Iteration

Picard iteration is the sinplest of the iteration schemes. The general algorithmfor
Picard iteration can be described as follows. First, consider a set of quasilinear equations:

X X2, N) A0 for /=12, .. 7V (4.5
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wher e

{xi,X2,.2 ,xj\i]) = unknowns

Aset of auxiliary functions b{xl,x2, ....,xM is constructed next. In the case of
groundwater flow, these auxiliary functions would be the right hand side equations from
equations 3.11 and 3.12. They can be described as

[AlTj{£}) = {b}] (4.6)

The iteration is started by assumng an initial solution (xii,a;i2...-,"IM and this
solution s used to evaluate the left hand coefficients and the right hand side of Equation
4.6, Thus, Equation 4.6 becomes a set of [inear equations which can be solved for the next
set of xj values. The solution for xj can be expressed as

{SVI' = [A7]{brr (4.7)

wher e

r = iteration counter

[Al]] = elenents of the inverse of matrix [yl]

Equation 4.7 provides the means for obtaining successive solutions of x|. It should
be noted that the inverse of matrix [Al is not produced by the algorithm the inverse is
shown here to illustrate the nature of the solution. At each iterative cycle, the left hand
coefficients and the right hand side equations are updated. The iterations are performed

until satisfactory convergence i achieved. The criterion used for checking convergence is
gi ven by
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wher e

Eb = prescribed residual tolerance

maxj = maxi numover all nodes

The application of the Picard iteration scheme to the previously devel oped al gorithm

isillustrated in Figure 4.2

4.3  Skipping Confined Layers

The addition of an iterative scheme to the ALALS al gorithmincreases the number
of computational operations that nust be perforned in order to achieve a solution. The
flowdiagramin Figure 4.2 indicates that the entire systemof equations nust be included
inreformng or updating of the coefficient matrices [KH and [ST). The updating of the

matrices includes the factorization of [KH +[ST], which can involve a great deal of
conput ational operations. However, because the ALALS al gorithm uncoupl es the three-

di mensional systemof equations into a set of x-y equations, it is not be necessary to update
the coefficient matrices for all of the x-y equations. The removal of these unnecessary
operations can be performed without affecting the accuracy of the solution

For each node where unconfined conditions exist, there will be only one layer out of the
entire systemof layers that has unconfined flow The [ayers belowthe node will be confined
and the layer above the node will be either nonexistent or drained. Thus, it is necessary
to update the coefficient matrices only for the [ayers that have unconfined flow conditions.
For exanple, for a typical layered systemshown in Figure 4.3, only the nodes included
inthe top layer would be included in the update of the coefficient matrices. Skipping
the reformng of the coefficient mtrices for the confined ayers would then decrease the
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number of operations by up to 20

4.4  Draining, Refilling Selected Nodes

As hydraulic head declines as a result of a withdrawal well, it can fall below the top of
a layer. If the water table drops belowthe top of the uppermost |ayer, flow at the affected
nodes changes fromconfined to unconfined. If the water table continues to drop, and falls
bel ow the top of a layer below the uppermost |ayer, the afl Fected nodes in that |ayer are
effectively drained. This concept is illustrated in Figure 4.5 Conversely, as the water table
rises as a result of recharge or aninjection well, the drained nodes are refilled. This type of
situation is encountered often in water supply punping operations, contamnant recovery
operations, and in natural recharge and discharge of groundwater aquifers.

The draining and refilling of nodes requires modification of the algorithm If the
drained nodes are not accounted for, the algorithmwill attenpt to calculate the heads at
these nodes, resulting in an insolvable systemof equations. The equations that include the
drained nodes could be removed fromthe system but then refilling of the drained nodes
woul d be impossible. Instead of removing the equations, the coefficients of the drained
nodes can be operated upon in a way simlar to that of inposing Dirichlet boundary
conditions. The relevant coefficients on the left hand side of Equations 3.11 and 3.12 are
forced to equal one or zero. On the right hand side, the coeffcients are forced to equal the

hydraul i c heads fromthe layer immediately bel ow

\ hk] dTai ned = hk-1 (4.9)

This procedure guarantees that the drained nodes will not influence the remaining
nodes, because as long as the heads in adjoining layers are equal, then there is no exchange

of flow between the adjoining |ayers. As soon as the head in the layer inmediately bel ow
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the drained node exceeds the top of the layer inmediately bel ow, then the drained node
isrefilled, and calculated with the normal procedure

If a source or sink termexists at a drained node, then the |ocation of the termnust be
adj usted, when the drained node is removed fromthe systemof equations. The adj ustment
i's acconplished by tenporarily removing the stress fromthe drained node and replacing it
inthe layer inamediately below. This adjustment ensures that the same overal | magnitude

of sources or sinks remains constant, and thus conservation of mass is not violated. Wen
the drained node is refilled, then the source or sink is replaced at the refilled node. The

modification to the algorithmfor draining and refilling of nodes is shown in Figure 4.6

4.5 Storage Estination

The storage terns found in the unconfined or confined version in the nodel can be

witten as the anount of water released fromaquifer storage

Q@onf = Seemeimiieiiaies N dx dy

== rhd C 38. S55)

wher e

Q=rate of change in storage of water in an elenent {L"/T)

In the case of a strictly confined or unconfined aquifer, these terms are suitable for
describing the rate of change in storage. However, these equations nust be expanded to
allow for the sinulation of a nodel node that can change from confined to unconfined in
one timstep (or the reverse). This situationis illustrated in Figure 4.7. During a time
step when a node changes fromconfined to unconfined, the storage equation becomes
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g = 2SN Ty g gy (4.0

wher e

top = elevation of the top of an element layer (L)

5 = storage factor (specific yield or storativity) ineffect at time [ {dinensionless)
(1) —storage factor (specific yield or storativity) ineffect at time | +1 {di nensionless)
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5 TESTI NG OF MODEL ACCURACY AND SENSI TI VI TY:
RESULTS AND DI SCUSSI ON

Model testing is an evaluation of the accuracy of a nodel. It is one of the most
inportant steps in the development of a nodel. If a model tests favorably under a range
of conditions, then one can be confident that the nodel will performuwel| when applied to
nore realistic situations. Mbdel tests in this research consist of analyzing relatively simle
problems and graphical |y conparing numerical nodel results with results fromanal ytical
sol utions. One assunes that the exact analytical solutions used for comparison are a
surrogate for real groundwater flow.

Various flow conditions, such as confined and unconfined groundwater flow, can be
tested with exact analytical solutions. The ability of the nodel to handie flowin three
di mensions can al so be tested. The results of such tests are reported in this chapter. In
addition to model validations, the sensitivity of the nodel to various parameters such as
tinestep size, convergence criteria, and grid spacing is considered.

|deal [y, one would Iike to test the nodel against all possible situations that may
be encountered when applying the nodel. But exact analytical solutions of the flow or
transport equations are available only for relatively sinple applications. Mass bal ances,
however, can be perforned under any flow conditions. Mass balances provide a conveni ent
way to check accuracy where analytical solutions are unavailable.

Model s can be tested with nethods more sophisticated than graphical comparisons.
Resi dual errors between the nunerical model results and analytical nodel results can be
cal cul ated and subsequent!y provide various accuracy criteria. These criteria may include

Mean Square Error (MSE) or Sums of Squares of Residuals (SSR). The calculation of
these types of criteriais eft to further studies; graphical comparisons shall suffice for this

resear ch.
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Al conputer runs used in this chapter were perforned on an |BM Personal Computer
AT.

5.1 Confined Fl ow

Confined flow validations can be performed with the Theis equation (Theis, 1935).
The Theis equation is a solution that governs the transient response of an aquifer to a

punped wel |, The assunptions for this solution include radially-symetric flow towards

the well, a homogeneous and isotropic aquifer that isinfinite in areal extent, and an
infinitessinal diameter for the well. Aschematic illustration of these conditions is found

inFigure 5. 1.

The Thei's equation is represented as

s = -"WUA (5.1)

wher e

5 = drawdown = initial head - new head {L)

r =radial distance fromwell {L)

Wuc) = well function for nonleaky aquifer (dinenstonless)

=,f \—dw

U = argument of the well function {dimensionless)

T =transmssivity {L* /7)
S = storativity {dinensionless)
Q = punping rate {L"T)
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t = time (T)

The boundary conditions requiring an infinite aquifer radius is simlated wth the
REGFED nodel by placing a constant head boundary far enough away fromthe well so
that no drawdown occurs at the boundary. This situation ensures that no flux through
the boundary occurs and thus the existence of the boundary has no eff"ect on the hydraulic
head distributions.

A comparison of results fromthe REGFED model and the Theis equation are shown
inFigure 5.2 The paraneters used are also [isted on the figure. Three different sets of
hydraulic conductivities were used, in order to test the sensitivity of the model. The sets
of parameters are meant to be increasingly difficult. The difficulty in modeling flow near a
Well increases as the slope of the drawdown curve increases. Figure 5.2 indicates that the
model agrees quite well with the Theis equation, under all three sets of parameters

The validity of the vertical flow components of the nodel can be tested against an exact
analytical solution that is a variation on the Theis equation. The Theis equation contains
the assunption that the pumped well fully penetrates the confined aquifer, as shown in
Figure 5.3, If this assunption is violated, then the well only partially penetrates the
aquifer, and vertical flow conponents are introduced (see Figure 5.3). An exact analytica
sol ution has been found for transient, confined flow under partially penetrating conditions
(Hantush, 1961). This solution is represented as

dirT [ o - W NE- r]’i N K-

fpsndl, M.

wher e

Wue, ™) = well function for |eaky aquifer [dimensionless]
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; -Nexpf ot -aSh ) v

Wuc) = well function for nonleaky aquifer [dinensionless]
z —vertical distance fromtop of aquifer (L)

Ua = sunmation i ndex

Thi's equation al so contains the assumptions of a radially infinite aquifer that is homo-
geneous and isotropic. Apartially penetrating vell s especially easy to simlate with the

REGFED nodel . Sink terns are placed only at nodes in the relevant layers; sink terms
are excluded fromthe other |ayers.

Results fromthe REGFED nodel and the analytical solution for partially penetrating
are compared in Figure 5.4. The parameters used in the conparison are listed on the figure,
The hydraulic heads at three different radial distances fromthe well were included, in order
to test the sensitivity of the model. Figure 5.4 indicates that nodel accuracy increases as
distance fromthe well increases. The inaccuracy near the well is due to the especially steep
vertical gradients inthis area. Accuracy could be inproved by using smaller tinesteps
o by making the vertical discretization finer, especially inthe vicinity of the lover end of
the well screen. Inthis case the timestep size was one time unit out of a total of ten time
units, and the vertical discretization consisted of ten equally spaced |ayers

The mass hal ance error for this simlation was 1,93 x 10~"% This error is only
sligntly larger than those found for fully penetrating conditions, which were on the order

of 10~""% indicating that, although the model does not al veys agree with the analytical
solution, it still behaves well with respect to mass balance. The low mass bal ance errors

are due to the fact that changes in vertical flow comonents do not affect the mss bal ance
over the groundwater system
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5.2 Unconfi ned Fl ow

Model simulations of unconfined flow can be validated in a nunber of ways. In Chapter
2, the various approaches towards simulating unconfined flowwth analytical solutions were
i scussed. The simplest of these approaches applies the Theis equation, using specific yield
Instead of storativity inthe storage term Since this approach is closest to the approach

used in this numerical model, it is the most appropriate for validation of the REGFED
model . Thi's approach results in

1 _i/\/\(llll/\ /\I_I/\

wher e

Us = arqurent (modified for unconfined flow of the well function {dinensionless)

4Tt

Sy = specific yield {dinmensionless)

However, the above sol ution ignores the fact that transmssivity changes with draw
down of the water table. The drawdown can be adjusted for transmssivity changes by
applying the Jacob correction equation (Jacob, 1944)

«C = 5c - N (5.4)

wher e
Sc = corrected drawdown (L)
S0 # drawdown cal cul ated fromEquation 5.3 [L]
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b = aquifer thickness (L)

The results fromthe REGFED nodel and the adjusted Theis equation are conpared
in Figure 5.5. The parameters used in the conmparison are also listed on the figure. Three
diff"erent hydraulic conductivities were also used for the unconfined flow validation. The
model agrees relatively well with the adjusted Theis equation. The accuracy of the node

appears to decrease with hydraulic conductivity. The mass bal ance errors ranged from

9.82 X 10~'"% 09.55 x 10~"%for these validations. The mass bal ance errors are not as

good as for confined flow but this is to be expected, given the difficulty of sinulating

unconfined flow.

A second validation of unconfined flow conditions was performed. This validation uses
an exact analytical solution of the steady- state, unconfined version of the groundwater
flow equation. This solution simlates one-dimensional, steady-state flow between Dirichlet

(constant head) boundaries, as illustrated in Figure 5.6. The solution follows as

h'ix) = (M-A) + hi (5.5)

wher e
ho = head at up-gradient boundary (L)
hi ~ head at down-gradient boundary (L)

X = distance from up-gradient boundary {L)

xi = length of aquifer [L)

Equation V-5 can be nodified easily to account for the effects of constant recharge

over the length of the aquifer
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Ay = (_A)_A«_(/\ll\A fA_A

wher e

Fr = recharge rate {LjT)

Sinulations of the nunerical nodel and the analytical solution (Equation 5.5) are
conpared in Figure 5.7, for three different boundary conditions. The figure shows that
steady-state unconfined flow can be accurately sinulated by the nodel. Equation 5.6
provides a convenient way to test the recharge conponent of the nmodel. Figure 5.8 shows
a conparison of results fromEquation 5.6 and the nodel for three different recharge rates.
The addition of recharge does not appear to affect the accuracy of the nodel

There are two other inportant nodel simulations of unconfined flow that should be
consi dered. As hydraulic head declines as a result of a withdrawal well, it can fall below
the top of a layer (see Figure 3.8). If the water table drops below the top of the uppernost
| ayer, flow at the affected nodes changes fromconfined to unconfined. This transition
is difficult to nodel because transmssivity and storage ternms can change greatly within
a single layer, for a single timestep (during the transition fromconfined to unconfined).
These changes in parameters create a linear systemthat is difficult to solve. If the water
table falls belowthe top of a layer below the uppernost |ayer, the affected nodes in that
layer are effectively drained. The transition fromfull nodes to drained nodes creates a
[inear systemthat is even more difficult to solve than the confined-unconfined transition
Chapter 4 includes a discussion of algorithmnodifications for this problem

Because appropriate analytical solutions do not exist for these two problens, the
problenms were tested for mass bal ance errors. The relative thickness of the uppernost
| ayer that becomes unconfined or drained was varied. It was hypothesized that the thicker

the layer, the greater the change in transmssivity as a node switches fromconfined to
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unconfined or frompartially saturated to conpletely drained (with all other paraneters
hel d constant, including overall aquifer thickness). This assunption cones fromthe fact
that transmssivity is a function of saturated thickness in an unconfined aquifer

The results of these anal yses are shown in Tables 5.1 and 5.2. These tabl es show
that the mass bal ance error is nuch larger for the transitions (when compared to previous
exanples), but inproves with increasing |ayer thickness, which is counter to the hypothesis.
This indicates that thickness of the |ayers below the top may be domnating the mass
bal ance accuracy. The overal|l high mass bal ance errors for the transitions are due again

to steep vertical gradients

5.3 Model Sensitivity

In the previous section, the REGFED nodel was subjected to variations of parameters
that dealt with various hydrologic characteristics of groundwater flow, such as conductivi-
ties, recharge rates, etc. Inthis section, an analysis of the effect of varying parameters that
deal strictly with operation of the nodel is performed. These parameters include tinestep
sizes, discretization schemes, and convergence criteria

First, the size of individual tinmesteps was varied, under confined flow conditions.
Figure 5.9 shows the model results for three different timestep sizes. These results are
conpared with an equival ent analytical solution, using the Theis equation. The figure
indicates that increasing timestep size decreases accuracy.

The effect of different discretization schemes can be analyzed for the areal finite-
el ement discretization and for the vertical finite-difference discretization. Gven the same
total area, the coarseness of the finite-element discretization scheme (or the total nunber
of elements dividing the domain) was varied. The results for three different schemes are
shown in Figure 5.10, along with an analytical solution for conparison. These results show
that the accuracy of the model results decreases as the dicretization becomes more coarse

Simlarly, the vertical finite-difference discretization scheme was anal yzed by varying
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TABLE 5, 1: MASS BALANCE ERRORS FOR
CONFI NED/ UNCONFI NED
TRANSI T1 ON

Rel ati ve Thi ckness

% Mass Bal ance Error
of Uppernost Layer

1009% 0. 101
50% 3.38
25% 16. 8

TABLE 5. 2: MASS BALANCE ERRORS FOR
PARTI ALLY SATURATED/
DRAI NED TRANSI T1 ON

Rel ati ve Thickness

0
of Uppernost Layer % Mass Bal ance Error

100%0

12.3
50%0 25.7
25% 44.8
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the nunber of layers inthe vertical direction, given the same overall aquifer thickness.
Again, the finer the discretization, the better the results, as shown in Figure 5. 11, However
the nodel does not appear to be as sensitive to vertical discretization as for horizonta
discretization, at least for these flow conditions

The algorithmfor solving unconfined flow problens i's more conplex than that for
confined flow and thus nore nodel parameters are involved. These parameters include the
convergence criteria (or maximmallowable error) and the maxi mum nunber of iterations
al | owed to reach convergence. Figure 5.12 shows the results of varying the maximum
al [ owabl e error for an unconfined flow problem wth an analytical solution for comparison
As expected, nodel results inprove with nore stringent criteria. The figure also shovs
that, at least for this problem there is a point where decreasing the maxi mumall owabl e
error no longer significantly inproves the accuracy of the solution,

Simlar results are found when the maxinumal | owable number of iterations to achieve
convergence is varied: the nodel s nore accurate when more steps are allowed for con-
vergence, given the same allowaole error. This trend s illustrated in Figure 5 13

The convergence properties for the model can be anlyzed by examning the magnitude
of the errors fromiteration to iteration and fromtimestep to timestep. Three different
unconfined grouncwater f1ow probl ens were considered: a single ayered case, a five |ayer
case where all nodes hegin as unconfined, and a five layer case where the all nodes begin
as confined, but some nodes eventually become unconfined. The last case tests the ability
of each schene to performthe transition between confined and unconfined nodes.

Figures 5. 14A through 5. 14C illustrate the characteristics of convergence for the three
test cases. In these figures, percent residual is plotted against the number of iterations.

The residual is calculated as

percent residual —------------- X 100 (5.7)
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wher e

r —iteration index

The number of iterations represents the nunber of iterations perforned to simlate
the problemover the total nunber of timesteps. Thus, in Figure 5 14A which exhibits
stable convergence, iterations withina single tinestep are found wthin a single "peak." A
the beginning of a timestep, the residual starts high because the advancenent of a timestep
I nduces a large residual between the |ast iteration of the previous timestep and the first
[teration of the present timestep. The residuals gradually dimnish until the maxinum
al lowabl e residual is achieved (at the bottomof a peak). The residual then increases to a
high val ue at the beginning of the next tinestep.

The flat portions of the curve found in Figure 5.14B occur where the convergence
becones unstable and the residual s tend to oscillate around a single value, for a certain
nunber of iterations. Figure 5 14C exhibits this unstable behavior for nore than half
the total iterations. In additon, the residual increases sharply at about 300 iterations.
Thi's unstable behavior reflects the difficulty in solving the |ingar systems posed by node
transitions.

These figures show that the nodel requires increasing nunbers of iterations to achieve

convergence, and that the convergence Is less stable as the difficulty of the problemin-
creases. The parameters for the test cases are listed in Table 5.3
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TABLE 5, 3: PARAMETERS USED | N TEST CASES

SI NGLE
AVERED K=0.001L/T
CASE: Sy =0.05
ALL NODES b =100 L
BEGQ N AS Initial Head = 99.99 L
UNCONFI NED 0=20L3T
t =10 T
FI VE K=0.001 L/T
LAYER CASE: Sy =0.05
ALL NODES b= 100 L
IN TOP LAYER Initial Head = 99.99 L
BEG N AS Q=20 L3T
UNCONFI NED t =10 T
FI VE
LAYER CASE: K=0.001 L/T
ALL NODES Sy =0.05
BEG N AS S = 0.00012
CONFI NED, b= 100 L
SOVE NODES Initial Head = 99.99 L
BECOVE Q= 2.0L3/T
UNCONFI NED t =10 T
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6 MODEL APPLI CATI ONS: RESULTS AND DI SCUSSI ONS

This chapter describes some exanple applications that can be sinmulated with the
REGFED nodel . The purpose of these applications is to denonstrate the conputationa
efficiency of the nodel and to denonstrate that the nodel can handl e groundwater flow
problens that are more conplex than those found in the validations of Chapter 5. The first
two applications are related to contam nant transport problems. The third application
is an analysis of an aquifer/aquitard groundwater system The fourth applicationis a
benchmark conparison with the most popul ar public domain three-dinensional flow nodel,
t he McDonal d- Har baugh nodel . Al conputer runs used in this chapter were performed

on an | BM Personal Conputer AT.

6.1 Two-Wel | Tracer Test

Studies relating to the analysis and prediction of solute transport between a recharging
and discharging wel | pair have received considerable attention recently (Huyakorn et al.
1986). These studies are inportant fromthe standpoint of the design and analysis of
two-wel | injection-withdrawal tracer tests in groundwater aquifers. Two-well tracer tests
can provide several types of hydrodynam ¢ data, including dispersion coefficients, velocity
profiles, and contaminant travel times. For a conservative tracer, definition of the flow
characteristics is nost inmportant. A schematic illustration of a two-well tracer test is
shown in Figure 6.1.

In this application, the effects of a second wthdrawal well on the performnce of a
two-wel | tracer test are also considered. It is hypothesized that the second withdrawal well
captures a signifcant amount of the tracer flow. The aquifer is assumed to be unconfined.
The discretization scheme for the application is shown in Figure 6.2, along with the various

paraneters used in the nodel simulation.
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The groundwat er equipotentials at a vertical position aligned with the center of the
screened portions of the tracer wells is shown in Figure 6.3. This figure denonstrates that
the withdrawal well does not capture a significant anount of the injected tracer, for the
particul ar paranmeters used here. But at later times, the influence of the second withdrawal

wel | could extend to the pair of tracer wells.

6.2 FlowWthin a Milti-Level Mnitoring Wl

Researchers often need to determne vertical head gradients, changes in water quality
inthe vertical section of an aquifer or changes between units of an interbedded aquifer sys-
tem This process requires that sanples be taken at diff”erent subsurface observations. To
acconplish this objective, a mlti-level monitoring systemcan be installed, often consisting
of a series of single boreholes containing several distinct monitoring |ocations (Pickens et
al., 1981). Atypical multi-level monitoring well installationis shown in Figure 6.4.

Hower, these multi-level wells may provide a conduit for contamnants to trave
vertically through the aquifer, as shown in Figure 6.4. Thus, a groundwater sanple taken
froma particular vertical positon within the well may actually be a mxture of groundwater
fromdifferent levels within the well. If a water quality sanple froma discrete vertical
postion in the aquifer is desired, the well may have to be nodified.

Inthis application, the effects of a nearby punping well (50 feet away) on vertical
flowwthin a hypothetical nonitoring well are sinulated with the nodel. The punping
wel | effects are included as constant head boundary conditions that vary with depth. The
simulated aquifer is a 200-foot deep unconfined aquifer. The monitoring well is screened
from178 feet to 190 feet above the aquifer bottom The hydraulic characteristics of
the nonitoring well are approximated by setting extremely high hydraulic conductivities
within the well (5-6 orders of magnitude higher than the aquifer nmedia) and by setting
the stora;tivity and specific yields equal to one. The horizontal and vertical discretization

schemes are shown in Figure 6.5, along with the various paraneters used in the node
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si mul ati on.

The nonitoring wel| application was sinulated for three diff'erent tine periods. The
hydraulic heads near the centerline of the well for the three time periods are Shown in
Figure 6.6. This figure denonstrates that the differences in head in the monitoring well
do not produce a significant vertical gradient, but that heads do change over time in the
monitoring well, indicating that sone flowin and out of the well occurs.

6.3 Flow Wthin an Aquifer/Aguitard System

In Chapter I, quasi three-dinensional flow models were discussed. Quasi three-
di mensional model s are suitable for simlating flowin groundwater systems where aquifers
are separated by confining or sem-confining layers. Sem-confining |ayers are also known
as aquitards. Such systens can be sinplified by assumng that vertical conponents of
flowwithin the aquifer are negligible and that the horizontal conponents of flowin the

aquitard are negligible.

A schematic illustration of the sinulated aquifer systemis shown in Figure 2.1 AS
indicated inthe figure, the contrast in hydraulic conductivities between the aquifer and the
aquitard is two orders of magnitude. The aquifers are discretized into seven |ayers, while
the aquitard is discretized into six layers. The nodel was not able to approximate hori-
zontal flowin the aquifers and vertical flowin the aquitard within a reasonable anount of
CPU time. The nodel s inability to reproduce the problemis due to steep vertical gradients
produced by large vertical changes in hydraulic conductivity. Smaller tinesteps and finer
vertical discretization may allow the model to overcome the vertical gradient problens.
However, if the quasi three-dinensional assunptions are assuned to be correct, it may be
advisable to use a quasi three-dimensional approach for this type of groundwater system
The quasi three-dinensional approach woul d reduce computational costs significantly, and
shoul d represent accurately the nature of flowin this type of groundwater system

6-11
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6.4 Conpari son with MDonal d- Har baugh Mbdel

The three-di mensi onal MDonal d- Har baugh nodel (MDonal d and Harbaugh, 1984)
represents the current state-of-the-art in public domain groundwater models. This node
can provide a convenient benchmark for the REGFED nodel. The groundwater flow
system chosen as a basis for conparison is a single pumped well in a confined aquifer, with
constant head boundaries. The nodel sinulations for this systemcan be validated by the
Theis solution described in Chapter 5. The data sets submitted to the nodels contain an
equal nunber of nodes and |ayers, except that the MDonal d-Har baugh nodel requires an
extra row and colum to sinulate no-flow boundari es.

The nodel sinulations are conpared in Figure 6.7, along with the Theis sinulation.
The figure shows that both nodels accurately sinulate the response of the groundwat er
system The conputational eff"ort required to simulate the systemis shown for both model s
inTable 6.1, along with the parmeters used in the sanple problem These results indicate
that the REGFED nodel requires Iess CPU tine than the MDonal d- Har baugh nodel to
sinulate the system while providing better mass bal ance errors. The nodel s were run on

an |1 BM Personal Conputer AT; the CPU tine does not include input or ouptut of data
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TABLE 6. 1

COVPARI SON OF PERFORVANCE OF REGFED MODEL  AND

MCDONAL D- HARBAUGH MODEL

CPU WATER
MODEL TI VE BAL ANCE
(nin.) ERROR
MEDONAL D- 36. 4 7.32x10' Vo
HARBAUGH
FEGFED 28.5 2.21 X 10" Vo

SI MULATI ON CONDI TI ONS AND PARAMETERS

- Confined Fl ow

- 3 equal l'y spaced | ayers
- 225 nodes

- 392 elenents

- K = 0.0035 Ur

- b =300 L

- S = 0.00012

- Q=0.51L3/T

- initial head = 350 L
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7 CONCLUSI ONS AND RECOMVENDATI ONS

7.1 Concl usi ons

From the nodel devel opnent, and the tests and applications perforned with the
REGFED nodel, certain conclusions can be drawn. These conclusions include

« A nmixed nmethod consisting of finite-elements and finite-differences is an efficient and

accurate method for nodeling groundwater flow the ALALS algorithmis a suitable

exanpl e of such a nethod.

« The REGFED model conpares favorably with the analytical solutions used in this

report for nodel testing

« Mass bal ance errors are mniml for the test cases, except where drained node

transitions occur

« For situations where the nodel did not validate well, finer grid spacing or timestep

sizes coul d inprove nodel accuracy.

« The WELFED nodel can efficiently sinmulate some exanple applications that are

relatively difficult, conpared to the validation conditions

« The nodel may not be able to accurately simlate aquifer/confining-layer conditions

wi thout significant conputational efforts and storage requirenents

« Steep vertical gradients relative to nodal spacing have a deleterious effect on mode

accur acy.

7.2 Recommendati ons

The fol I owi ng recomendations can be made for inproving the performance of the

REGFED nodel .
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* The model should be nodified to include the quasi three-dinmensional approach for
nodel i ng aqui fer/confining layer conditions.

+ Iteration schemes other than Picard Iteration should be explored, to see if conver-
gence for unconfined flow conditions can be nmade qui cker or nmore stable. O her
schemes coul d include Newt on-Raphson schenes or nodified conjugate gradient
schenes.

+ Spacing criteria for nodal and timestep spacing shoul d be specified such that node
accuracy is optimzed.

 Inprovenents to the confined/ unconfined and drained node transitions should be
made so that mass bal ance errors are mnimn zed.

o In addition to excluding entire layers with confined el ements fromthe matrix re-
forming process, the algorithmshould be nodified so that confined el ements within
| ayers that also include unconfined el ements, can be excluded frommatrix reformng
+ The nodel should be nodified to include other types of finite etemknts that can fit
various boundary or other conditions nmore efficiently and accurately.

* In general, steep vertical gradients should be avoided by utilizing finer discretization
schenes or tinestep sizes.

* An automatic timestep generator that minimzes water balance errors and steep
vertical gradients should be included

+ An input data preprocessor should be added to the nodel in order to ease the burden

of inputing data for large problens.
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8 NOTATI ON

C = solution concentration {ML") .

t =time {T) .

V = groundwater velocity [L/T) .

= hydrodynam ¢ dispersion tensor [L'"|T) .
= divergence operator .

gradi ent operator .

Wrxn = reactive term[MLMT] .

Dij ~i,] termof dispersion tensor [L" /T) .

i,j —conponents of Cartesian coordinate system
ay = transverse dispersivity (L) .

ajr, =longitudinal dispersivity (L) .

V = average groundwater velocity {LjT) .

D =effective nolecular diffusion coefficient [LMT) .
= specific discharge {L/T) .

K = hydraulic conductivity {L/T) .

h = hydraulic head {L) .

g" —groundwat er gradient {di mensionless) .

n

Ss

q
V = pore velocity {L/T) .
= porosity {dimensionless) .
h = hydraulic head {L) .
K = hydraulic conductivity tensor {L/T) .
= specific storage {1/L) .
T{h) = source or sink term{1/T) .
Kx, Ky, Kz = conponents of conductivity in the x, y, and z directions, respectively {L/T) .
Tx, Ty = conponents of transmssivity inthe x, and y directions, respectively, {LT) .
Sy —specific yield {dinmensionless) .
T {h) = vertically averaged source or sink term{L/T) .
Ax = distance between spatial locations in x-direction (L) .
Ah = change in hydraulic head fromX to Xi+ {L) .
n —porosity {dimensionless) .
0{Ax) = remainder of the Taylor series terms, including those with powers of Ax and hi gher

u —trial function .

ao,ai, and a-j =coefficients related to element position and geonetry .
N,N, and N =basis functions . .

Xi, X, Xmyi,yj,"T"dym —coordinates of triangle vertices (L)

Ae = area of triangle (L") .

AMij = basis function for node n .

N = nunber of nodes .
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£ =error resulting fromsubstitution of approximted formof u .

R —probl em donain .

W = nodal weighting functions .

U and Uy = conponents of outward normal vector .

B = boundary of problem domain .

e = element region .

N = nunber of nodes .

[G = Gobal coefficient matrix .

[E] = Element coefficient matrix .

{u} = dependent variable vector .

Eii, etc. =integral terms found in Equation 3.20 for nodes in a triangular el enment .
Gmi —nenbers of the A obal coefficient matrix .

{6} —vector of coefficients representing boundary conditions .

h —hydraulic head (L) .

h —trial function for hydraulic head (L) .

IViT(x,t/) = two-dimensional basis functionin the x-y plane .

[in = nodal parameter dependent on z and time (L) .

x\.xy = nunber of nodes in the x-y plane of each layer .

N = two-dimensional basis function in the x-y plane .

Z = x-y problemdomain .

S = boundary of the cross-section of Z .

fr = outward normal derivative on S .

Kn = normal conponent of hydraulic conductivity on S .

k+1/2 k=12 k+1 and k —1 = indices as shown in Figure 3.4 .
Az terms are as shown in Figure 3.3 (L) .

Kg+ = upper-wei ghted, harnonic-mean hydraulic conductivity [L/T) .
Kz- = | ower-wei ghted, harmonic-mean hydraulic conductivity [L/T) .
1 = index for present time step .

1+ 1 =index for next time step .

At =time increment for time step [T] .

* = index referring to predicted sol utions . . . . .
[KH, ", {f§/|)}, {F{w, (KU, and [KUJ =matrices and vectors of integrals in Equation 3,11
ni,nj, and rim= nodal indices on triangular elenent .

Xi, X, Xmyi,yj,3.ndym= coordinates of triangle vertices [L] .

Ae = area of triangle (L") .

Oij =hj elenent of [Al matrix .

n = outward normal vector .

S = probl em boundary .

g = arbitrary boundary function .

Fr = recharge rate [L/T) .

UB = probl em boundary .

| = arbitrary boundary function .

Fp = withdrawal or injection quantity [L*|T) .

[A] = sumof |eft-hand-side matrices .
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{x} = the solution, or hydraulic head vector .

{6} = sumof right-hand-side vectors .

T = transmssivity = Ko [L" /T) .

where b = saturated thickness in aquifer layer [L) .

S= spe0|f|c yield (unconfined aquifer) or storativity (confined aquifer) [dimensionless) .
(xi, ., XiVj) = unknowns .

r = |terat|0n counter .

[A]"} = elements of the inverse of matrix \A .

£b = prescribed residual tolerance .

m axj = maximum over all nodes .

Q=rate of change in storage of water in an element [L* |T) .
top = elevation of the top of an element layer [L) .

S* —storage factor (specific yield or storativity) in effect at time / [dimensionless) .
5"+ =storage factor (specific yield or storativity) ineffect at time / + 1 {dimensionless)
It =total time elapsed over sinulation [T) .

b = water bal ance error {dinensionless) .

hi —head at start of sinmulation (L) .

il =head at end of simulation [L) .

s = drawdown = initial head - new head (L) .

r =radial distance fromwell (L) .

Wuc) = well function for nonleaky aquifer {dimensionless) .
Uc = argument of the well function {di mensionless) .

T —transmssivity {L" /T) .

S = storativity {dimensionless) .

Q —punping rate {LMNT) .

t =time (T) .

Wuc, "*) —well function for |eaky aquifer {dimensionless) .
Wuc) = well function for nonleaky aquifer {dimensionless) .
z = vertical distance fromtop of aquifer {L) .

ng = sunmation index .

W = argument (modified for unconfined flow) of the well function {di mensionless) .
Sy = specific yield {dimensionless) .
Sc = corrected drawdown {L) .

So = drawdown cal cul ated from Equation 4.3 (L) .
b = aquifer thickness (L) .

ho —head at up-gradient boundary (L) .

h\ —head at down-gradient boundary (L) .

X —distance from up-gradient boundary (L) .

X\ = length of aquifer (L) .

Fr = recharge rate {L/T) .
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6 MODEL APPLI CATI ONS: RESULTS AND DI SCUSSI ONS

Thi's chapter describes some exanple applications that can be sinulated with the
REGFED model . The purpose of these applications is to denonstrate the computationa
efficiency of the model and to denonstrate that the model can handle groundwater flow
problens that are more conplex than those found in the validations of Chapter 5. The first
two applications are related to contamnant transport problems. The third application
I's an analysis of an aquifer/aquitard groundwater system The fourth applicationis a
benchmark conparison with the most popul ar public domain three-dimensional flow model

the MDonal d-Harbaugh nodel . All conputer runs used in this chapter were perforned
on an | BM Personal Conputer AT.

6.1 Two- Vel | Tracer Test

Studies relating to the analysis and prediction of solute transport between a recharging
and discharging wel | pair have received considerabl e attention recently (Huyakorn et al.

1986). These studies are inportant fromthe standpoint of the design and analysis of
two-wel | injection-withdrawal tracer tests in groundwater aquifers. Two-well tracer tests

can provide several types of hydrodynamc data, including dispersion coeflicients, velocity
profiles, and contamnant travel times. For a conservative tracer, definition of the flow
characteristics is most inportant. A schematic illustration of a two-well tracer test is
shown in Figure 6.1

In this application, the effects of a second wthdrawal well on the performance of a
two-wel | tracer test are also considered. It is hypothesized that the second withdrawal el
captures a signifcant amount of the tracer flow The aquifer is assumed to be unconfined.
The discretization scheme for the application is shown in Figure 6.2, along with the various

paraneters used in the model sinulation
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FI GURE 6. 2
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The groundwat er equipotentials at a vertical position aligned with the center of the
screened portions of the tracer wells is shownin Figure 6.3. This figure denonstrates that
the withdrawal well does not capture a significant anount of the injected tracer, for the
particular paraneters used here. But at [ater tines, the influence of the second withdrawal

wel | coul d extend to the pair of tracer wells.

6.2 FlowWthina Mlti-Level Mnitoring Vell

Researchers often need to determne vertical head gradients, changes in water quality
Inthe vertical section of an aquifer or changes between units of an interbedded aquifer sys-
tem This process requires that sanples be taken at difi"erent subsurface observations. To
accomplish this objective, a mlti-level nonitoring systemcan be installed, often consisting
of a series of single boreholes containing several distinct monitoring locations (Pickens et
al., 1981). Atypical mlti-level nonitoring well installationis shownin Figure 6.4

Hower, these multi-level wells may provide a conduit for contamnants to trave
vertically through the aquifer, as shown in Figure 6.4. Thus, a groundwater sample taken
froma particular vertical positon within the well may actually be a mxture of groundwater
fromdifferent levels within the well. If a water quality sample froma discrete vertical
postion in the aquifer is desired, the well may have to be nodified.

Inthis application, the effects of a nearby pumping well (50 feet away) on vertica
flowwithin a hypothetical nonitoring well are sinulated with the nodel. The punping
wel | effects are included as constant head houndary conditions that vary with depth. The
sinilated aquifer is a 200-foot deep unconfined aquifer. The nonitoring well is screened
from178 feet to 190 feet above the aquifer hottom The hydraulic characteristics of
the monitoring well are approxi mated by setting extremely high hydraulic conductivities

wthinthe well (5-6 orders of magnitude higher than the aquifer media) and by setting
the storativity and specific yields equal to one. The horizontal and vertical discretization

schenes are shown in Figure 6.5 along with the various paraneters used in the model
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si mul ati on.

The monitoring well application was sinulated for three diff"erent time periods. The
hydraul i ¢ heads near the centerline of the well for the three time periods are shown in
Figure 6.6. This figure denonstrates that the differences in head in the monitoring well
do not produce a significant vertical gradient, but that heads do change over time in the

monitoring wel I, indicating that some flowin and out of the well occurs.

6.3 Flow Wthin an Aquifer/Aquitard System

In Chapter Il, quasi three-dimensional flow models were discussed. Quasi three-
di mensional nmodel s are suitable for sinulating flowin groundwater systems where aquifers
are separated by confining or seni-confining layers. Sem-confining |ayers are al so known
as aquitards. Such systens can be sinplified by assumng that vertical conponents of
floww thin the aquifer are negligible and that the horizontal conponents of flowin the

aquitard are negligible.

A schematic illustration of the sinulated aquifer systemis shown in Figure 2.1. As
indicated in the figure, the contrast in hydraulic conductivities between the aquifer and the
aquitard is two orders of magnitude. The aquifers are discretized into seven |ayers, while
the aquitard is discretized into six layers. The nodel was not able to approximate hori=
zontal flowin the aquifers and vertical flowin the aquitard within a reasonable amunt of
CPU time. The nodels inability to reproduce the problemis due to steep vertical gradients
produced by large vertical changes in hydraulic conductivity. Smaller timesteps and finer
vertical discretization may allow the nodel to overcome the vertical gradient problens.
However, if the quasi three-dimensional assunptions are assumed to be correct, it may be
advisable to use a quasi three-dinensional approach for this type of groundwater system
The quasi three-dimensional approach woul d reduce conputational costs significantly, and

shoul d represent accurately the nature of flowin this type of groundwater system
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6.4 Conparison with MDonal d- Har baugh Mdel

The three-di mensi onal MDonal d-Harbaugh model (MtDonald and Harbaugh, 1984)
represents the current state-of-the-art in public domain groundwater nodels. This mode
can provide a convenient benchnark for the REGFED model. The groundwater flow
system chosen as a basi s for comparison is a single purped well in a confined aquifer, with
constant head boundaries. The nodel simulations for this systemcan be validated by the
Thei's solution described in Chapter 5. The data sets submtted to the nodels contain an
equal nunber of nodes and layers, except that the MDonal d-Harbaugh model requires an
extra row and colum to sinulate no-flow boundaries.

The model sinulations are conpared in Figure 6.7, along with the Theis simulation.
The figure shows that both nodels accurately similate the response of the groundwater
system The computational eff"ort required to similate the systemis shown for both nodels
inTable 6.1, along with the parmeters used in the sample problem These results indicate
that the REGFED nodel requires less CPU tine than the McDonal d-Harbaugh model to
similate the system while providing better mass balance errors. The models were run on

an | BM Personal Computer AT: the CPU time does not include input or ouptut of data
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TABLE 6.1

COVPARI SON OF PERFORMANCE OF REG-ED MODEL AND
MCDONAL D- HARBAUGH MODEL

CcPU WATER
MODEL TI VE BAL ANCE
(mn.) ERROR
MCDONAL D-
ni /\0
HARBALCH 36. 4 7.32x10"" "%
REGFED 28. 5 2.21 x1 0O Vo

SIMULATI ON CONDI TI ONS AND PARAMETERS

-Confined Fl ow

- 3 equal |y spaced |ayers
- 225 nodes

- 392 elenents

- K= 0.0035 UT

- b =3001L

- S = 0.00012

- Q=0.5L3/T

- initial head = 350 L
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4 CONCLUSI ONS AND RECOMVENDATI ONS

7.1 Concl usi ons

Fromthe nodel devel opment, and the tests and applications performed with the
REGFED nodel, certain conclusions can be drawn. These conclusions include

v Amxed nethod consisting of finite-elements and finite-differences is an efl Scient and

accurate method for modeling groundvater flow the ALALS algorithmis a suitable

exanpl e of such a method

» The REGFED nodel conpares favorably with the analytical solutions used in this
report for model testing

v Mass balance errors are mniml for the test cases, except where drained node

transitions occur.

v For situations where the model did not validate well, finer grid spacing or timestep
sizes coul d inprove nodel accuracy.

v The WELFED model can efficiently simulate some exanple applications that are
relatively difficult, compared to the validation conditions.

v The model may not be able to accurately sinulate aquifer/confining-layer conditions
W thout significant conputational efi'orts and storage requirenents.

v Steep vertical gradients relative to nodal spacing have a deleterious effect on nodel

accuracy.
7.2 Recommendati ons

The fol | owing recomendations can be made for inproving the performnce of the
REGFED nodel . -
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» The model should be nodified to include the quasi three-dinensional approach for
model i ng aqui fer/confining |ayer conditions.

v |teration schenes other than Picard Iteration should be explored, to see if conver-
gence for unconfined flow conditions can be made quicker or nore stable. Cther
schenes coul d include Newt on-Raphson schenes or modified conjugate gradient

schenes.

v Spacing criteria for nodal and timestep spacing should be specified such that node

accuracy is optimzed.

v Improvenents to the confined/unconfined and drained node transitions should be

made so that mass bal ance errors are mnim zed.

v Inaddition to excluding entire layers with confined el ements +frcH the matrix re-
formng process, the al gorithmshould be modified so that confined elements within
|ayers that also include unconfined el enents, can be excluded ftommatrix reformng

v The model should be modified to include other types of finite elements that can fit
various boundary or other conditions nore efficiently and accurately.

v In general, steep vertical gradients should be avoided by utilizing finer discretization
schemes or timestep sizes.

o An automatic tinestep generator that mnimzes water balance errors and steep
vertical gradients should be included

v Aninput data preprocessor should be added to the nodel in order to ease the burden
of inputing data for |arge problens.
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8 NOTATI ON

= solution concentration [ML") .
t =time (r) .
V —groundwater velocity [L/T) .

D = hydrodynam ¢ dispersion tensor [LMT)
V ~ d|vergence operator .

= gradient operator .

| %rxn N reactive term{MLA/)
T{C) = source or sink term{ML"/
D —i-,3 termof d|se3|ontensor(!
'] —components of Cartesian coor |nate system.
aT —transverse dispersivity (L) .
al = longitudinal dispersivit y(L) :
V = average groundwater velocity {L/T) . |
D = effective nolecular diffusion coefficient {L"|T) .
q = specific discharge {L/T) .
K = hydraulic conductivity {L/T) .
h = hydraulic head {L) . o
N —qroundwat er ? radient {dintnsionltss) .
V —npare velocity {L/T) .
N —porosity {dlrrInsmnltss) :
h = hydraulic head {L) .
K = hydrau||c conduct|V|ty ensor {L/T) .
Ss = specific storage {I/L) .

T{h) = source or sink term{1/T) .

Kx, Ky, Kz = co onentsof copductivity in the x, y, and z directions, respectiyely {LIT
x,Iyy:co onen l [ ansm ssivi { yyn X, n(Y (Pecmns respect |V gfy YL yT){ X
=’ Specl cyle di ntnsi onl'ess)

T'{h) —vertically averaged sour ceo rsink term{L/T) .

Ax = distance between spatial locations in x-directio n{L) .

An = change in hydraul ic head fromX to x,+ {L) .

n = porosity {dlmnsmnl ess) .

0{Ax). = rerminder of the Taylor series terms, including those with povers of Ax and i gher

40,01, and a? = coefficients related to element position and geometry .

N, Nj, and N = basis funct|ons
X X] myi yJ 3ndym Coord|na tes of triangle vertices (L) .
Ae —area’of ‘triangle {LA) .
= basis function for node n .
N = nunber of nodes .
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E=error resulting fromsubstitution of approxinated formof u .
R. —probl em domain .
W = nodal weighting functions
H« and Uy = conponents of outward normal vector
B = boundary of problem donmain .
e = element region .
N = nunber of nodes .
[G = Gobal coefficient mtrix .
\E\ = Elenment coefficient matrix .
{u} = dependent variabl e vector .
Eii, etc |nteqra| terms found in Equation 3.20 for nodes in a triangular element .
Gn|:rmmm3() he G obal coefficient matrix .
{6} = vector of coefficients representing boundary conditions .
h = hydraul|c head [L) .
h=trial function for hydraul|c head [L] .
\n { %} two- di mensi onal basi s function in the x-y plane .
h* = nodal paraneter dependent on z and time [L) .
Tixy = nunber of nodes in the x-y plane of each |ayer .
= two-di mensi onal basis function in the x-y plane .
y problem domain .

t
X-
boundary of the cross-section of Z .
= outward nornal derivative on B .
= normal component of hydraulic conductivity on B .
1m k —1/2, k+1 and k —1 =indices as shown in Figure 3.4 .
terms are as shown In Figure 3.3 [L) .
upper - wei ght ed, har noni ¢- mean hydraullc conductivity {L/IT) .

- | Ouer- wei ght ed, har noni ¢-mean hydraulic conductivity {L/T) .
index for present i ne step .

+ 1 =index for next time step .

time increment for time step {T)
= dex ref err|ng 0 predicted sol utions

ﬂLJ L | Hh)}lnLKLl and M epauces and vectors of integrals in Equation 3,11
X

N
R
B

tA =
Kn

k +

Az t
Kz+
Kz-
1

1

At

LI | odal 1 ndi ce$ on trianqu

X, Xy, a; Y yy)andyn1- coordinates of triangle vertices (2/) .
Ae area of triangle {L") .

= u el ement of [M4] matrix

pr

utward normal vector .

0
robl em boundary .

g = arbitrary boundary function .

Fr =recharge rate {L/T) .

UB = probl em boundary .

| = arbitrary boundary function .

Fp = wit hmmmlor|weM|m1mHM|y{LMT).

[A] =sumof left-hand-side matrices

]
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{£} —the solution, or hydraulic head vector .
{6} = sumof right-hand- S|de vectors .

T =transmssivity = Ko (L'MT) .

where b = saturated thickness in aquifer Iaye (L) .

? %eu W)ﬂe | Luncgnﬂned aquiter) or storativity (confined aquifer) [dimensionless| .

unknowns

r = |terat|0n counter .
LN]J-—demns of the inverse of matrix [A .

b = prescribed residual tolerance .
max J —maxi mumover all nodes .

Q Meofdwwe|nsun%eofmmer|nanaemm [LNT)

op = fleva %on[o he toF aq eleneT I?yer (L) et 4 tie | i |
EMA__ Soqﬁepe agror (pecelc”fﬁcylyewSOrpaglt\{lvw)y)lTneer?%ctaat i /[( Tfldfrq]gﬁssgomess).
It = total tine elapsed over S nulat|on

Ewo = water balance error [dimensionl ess)
hi —head at start of simulation [L)
hf = head at end of sinulation [L) .
s = drawdown = initial head - new head (L) .
r =radial distance fromuell [L) .
Wuc) —wel | function for nonleaky aSU|fer [ di mensionl ess) .
U = argument of the well function [aimensionless)
= transmssivity (LMr) .
= storativity [dimensionless) .
= punplng rate (LMr) .
time [T] .
¢, ") —vell function for Ieakg aquHe [ di mensi onl ess)
¢) = vell function for nonleaky aquifer [drmensionless) .

vertical distance fromtop of aquifer [L) .
= ummt|on i ndex .

U a1 Quren J é |de uncongmed flow of the well function [dinensionless) .
= Specific yiel mensi onl ess
Sc = corrected dramdomn [L) .

So = dramdomm cal cul at ed fronlEqua on 4.3 L) .

b = aquifer thickness [L) .

ho —head at up-gradient boundary [L) .

hi = head at down-gradient boundary [L‘

X —distance fron1up gradient boundary [L) .

X —Ieng th of aquifer [L) .

Fr =recharge rate [L/T) .
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REVI EW OF FI NIl TE DI FFERENCE AND FI NI TE ELEMENT METHODS
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1 Finite D fference Method

The finite difference method is a numerical method for solving differential equations. Ap-
plication of the method results in the discretization of a problemdomain into afinite
number of predetermned points. Values of the dependent variable can be approximated
at these points.

The accuracy of finite difference approximtions is a function of differential equation type

discretization, and method used to approximte the relevant derivatives. Boundary con-
ditions and the temporal nature of the problem(i.e. steady-state or transient conditions)
also affect the accuracy. As a sinple exanple of a finite difference approximation, one can
examne the first-order ordinary derivative dul/dx.

Thi s derivative can be approxinated by expanding the Taylor series definition of the deriva-
tive of the function u(x) with respect to linear distance, x. Figure Al.l illustrates the
discretization of u(x). For an n+l termTaylor series expansion about the point x = a, the

series can be witten as

du u[ b)-ufa) Azd™u (A)"-" d"u

dx Ax ~ Adz2 el X" ("1.1)

wher e

Ax = b —a, distance between spatial |ocation 6 and a [L]

Equation I11-2 can be witten as sumof the fol | ow ng terns

du u{\bix- uta) A A.{’. 6(AXS)/{/%:||£)

dx

wher e
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FI GURE Al. 1

| LLUSTRATI ON OF FI NI TE DI FFERENCE

APPROXI MATI ON
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0{Ax) = remainder of the Taylor series terms, including those with powers of Ax and
hi gher

By truncating the series to the first termon the right hand side, a first- order approx-

imation is achieved. The forward-difference approximation takes the form of

dul u(x + Ax) —u{x)
dx _ AX {AL.3)

The backward-difference approximation is witten as

du — — Ax
wo T (14

By subtracting the full Taylor series expansion for Equation Al.3 fromthe full expan-

sion series for Equation AL 4 and solving for the first-order derivative, the central-difference

approxi mation results.

du — —
oo LT o 19

The truncated formof this equation is more accurate than Equations Al.3 and Al . 4,
because of the higher order terms that are elimnated in the subtraction. Only second-order
and higher terms remain, thus Equation AL 5 is a second-order approximation.

The second order derivative can be approximted by summing the full series expan-

sions for Equations Al.3 and Al.4, and rearranging, resulting in

d” u{x -+ Ax) - 2u{x) -+ u{x —A) .
dx” (AX)2 ( L 6)
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H gher order derivatives can be obtained fromsimlar Taylor series applications.
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2 Finite El enent Met hod

The finite-element nethod is also a numerical method for approximating diff"erentia
equations. The problemdomain is divided into a finite number of small, interconnected

subregions (finite-elenments). The dependent variable can be approximated at the nodes
that interconnect the elenments or anywhere over the domain of an el enent.

Galerkin's finite-element method is frequently the method of choice when nodeling
groundwater flow (and contamnant transport). Galerkin's method is a weighted-residua
method, which |eads to simlar equations as variational principles (Wang and Anderson
1982). Variational principles inply that a physical quantity, such as energy potential, is
mnimzed over the problemdomain. If the potential, which is analogous to hydraulic
head, is expressed in terms of its nodal values, algebraic equations result.

The weighted-residual is a measure of the degree to which the nodal values of hydraulic
heads do not satisfy the governing equation. If a particular weighted residual is forced to
vani sh, the heads at the nodes can be obtained froma systemof al gebraic equations

Inthe Galerkin finite-element nethod, the type of elenment discretization determnes
the trial solutions that are enployed. These trial solutions can be polynomals that are
pi ecew se continuous over the individual elements. Nodes are located along the boundaries

of each subdomain or in the interior of the subdomain. The basis function is obtained from
the trial function. Abasis functionis associated with each specific node. For exanple,

a linear triangular elenent (see Figure AL 2) has a trial function defined by a first-order

interpol ating polynomal of the form

u{x,y) - ao + aix +azy ("l -7)

wher e
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u =trial function

ao,ai, and a2 = coefficients related to el ement position and geonetry

and the basis functions N, associated with this trial function are

L(x,y) = N\M{x,y)un, + N {x,y)un® + N"Jx,y)un™ {Al. 8)

K=" {{Xnynrn - Anfyn®) + (VA" Wipx o+ (x,, - X Y]

K=" [(an,.yn. - Xoynd + (In,,, - V!4 (Xn, - XNy

Kh = A [(“n.yn, ] anyni) + {Vh]- ynj)X + (Xn,- - Xn,)y]

wher e

N, N and N?, = basi s functions

X,., X, Xn,, j/n., Jny, andyn, = coordinates of triangle vertices (L)

Ae = area of triangle (L"")

Basis functions such as these are substituted into Galerkin finite-elenent solutions.

The Galerkin finite-element method can be applied to the Laplace equation as an

exanmpl e. The Lapl ace equation is usually expressed as
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FI GURE Al. 2
Ll NEAR TRI ANGULAR ELEMENT

n ni (xi.yi)

O
nunberi ng V
_ conventi on \
nj N \
(Xj,yi) AAANAANN nm

(xm
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Equation Al.9 can be restated in the formof differentia] operator as

The dependent variable, u, may be approximted over the domain by introducing a

set of nodal basis functions

u(rc,y) = "ivnun (Al .n)

wher e

Nn = basis function for node n

N —nunber of nodes

Substituting the approximate value of uinto the differential operator gives

LIu{x,y]]l=s ' {A\ .\2)

wher e

E —error resulting fromsubstitution of approximited formof u

The objective of the weighted residual priciple inplies that

W{x,y)e dz O {Al.13)
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wher e

R = probl em donai n

W = nodal weighting functions

The Gal erkin method inposes the condition that the weighting functions are equiva-

lent to the nodal basis functions, resulting in

11 Ni{x,y)s dR =0 (ALY
or, restating (AL 14) in terms of the differential operator
f f N{x,y)L{u) dk*O[A.lB)

and replacing the differential operator with the governing equation gives

W V(G (M) dxe rfy =0 (AL 16)

Equation AL 16 represents the Galerkin approximation to the Laplace equation. The
second order derivatives in Equation Al 16 can be reduced by applying Geen's formula,

which in this case is essentially integration by parts. The resulting equation is

1N+ dudy

A (dude L (f (dud\  dudN)

R

(AL 17)
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vwner e

U« and riy = conponents of outward normal vector

S = boundary of probl em domain

The basis functions, Ni, are defined to vanish for nodes that are outside of the given
element. Applying this definitionto (A.17) results in

el ement .

dNi - du\ dNi
E

oy ) Ny (1

wher e

1 = el enent

The derivative terms in (AL 18) can be sinplified such that

el emrent s

£ Gfj Vdxde o dy dyj

CRAEES r-yrN Ar T»r\ N /N Ar {A1A9)

E /] E Ef-AMEEf-L S e

Next, the dependent variable is separated fromthe integral terms.  The remaining
integral terms can be condensed to matrix notation to yield

eleRnts . f

,),) [//( du\ dNi dux dNi dx dy

dx  dx dy dy . (y| B 20)

=[G {u}
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wher e

[G = Qobal coefficient matrix
[E] = Elenent coefficient matrix

{u} —dependent variable vector

The el ement coefficient matrix, E can be thought of as a three-by-three matrix

it j Err
\E] -1 {A Ej Em | (AL 21)
i /\n]' ot

wher e

Eii, etc. =integral terms found in Equation A 1.21 for nodes in a triangular el ement

The members in the global coefficient matrix can be represented by the fol | owi ng

summat i on.

wher e

Gni = menbers of the G obal coefficient matrix

m and i —row and colum indices, respectively

The boundary termfrom Equation A 1.18 can be condensed into a vector as fol | ows
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wher e

{6} = vector of coefficients representing boundary conditions

The final, condensed matrix formof the Galerkin solution to the Laplace equation is

t hen

\G {u} = {b} {Al. 24)
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FORTRAN CODE FOR REGFED
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I NPUT AND OUTPUT UNI T ASSI GNVENTS

UNI T TYPE DESCRI PTI ON

I NPUT SI MULATI ON CONTROL PARAMETERS: NUMBER OF
NCDES, LAYERS, ELEMENTS; BANDW DTH,;
TI MESTEP SI ZE AND NUMBER; NMAXI MUM NUMBER

OF | TERATI ONS AND ALLOWABLE ERROR; SW TCH FOR
READ | N HEADS AND HEAD ACCLERATI ON.

B8 ConsTaNT MEAD BHIRDHRPES(BFRooEEES ARG

PROGRAM NAME : UNCONF

PROGRAM PURPCOSE THREE- DI MENSI ONAL, TRANSI ENT, UNCONFI NED
AND CONFI NED GROUNDWATER FLOW SI MULATI ON

VRI TTEN BY ALEX NMAYER
WATER RESOURCES ENG NEERI NG PROGRAM
ENVI RONMENTAL SCI ENCES AND ENG NEERI NG DEPARTMENT
SCHOOL OF PUBLI C HEALTH
UNI VERSI TY OF NORTH CAROLI NA

LATEST VERSI ON 10- 04-87

gccccccceccecececececcececcececcecceccecceccecceccecceccecceccecceccecceccecceccceccceccecceccceccceccccceccccccccccecccccecccccccccccc
I NPUT AND OUTPUT UNI T ASSI GNVENTS
UNI T TYPE DESCRI PTI ON

I NPUT SI MULATI ON CONTROL PARANMETERS: NUMBER OF
NODES, LAYERS, ELEMENTS; BANDW DTH,;
TI MESTEP SI ZE AND NUMBER, MAXI MUM NUMBER
OF | TERATI ONS AND ALLOWABLE ERROR; SW TCH FOR
READ I N HEADS AND HEAD ACCLERATI ON.

OOOOOOOOOOQOOOOOOOOOOOOOOO

OO0 00 0000000000000 O0O0O0O0O0O0O0O0O0


NEATPAGEINFO:id=08C850BF-2D6D-4F0F-A053-2C0E5457C17B

NEATPAGEINFO:id=DEE3D02A-8F1D-4BCB-A347-1F13B94C9BDC


c I NPUT I NI TI AL HEADS (BY LAYERS), SITRESSES (BY NODES),. C
c CONSTANT HEAD BOUNDARI ES (BY NODES, LAYERS) c
c C
c I NPUT I NI TI AL HEADS ( BY NODES, LAYERS), NODAL X-Y c
COORDI NATES ( BY NODES) c

c

c I NPUT ELEVENT PROPERTI ES: TOP; BOTTOM HYDRAULI C c
c CONDUCTIVITIES IN X, VY, Z D RECTI ONS; STORATIVITY. c
c c
c I NPUT ELEVMENT PROPERTI ES: SPECI FI C YI ELD, RECHARGE c
c (o]
c auTPuUT VRI TE SUBROUTI NE ( ECHO OF READ SUBROUTI NE) ; c
c PROGRESS OF PROGRAM ( TI MESTEP NUMBER, c
c | TERATI ON NUMBER, ETC.) c
c c
c oJuTPuUT SUMVARY OF | NPUT DATA, WATER BALANCE ERROR; c
c NUVBER OF | TERATI ONS PERFORNVED; LARGEST ERROR c
c ENCOUNTERED; FI NAL HEAD RESULTS c
c c
c ouTPUT STATUS OF NODES ( UNCONFI NED, CONFI NED, ETC.); c
c VARI OUS TEMPORARY OUTPUTS TO CHECK PROGRAM c
c c
c I NPUT ELENMENT NODE ASSI GNVENTS c
c c
c 10 OQUTPUT ERBRRCGRABIATUSVESTERVENDMBERIUVBERATIIONERATI ON C
c NUMBER, MAXI MUM ERROR SI ZE, LAYER AND NODE C
c VWHERE MAXI MUM ERROR OCCURED c
c c
gccccccceccecceccececceccececcecceccececceccecceccecceccecceccececcceccecccecceccecceccecceccecceccecceccecceccecccecceccceccecceccecceccccecccecceccccecccceccccc

/\ -
C P__VARILABLE LI STING MAI N PROGRAM C

| NAINE T YPE DESCRI PT1 AON C

0
)

C

C EXMAX REAL™* 8 MAXI MUM ERROR ENCOUNTERED BETWEEN | TERATI ONS C
(o] 1T | NTEGER* 2 TI MESTEP LOOP COUNTER C
c | TERTT | NTEGER* 2 COUNTER FOR TOTAL NUVBER OF | TERATI ONS C
c PERFORVMED | N A RUN e
(o] | TER | NTEGER* 2 | TERATI ON LOOP COUNTER c
c | Z I NTEGER* 2 LAYER LOOP COUNTER c
(o] MXI TER I NTEGER* 2 MAX]I MUM ALLOWNABLE | TERATI QNS C
c NDRY I NTEGER*2 FLAG FOR PRESENCE OF DRY NODE (| F GREATER c
c THAN ZERO, DRY NODE PRESENT) c
(o] NCONT | NTEGER* 2 FLAG FOR CONTI NUATI ON OF | TERATI ON (@
c LOOP (I F 1, CONTI NUE | TERATI NG ELSE GO TO c
c NEXT TI MESTEP) c
(o] NLAY I NTEGER* 2 NUVMBER OF LAYERS [}
(o] NLAYI | NTEGER* 2 NUVMBER OF LAYERS PLUS ONE (o]
(o] NLSTRT | NTEGER* 2 LAYER NUNMBER VWHERE LAYER | S UNCONFI NED C
c NRAD I NTEGER*2 SW TCH FOR RADI AL OUTPUT (I F 1, RADI AL OUTPUT)C
c NSS | NTEGER*2 SW TCH FOR STEADY STATE CASE (I F 1, STEADY c
c STATE) c
[ NSTART I NTEGER* 2 BEG NNI NG LAYER NUVBER FOR LAYER LOOP C
(o] NTI MBST | NTEGER* 2 TOTAL NUVBER OF TI MESTEPS C
c AN NXON I NTEGER* 2 SW TCH FOR ESTI MATI NG STORAGE FOR WATER C

C

BALANCE ( ENSURES THAT STORAGE W LL BE
CALCULATE ¢

C

CALCULATED FOR WATER BALANCE) | F 1,

gccceccececcecececceccecececceccecececccececcececcceccecceccceccecceccceccecceccecccceccecceccceccecccecceccecccccecccecceccccccccccccc

-

-
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< | e e | ———a — < o << I [

— —

cccccccccceccececececcecceccececcececcecceccecceccecceccecceccececcececcecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecccce
| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON QX 51, 20) , NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),
1NODCOR( 51, 2) , ELMPRP( 51, 8, 20) , NEM 51, 4) , KH( 51, 10, 20) , ST(51, 20, 3),
2RHS( 51, 20) , RECHGN( 51, 20) , KV( 51, 20, 3, 2) , CORLHA( 20) , CORLHB( 20) ,
3CORLHC( 20) , CORRHS( 20) , RHS2( 51, 20), TOP( 51, 20) , QDRY( 51, 20) ,
AERR(51, 20) , NELFLG( 51, 20)
COMMVON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NECHO, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
CALL READ
| F (NECHO. EQ | ) THEN
CALL WRI TE
ENDI F
C..... CALL DATA PROCESSI NG SUBROUTI NES
CALL BANDNO
CALL TOPZ
CALL RECHG

C .... CALL DATA SUMVARY SUBROUTI NE
CALL WVRI TFL

C .... I NI TI ALI ZE TOTAL | TERATI ON COUNTER
| TERTT=0

C .... I NI TI ALI ZE NMAXI MUM ERROR FOR RUN
EMXMAX=0. DO

C .... BEG N TI VE LOOP

DO 60 | T=1, NTI M5T
VWRI TE (6, 1000) | T, NTI MST

C. ... I NIl TI ALI ZE | TERATI ON LOOP
| TER=0
Covvin .. BEG N | TERATI ON LOOP, START | TERATI ON COUNTER
21 | TER=I TER+1
C ... START TOTAL | TERATI ON COUNTER
| TERTT=I TERTT+1
WRI TE (6, 1003) | TER, MXI TER
C ... ... CHECK STATUS OF HEADS
CALL CHKHED( 2)
C ... EXCHANGE NEW HEADS FOR OLD HEADS
CALL EXCHNG
C ... ... CHECK STATUS OF HEADS
CALL CHKHED( 3)
Covvie . | F NECESSARY, CHANGE STRESSES TO ACCOUNT FOR DRY NODES

| E (NDRY. GT. O) THEN
CALL QOQRDRY

ENDI F
C ... ... BEG N Z LAYER LOOP FOR PREDI CTOR EQUATI ONS:
C......... PERFORVANCE OF LOOP DEPENDS ON Tl MESTEP, | TERATI ON,
Co...... ... CONFI NED OR UNCONFI NED STATUS .
C......... SET NLAYI
NLAY1=NLAY+1
C......... FI RST TI MESTEP, FI RST | TERATI ON, CONFI NED OR UNCONFI NED

IF ( (IT.EQI) .AND. (ITEREQ1) ) THEN
DO 20 | Zz=1, NLAY
CALL FORMKH

CALL FORMBT(O)
CALL LHSPRD
CALL LHSDI R
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Co.

..... I F NECESSARY, ACCOUNT FOR DRY NODES

| F (NDRY. GT. O THEN
CALL LHSDRY

ENDI F
CALL FACTOR

' 20 CALL FORMKV( 1, 1)
Coviiinn. FI RST TI MESTEP, SECOND OR MORE | TERATI ONS, UNCONFI NED
ELSEIF ( (IT.EQl) .AND. (ITER GT.1) ) THEN

EXECUTE LOOP ONLY FOR UNCONFI NED LAYERS
NSTART=NLSTRT

DO 25 | Z=NSTART, NLAY
CALL FORNMKH

CALL FORMVBT(O)
CALL LHSPRD
CALL LHSDI R

..... I F NECESSARY, ACCOUNT FOR DRY NODES

| F (NDRY. GT. O) THEN
CALL LHSDRY

ENDI F
AL L — AACT O >>

25 CALL FORM<NVM(CI , 1)
C ... SECOND OR MORE TI MESTEPS, FI RST | TERATI AN, UNCONFI NED
ELSEIF ( (IT.GT.1) .AND. (I TER EQ ) . AND.
1 (NLSTRT. LT. NLAYI ) ) THEN

DO 30 | Z=1, NLAY
CALL FORMKH

CALL FORMBT(O)
CALL LHSPRD
CALL LHSDI R

Q‘/ TE '('NDRY'.IFGJ}IE.CE&ARYTW FOR DRY NODES

30 CALL

CALL LHSDRY
ENDI F
CALL FACTOR

FORMKN( 1, 1)

C ... ... SECOND OR MORE TI MESTEPS, SECOND OR MORE | TERATI ONS,
C ... UNCONFI NED

ELSEIF ( (IT.GT.1) .AND. (I TER GT.1) ) THEN

35 CALL

ENDI F

EXECUTE LOOP ONLY FOR UNCONFI NED LAYERS
NSTART=NLSTRT

DO 35 1 Z=1, NLAY
CALL FORMKH

CALL FORMBT(O)
CALL LHSPRD
CALL LHSDI R

..... I F NECESSARY, ACCOUNT FOR DRY NODES

| F (NDRY. GT. O) THEN
CALL LHSDRY

ENDI F
CALL FACTOR

FORMK\V/( 1, 1)

C......... BEGA N Z LAYER LOOP FOR REMAI NI NG PREDI CTOR EQUATI ONS

DO 50

I Z=1, NLAY
CALL RHSPRD
CALL RHSDI R

I F NECESSARY, ACCOUNT FOR DRY NODES

| F (NDRY. GT. O) THEN
CALL RHSDRY

ENDI F
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C V\RI TE
CONTI NUE

~ (BpauMe & FFbRrecTor Loo

CALL SOLVE

(6, 1001) 1| Z, NLAY

CHECK FOR STEADY STATE CASE

DO 53 1 Z=1, NLAY

53 CALL FORMKV( 3, 2)

C........

C WRI TE (6, 1002)

C..... ...

BEG N CORRECTOR LOOP FOR NCDES
DO 55 | NCOR=I , NNODE
CALL LHSCOR

| F NECESSARY, ACCOUNT FOR DRY NOCDES ON LEFT- HAND SI DE

| F (NDRY. GT. O) THEN
CALL LCORDR
ENDI F

CALL RHSCOR

| F NECESSARY, ACCOUNT FOR DRY NODES ON RI GHT- HAND SI DE

| F (NDRY. GT. O) THEN
CALL RCORDR

ENDI F
CALL THVALG

I NCOR, NNODE

CONTI NUE

ENDI F

CHECK CONVERGENCE
CALL CONVER( NCONT)

| F (NCONT. EQ | ) THEN
GO TO 21

ENDI F

- e B ance

CALL WATBAL

WRI TE TOTAL NUVMBER OF | TERATI ONS
WRI TE (7, 1011)

| TERTT

WRI TE (7, 1012)

QUTPUT

| F (NRAD. EQ | ) THEN

C........

C........

.VWRITE OQUT HEADS I N "R', HEAD, Z FORNAT

CALL OUTRAD

.VRITE QUT HEADS I N X, Y, HEAD, Z FORVAT
.BEG N Z LAYER LOOP

DO 70 1 Z=1, NLAY
CALL aUTCOL

ENDI F

FORNVAT
FORNVAT
FORNMAT
FORNVAT
FORNVAT
FORNVAT 1
FORNVAT !

TI MESTEP=" ,
LAYER=', 1 4,"
NODE=", | 4,

| TERATI ON=",
| TER=", | 4)
'I;OT AL NUMBER OF | TERATI ONS PERFORMED =

14," OF,14)
OF' |, 14)
OF' |, 14)
14, OF,

14," MAX)

', 16)

STOP

END

A 7 000000000CCCCCC00000000000000000CEECCC0000000000000000EECCC0000000C

C VARI ABLE LI STI NG SUBROUTI NE READ C
- -
C NANME TYPE DESCRI PTI AON C

C
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0000

O00 000000000000 00O00O0O0O0DO0

c
c
c
c
c
c
c
c
c
c
c
C

C SUBROUTI NE READ DESCRI PTI ON:

© READS I N ALL RELEVANT | NPUT DATA. SEE MAI N PROGRAM
€ FOR UNI'T ASSI GNMENTS FOR THI S SUBROUTI NE

CCCcCC

0

DELTIM REAL*S8 11 VE STEP SIZE [T] . C
ELMPRP REAL*8 TOP OF ELEMENT (ELEMENTS, 1 LAYER%; L] C
ELMPRP  REAL*8 BOTTOM OF ELENENT (ELEMENTS, 2, LAYERS): [L] C
ELMPRP REAL*8 HYDRAULI C CON IVITY I'N' X DI RECTI C

ISNELEI\/EI\ITS, 3, LAYERS) 7 [L/ T] C
ELMPRP  REAL*8 DRAULI C CONDUCTI VI TY I N'Y DI RECTI'ON C

(ELEVENTS. 4, LAYERS) ; [1/T] C
DRAULI C CONDUCTI VI TY I N Z DI RECTI ON

( ELEMENTS, 5, LAYERS) ; L/ T]
ELMPRP REAL*8 STORATI VI TY éELEI\/ENTS, 6, LAYERS); [D

ELMPRP REAL* 8

C
, C
ELMPRP REAL*8 SPECI FI C YI ELD [ ELEMENTS, 7, LAYERS) ;. [ L/ C
ELMPRP REAL*8 RECHARGE ( ELEMENTS, 8, LAYERSQ ; IlLZ/ 1] C
ERRALL REAL*8 ALLOMBLE ER BETWEEN TI MESTEPS [D]. C
HEAD REAL* 8 HEADS FROM OLD TI MESTEP ( NODES, LAYERS, 1%' [ ]_ C
HEAD REAL* 8 HEADS FROM NEW | TERATI ON' ( NCDES, LAYERS, LTLL] 8
C

HEAD REAL* 8 HEADS FROM OLD | TERATI ON ( NODES, LAYERS, 3
I E | NTEGER* 2 LOOP COUNTER FOR ELEME
I N | NTEGER*2 LOOP COUNTER FOR NODES C

| P | NTEGER*2 LOOP COUNTER FOR | NDEX | N ELEMENT PROPERTIES, C

NODAL COORDI NATES, NODE ASSI GNVENTS C
| Z | NTEGER* 2 LOOP COUNTER FOR LAYERS C
MXI TER | NTEGER*2 NMAXI MUM ALLOWABLE | TERATI ONS C
NACCL | NTEGER*2 SW TCH FOR ACCELERATI NG HEADS BETWEEN C

TI MESTEPS (1 F 1, ACCELERATE HEADS) C
NECHO | NTEGER*2 SW TCH F ECHO NG OUT READ | N DATA C

l% 1 — a ECHOI\% @
NELEM | NTEGER* 2 TOTAL NUVMBER OF ELENMENTS C
NEM | NTEGER*2 NODES ASSI GNED TO ELEMENT ( ELEMENTS, (I, J Kg C
NLAY I NTEGER* 2 NU LAYERS C

NVBER OF
NNODE | NTEGER* 2 TOTAL NUNVMBER OF NODES C
NODCOR REAL*8 X COORDI NATES OF NODES (NODES, 1); [L] C
NODCOR REAL*8 Y COORDI NATES OF NODES ( NCDES, 2); [L] C
NODFLG | NTEGER*2 NODAL FLAG FOR CONSTANT HEAD ( NCDES, LAYERS, I) C
NCDFLG | NTEGER*2 NODAL FLAG FOR HEAD STATUS S,LAYERS, 2) ~ C

SEE SUBROUTI NE CHKHED FOR EXPLANATI ON'OF C
L ACG NUNEERS
NRAD INTEGER*2 gy TCH FOR RADI AL OUTPUT (I F 1, RADI AL QUTPUT) C
NSS | NTEGER"2  SW TCH FOR STEADY STATE CASE (| F 1. STEADY
STATE) ’
NTI MST I NTEGER* 2 TOTAL NUMBER OF Tl VESTEPS

Q REAL* 8 NODAL STRESS ( NODES, LAYERS): [L3/T]

CcCcCccccecceecececececcececcececcecceccecceccececcececcecceccecccecccecccecccecccecccecccecccccce

00000000000

1
2
3

SUBROUTI NE READ

| MPLI CI T REAL*8 (A-H, 0-2)

REAL*8 KH, KV, NODCOR

DI MENSI ON ' 51, 20) , NODFLE 51, 20, 2), HEAD$<51, 20, 3),

NODCOR( 51, 2 ELI\/PRPSSl,&Ke) NEM 51, 4) , KH(51, 10, 20),ST£|51, 20, 3),
RHS(51, 20} , RECHGN( 5 Z%S g!ﬂ 20, 3. 5 CO(%I HA&z)%{ CORLHB( 20) ,
HC(ZO;,C(RRHSEZO), 2(51,20), TOP( 51, 20) (51, 20),
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200
300
400
500

550

600
700

1000
1001
1002
1004
1005

ANELFLG 51, 20)
COVMON Q, NODFL G, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NECHO, I T, | Z, | NCOR
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
READ (1, 1000) NNODE, NELEM NLAY
READ (1, 10013 DELTI M NTI MST, NECHO, NACCL, NSS, NRAD
READ (1, 1002) ERRALL, MXI TER
DO 200 | N=1, NNODE

@go 2i %294?“ ﬁ g IN, 1 Z2), 1Z=1, NLAY )

READ (2, &295& ( NOFLG(IN.1Z,1), 1Z=1, NLAY )
READ (3 100’6 HEAD(IN, | Z, 2 | Z=1, NLAY

DO 50 I’Nzl,?\INSI)E D(IN12,2), ’ )

READ (3, 1007) ( NODGOR(IN.IP), IP=1,2 )
DO 550 | Z=1, NLAY

DO 550 | E=1, NELEM
READ (4,1008) ( ELVPRP(IE,IP,12), IP=1,6 )
DO 600 | Z=1, NLAY

DO 600 | E=1, NELEM
READ (5,1009) ( ELMPRP(IE, IP,12), IP=7,8)
DO 700 | E=1, NELEM
READ, (9. 1010) ( NEMUIE IP), 1P=1,3)
FORVAT  F| Q 4, 514)
FORMAT  E12. 5, | 4)

FORVAT  (7F10. 4))
FORNVAT ( 1514) )

-06 FORMAT  (7F10. 4))

67
1008
1009
1010

FORMAT  (7F10. 4))

FORMAT  (GE12.5))

FORVAT  (2E12.5))
FORNMAT (414))

RETURN

END

C VARI ABLE LI STI NG SUBROUTI NE WRI TE C
--_ -
C NANE TVYPE DESCRI PTI ON C
c DELTI M REAL*8
o . T VE STEPRP S ZE 1] C
- I rigesl Mool linds 1)
© ELMPRP  REAL* 8 HYDRAUL|I C CON IVITY | N'X DI RECTI C
° ELENVENTS, 3, LAYERS) ; L/ T C
c ELMPRP REAL” 8 I—(IYDRAULI C CONDUCTI VI TY | N)Y DI[RECTI C
ELEVENTS, 4, LAYERS) ; L/ T] C
° ELVPRP REALTS I—(IYDRAULI C CONDUCTI VI TY | N)Z DI[RECTI C
. . ELENMENTS, 5, LAYERS) 7 L/ T C
. N LTS TORATI VI TY (ELEMENTS, 6, LAYERS) ; [}3 C
: PR AL SPECI FI C YI ELD (ELEMENTS, 7, LAYERS); [L/T] C
ERRALL  REAL* 8 RECHARGE ( ELENMENTS, 8, LAYEI?/SE) : I:JPL /| T] C
A A ALLOMABLE "ERROR BETWEEN TI MESTEPS [D| C
e =0 REALTS HEADS FROM OLD TI NESTEP (NCDES, LAYERS, 1) [L]. €
c HEAD REAL* & HEADS FROM NEW | TERATI ON ( NODES, LAYERS, 2) : C
HEADS FROM OLD | TERATI ON ( NODES, LAYERS, 3): |L|C

0O 0

HE INTEGER" 2 | ' OOP COUNTER F ELENVE
N INTEGER" 2 | OOP COUNTER FOR NODES C
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0000

C

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

| NTEGER* 2

| NTEGER* 2
| NTEGER* 2
| NTEGER* 2

| NTEGER* 2

| NTEGER* 2
| NTEGER* 2
| NTEGER* 2
| NTEGER* 2
REAL™* 8

REAL* 8

| NTEGER* 2
| NTEGER* 2

| NTEGER* 2

I NTEGER* 2

I NTEGER* 2
REAL* 8

LOOP COUNTER FOR | NDEX | N ELEMENT PROPERTI ES, C

NODAL COORDI NATES, NODE ASSI GNVENTS C
LOOPFP COUNTER FOR LAYERS C

NMAX]I MUM ALLOWABLE | TERATI ONS C
SW TCH FOR ACCELERATI NG HEADS BETWEEN C

TI MESTEPS (I F 1, ACCELERATE HEADS) C
SWTCH FOR ECHO NG OUT READ I N DATA C

— a ., E=C 1o | @ibs
O'I'AL NUNVBER OF ELE NTS C

NCDES ASSI GNED TO ELEMENT ( ELEMENTS, SQJ K)) C
NUNBER O L AYE | Qi
TOTAL NUNVBER O NODOES C
XCCXJ?DINATESG:N(JDEsgNCDES,!;; [L] C
Y COORDI NATES OF NODES ( NCDES, 2); L] C
NODAL FLAG FOR CONSTANT HEAD ( NODES, LAYERS, 1) C

NODAL FLAG FOR HEAD STATUS ( NODES, LAYERS, 2) C
SEE SUBROUTI NE CHKHED FOR EXPLANATI ON C

— L__AC=S NUOINNE ERRSsS | Gl

SWTCH FOR RADI AL QUTPUT (I F 1, RADI AL QUTPUT)C
SW TCH FOR STEADY STATE CASE (IF 1, STEADY C

= N S T E= < —
TOTAL NUNVBER OF VESTEPS C
NODAL STRESS ( NODES, LAYERS); [L3/T] C

C

SUBROUTI

NE WRI TE DESCRI

PT1 ON: C

C ECHOS OUT ALL DATA READ I N FROM SUBROUTI NE READ. C

SUBROUTI NE WRI TE

| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20), NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),

1NODCOR( 51, 2 ELNPRP 51, 8, 20) , NEl 51 4 KH 51, 10 20), ST(51, 20, 3),
2RHS(51, 20, CHGN 2%LS 51, 20, LHA( 20), HB( 20)
3CORLHC( 20 20 1,20). TCP 51,20), (51, 20),

ANELFLG( 51, 20)

COMWON Q, NCDFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,

| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NECHO_ | T, | Z, | NCOR,
2Q0RLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

VRI TE (6, 1000) NNODE, NELEM NLAY

VRI TE
VRI TE

300 WRITE (

100 V\Rlﬁ:ﬁo(ﬁ 1006). (_HEAD(I N,

"0 VR 1

DO 200 | N=1, NNCDE

200 WRITE (6, 100
DO 300 I N=1,

6 1001;
6, 1002

DELTI M NTI MST, NECHO, NACCL, NSS, NRAD
ERRALL, MXI TER

O L QAINIZ), 1721 NLAY )

6, 1005 NODFLGE IN, 1Z, 1), |Z=1, NLAY
DO4OOIN=1N?\K](_)E G( ) )

6, 1007) "

O IZl NLAY
D0550 | E=1, NELEM

550 WWRI TE (6, 1008) ( ELMPRP(IE, IP,12),

1Z, 2) , 1Z=1, NLAY )
(IN IP) , IP<1,2)

1P=1,6 )
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DO 600 | Z=1, NLAY
DO 600 | E=1, NELEM

600 WRI TE (6, 1009 ( ELVPRP(IE,1P,12), IP<7,8 )
700 | E=1, NELEM

100 VRITE (61010) ( MMIEIP), [IP1,3 )

100 FORNVAT " (314)

1001 FORIVAT (FI O 4, 514)
1002 FORNVAT (E12.5,14)
1004 FORNMAT ((7F10. 4))
1005 FORNVAT ((1514))

1006 FORNVAT ((7F10. 4))
1007 FORVAT ((7F10. 4))
1008 FORNVAT ( ( 6E12. 5) )
1009 FORNVAT ((2E12.5))
1010 FORNVAT ((414))

RETURN
END
CCCccccecceecececececceccececcececcecceccecceccececccececcecceccecceccecceccececccecccecccecccecccecccecccccceccccccce
- -
C VARI ABLE LI STI NG SUBROUTI NE BANDNO C
- -
C NANME TYPE DESCRI PTI ON C

D REAL* 8
NUVBER OF NODES BETWEEN ANY TWO NODES (3
DiVIAxX REAL7S v MAXI MUM NUVMBER OF NODES BETWEEN ANY TV\E) %\ICDES

. | NTEGER"2 NODE LOOP COUNTER (FOR EACH ELENENT)
| NTEGER* 2 ELEMENT LOOP

P | NTEGER*2 COUNTER FOR NEXT N(I)E ON ELEMENT
NBAND | NTEGER* 2 BANDW DTH

Oc")@ooooo

c
C\/NEM | NTEGER*2 NODES ASSI GNED TO ELEMENT (ELEMENTS, (1, J,K) )
CO

- -

C SUBROUTI NE BANDNO DESCRI PTI ON: C
CALCULATES BANDW DTH OF NODAL DI SCRETI ZATI ON BY LOOKI NG AT MAXI MUM C

C
C DISTANCE (IN TERMS OF NODES) BEWEEN ANY TWO NODES C

- -
C S uUBBRRCAUUJUTIT INE=E BANDNGOCO O C
- -

Cl CCCC
SUBROUTI NE BANDNO

| MPLI CI T REAL*8 (A-H, 0-2)
REAL* 8 KH, KV, NODCOR

), ST(51, 20, 3),

0
0
DO 100 1=1, 3

IF (1.LE. THEN
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I P=I +1
ELSE
I P=1
ENDI F
D(1)=ABS(NEM I E, 1)-NEMI E, | P) )
IF (D(1). GT. DMAX) THEN

DVAX=D( | )
ENDI F
100 CONTI NUE

NBAND=( 2* DVAX) +1

RETURN

END
cececeeececcececececececeececccecccecccecccecccecccecccceccceccccceccceccccccecccecccecccccccccce

- —
g VARI ABLE LI STI NG SUBROUTI NE TOPZ . C
C
C NANE TYPE DESCRI PTI ON C
O e C
© ELMPRP  REAL*S TOP OF ELEMENT (ELEMENTS, 1, LAYERS); [L] C
c INT INTEGER*2  NODE LOOP COUNTER ( FOR EACH ELEMENT) C
c I ET INTEGER*2 ELENENT L COUNTER C
c ey INTEGER'2 L AYER LOOFP COUNTER C
c NELEM INTEGER*2 TOTAL NUNMBER OF ELENENTS C
c NEM I NTEGER"2  NODES ASSI GNED TO ELEMENT ( ELEMENTS, &:zj K)) C
c NLAY INTEGER' 2 NIUNBER OF— LAY E
€ NCODE 'NTESER*Z NODE NUVBER ON ELENMENT (3) C:
z ToP REAL* 8 TOP OF NODE ( NODES, LAYERS) [L] C
C

cceceececececceececececcececcecececcecccecccecccecccecccecccecccccccecccecccecccecccecccccccce
6éESubrouti ne t opz descri pti on: C
c assigns tops of layers to nodes by transferring tops of |ayers c

c data from el enents. data saved in "top" array. c

SUBROUTI NE TOPZ

| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR

DI MENSI ON Q( 51, 20), NODFLG 51, 20, 2) , HEAD( 51, 20, 3) .
umzo,aHﬁB

1NODCOR( 51 2& ELIVPRP&SI 8, 2m02 NEM 51, 4; KH(51, 10, 20), ST(51, 2
2RHS( 51 20 ECHGNE 2&5 g51 20, (20),
3c0R CORRHS( 20} 1, 20), TOP 51, 20), (51, 20),

4 NODE( 3) N LFLG 51, 20)

COVWWON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY NBAND, DELTI M NTI MST, NECHO, I T, | Z, | NCOR
2 CORLHA, CORLHB CORLHC, CORRHS, M| TER, ERRALL, ITER RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
C.... ASS| GN ELEMENT LAYER TOPS TO NODE LAYER TOPS
DO 50 | ZT=1, NLAY
DO 50 | ET=1, NELEM
DO 50 | NT=1, 3
NODE( 1) =NEM | ET, 1)
NODE( 2) =NEM( | ET, 2)
NODE( 3) =NEM | ET, 3)
50 TCP NODE( I NT) , |ZT) =Eli MPRP(1ET, 1, 1ZT)

URN
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END
CCCcccecceccececeecececcececccececceccececceccecceccccececcccceccecccccececccccececcccccecccccccccccccccccccc

- -
C VARI ABLE LI STI NG SUBROUTI NE RECHG C
cn NANE TYPE DESCRI PTI ON C
c AE REAL*8 AREA OF TRI ANGULAR ELEMENT [ L2] C
< ELMPRP REAL* 8 RECHARGE (ELEI\/ENTS 8 LAYERS) [ L2/ T] c
c IE I NTEGER*2 ELEMENT LOOP COUNT c
c 1z | NTEGER* 2 LAYER LOCP CClJNTER c
c I'N | NTEGER*2 NODE LOOP COUNTER c
c 1zT | NTEGER*2 LAYER LOOP COUNTER c
c NEL EM | NTEGER*2 TOTAL NUMBER OF ELENMENTS c
c NEM | NTEGER‘2 NODES ASS! GNED TO ELENENT (ELEMENTS, (1,J,K)) <
c NLAY I NTEGER*2 NUMBER OF LAYERS c
c NNODE I NTEGER*2 TOTAL NUMBER OF NODES c
c NLAY | NTEGER*2 NUMBER OF LAYERS c
< NODCOR — REAL*8 X COORDI NATES OF NODES ( NODES, 1); [L] c
© NODCOR — REAL*8 Y COORDI NATES OF NODES ( NODES, 2); [L] c
< NODE | NTEGER* 2 NODE NUMBER ON ELEMENT ( 3) c
€ RERHAN * SRERECHARGEREGHARGROEZIA NOBNT IQJ)KN'(I SOD%Y ERBERS) €
< [L3/T] 3/ T1 @
C c

——— ——— =
C SUBROUTI NE RECHG DESCRI PTI1 ANE: (&

C ASSI GNS RECHRGE TO NODES BY | NTEGRATI NG RECHARGE OVER EACH ELEMENT. €
A CHANGES RECHARGE FROM [L/T] TO [L3/T]. ASSI GNS RECHARGE TO &

'RECHGN' ARRA

C

C

***NOTE THAT THI S SUBROUTI NE COVPUTES RECHARGE suUcH C

C ***THAT RECHARGE RGE ASNBGHEAHE VGUANANTIYTY\NEERN TT c

C *** LEAVES TH S SBBROUTPNE "™™F c

- - wal

Cccccccececeecececcececcececececcceccecceccecccecccecccecccceccceccceccccecccecccecccceccceccceccccecccecccecccceccccccccccce
- -

CSUBRCEHUBPDIEBEHRC U J T 1 NEe= _REECHI1CS C
- -

SUBROUTI NE RECHG

| MPLIAI T RENL*SB ((AA-H, 0- 2)
REAL*8 KH, KV, NODCOR
DI MENSI ON

I NODCOR

3CORLHC
NODE( 3) , NELFLG& 51, 20)
COVMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NECHO, | T, | Z, | NCOR,
CCRLHA CCRLHB CORLHC, CCRRHS MXI TER, ERRALL, ITER RHSZ TCP NLSTRT
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
DO 50 | N=1, NNODE
DO 50 I12Z=1, NLAY
A50 RECHGN(I N, I | Z) =0. DOO
DO 100 | E=1, NELEM
CALCULATE AREA (
AE=0. 5* ( ( NODCOR
1 - NODCOR ( NEM (:
+ 1 NODCOR( NEM
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RET N
END

0 I N=1,

i R | E,1) 1) *NODCOR(NEM | E, 3)., 2)
+§\IONCDCC](-2(NE E) 1) *NO & NM 1E, 3),2 })

DCOR( NEM( | E 3) 1)

NODCOR(NEI\/( E, 2) . %)

NODE( 1) NEI\/(I E, 1)

NODE( 2) =NEM | E, 2)

NODE( 3) =NEM | E, 3)

100 RECHGN( I\I(I)E&I I\R NLAY) =RECHGN\( I\I(I)E(I %NLAY) +

8, NLAY) *

CCCCCCcccececececececececcececceccecceccececcececcececceccceccecceccecceccecceccecceccccccccccccccceccccccccce

C

CCCccccceecececececceccecceccecceccecceccecceccceccceccceccceccceccecccceccccecccceccceccccccccccccccecce

0

SUBROUTI NE VWRI TFL DESCRI PTI ON:
WRI TES OQUT A SUMVARY COF | NPUT DATA TO HEAD OQUTPUT FI LE.

LOOKS AT FI RST DATA | TEM FOR EACH PARAMIER.

— -
C VARI ABLE LI STI NG SUBROUTI NE WRI TFL C
— -
C NANE TYPE DESCRI PTI ON C
(C: EE'\-;H;" REA'—ig T1 VE STEPRP Sl E C
REAL™ 8 TOP OF ELEMENT ( ELEMENTS, 1 LAYE S) ; C]LI
c ELMPRP  REAL* 8 HYDRAULI C CONDUCTI VI TY I N Dl R C
c . ELENVMENTS, 3, LAYERS) [ L/ T C
c ELMPRP  REAL* 8 DRAULI C CONDUCTI VI TY | N'Y DI RECTI C
c . ELENMENTS, 4, LAYERS) [L/T] C
= ELMPRP  REAL* 8 DRAULI C CONDUCTI VI TY I N DI RECTI ON C
(C: S . ELENMENTS, 5, LAYERS) I% L/ T C
- EL VR REA'-*E‘ TORATI VI TY (ELEI\/ENTS 6, LAYE S) C
c EL e Eztf‘s SPECI FI C YI ELD ( ELEMENTS, 7, LAYERS) [L/ C
c ERRALL  ReALs 5 RECHARGE ( ELEMENTS, 8, LAYERS I:JPLZI T C
CEAD ~EAL* & ALLOWABLE ERROR BETWEEN TI ST C
/\ HEADS FROM NEW | TERATI ON ( NODES, LAYERS, 2 L] C
I E INTEGER2 | OOP COUNTER F EL ENVE C
c I'N INTEGER 2 | OOP COUNTER FOR NODES C
c 1 Z INTEGER"2 | OOP COUNTER FOR LAYERS C
c MXITER I NTEGER" 2 pAX] MUM ALLOWABLE | TERATI ONS C
z NACCL INTEGER*2  SW TCH FOR ACCELERATI NG HEADS BETWEEN C
TI MESTEPS (I F 1, ACCELERATE HEADS) C
c NEL EM INTEGER'2  TOTAL NUNVBER OF ELENENT C
c NLAY INTEGER" 2 NIUNBER O L AYERS | @D
c NNODE — INTEGER* 2 TTOT AL NUNBER OF NODES C
z NSS | NTEGER"2 QW TCH FOR STEADY STATE CASE (I F 1, STEADY C
c NTI MST 'NTESER’*Z TOTAL NUNMBER OF T1I VESTEPS C
z Q REAL™S NODAL STRESS ( NODES, LAYERS) }LS/ T]
. Qror REAL” 8 TOTAL STRESS
C

C
APPROPRI ATE ONLY FOR HOMOGENEQUS DATA SET BECAUSE SUBROUTI NE ONLY ¢
C

CCCccccceececceececceccecceccecceccecceccecceccceccceccceccceccceccccccccccceccceccccccccccccccecce

-

FE’A SUBROUTI NE WVWRI TFHFL C

SUBROUTI NE VWRI TFL

| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
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200

300

997
998
999
1000
1001
1002
1003

"bs
1006

1007
1008

1009

DI MENSI ON Q( 51, 20), NODFLG%Sl 20, 2) , HEAD( 51, 20, 3) ,
1NODOOR( 51, 2& ELIVPRPSSl 8 K{)) 51 4 KH(51, 10, 20), ST(51, 20, 3),
E 51, 20,

2RHS 51 20 20 L HA CCRLHB 20
3 ; CCRRHSSZO R?—IS 1,20y, TOP(Sl 20) EJDR%((Sl 20),
ANELFL 51 20)

COMMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NECHO, | T, | Z, | NCOR,
2CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

WRI TE- (7, 997)

WRI TE (7, 998)

WRI TE (7, 1000) NNODE

WRI TE (7, 1001) NLAY

WRI TE (7, 1002) NELEM

WRI TE (7, 1003) NBAND

WRI TE (7, 1004) DELTI M

WRI TE (7, 1005) NTI MST

WRI TE (7, 1006) ERRALL

WRI TE (7, 1007) MXI TER

DO 2 00 | N=1, NNODE

DO 200 | Z=1, NLAY

QroT=QroT+Q( I N, | 2)

WRI TE (7, 1008) QrOT

WRI TE (7, 1009) HEAD(1, 1, 2)

WRI TE (7,1010) ELMPRP(1, 3, 1)

WRI TE (7,1011) ELMPRP(1, 4, 1)

WRI TE (7,1012) ELMPRP(1, 5, 1)

WRI TE (7,1013) ELMPRP(1, 6, 1)

WRI TE (7,1014) ELMPRP(1, 7, 1)

WRI TE (7,1015) ELMPRP(1, 8, 1)

DO 300 | Z=1, NLAY

WRI TE (7, 1016) |Z, ELMPRP(1, 1, | 2)

WRI TE (7, 999)

| F (NACCL. EQ O) THEN

WRI TE (7, 1017)
ELSE | F (NACCL. EQ 1) THEN
WRI TE (7, 1018)

ENDI F
WRI TE (7, 999)

| F (NSS. EQ O THEN

WRI TE (7, 1021)

ELSE | F (NSS.EQ |) THEN

WRI TE (7, 1022)

ENDI F

WRI TE (7 999)

WRI TE (7 1019)

WRI TE (7 1020)

FORVAT | NPUT DATA')

FORNAT

FORNMAT ')

FORNVAT NUVBER OF NCDES = ', 14)
FORMAT NUVBER OF LAYERS = ', 14)
FORMAT NUVBER OF ELEMENTS= ', 14)
FORVAT BANDW DTH = ', 14)

E%Mgﬂ: DELTA TI ME = ', F10. 4)
NUMBER OF TI MESTEPS = ', 14)

FORVAT MAXI MUM ALLOWABLE ERROR = ', E12. 5)
FORVAT MAXI MUM NUMBER OF | TERATIONS = ', 14)
FORMAT TOTAL STRESS = ', F10. 4)

FORVAT I NI TIAL HEAD = ', F10. 4)
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1010
1011
1012

14

15
1016
1017
1018
1019
1020
1021
1022

C
c
c
c
c
c
c
c
c
c
c
c
c
c

000

FORNVAT HYDRAULI C CONDUCTI VI TY I N X DI RECTION = ', E12. 5)
FORNMAT HYDRAULI C CONDUCTI VITY IN Y DIRECTION = ', E12, 5)
FORNMAT HYDRAULI C CONDUCTIVITY IN Z DI RECTION = ', E12. 5)
«13 FORVAT  SPECI FI C STORAGE = ', E12. 5)
FORMAT  SPECI FIC YIELD = ', E12. 5)
FORVAT  RECHARGE = ', E12. 5)
FORMAT  TOP OF LAYER ', 14, = ', E12.5)
FORMAT  ACCELERATI ON OF HEAD ESTI MATES IS --- OFF---')
FORMAT  ACCELERATI ON OF HEAD ESTI MATES IS ---ON---")
FORVMAT  OUTPUT DATA')
FORNMAT
FORVAT  TRANSI ENT CASE')
FORVAT  STEADY STATE CASE')
RETURN
END
C
VARI ABLE LI STI NG SUBROUTI NE EXCHNG c
(@
NANE TYPE DESCRI PTI ON C
HEAD  REAL*8 HEADS FROM OLD TI MESTEP (NODES, LAYERS, 1); [L] C
HEAD  REAL*8 HEADS FROM NEW | TERATI ON' ( NODES, LAYERS, 2); [L]C
HEAD  REAL*8 HEADS FROM OLD | TERATI ON ( NODES, LAYERS, 3); [L]C
I'N I NTEGER* 2 LOOrr COUNTER FOR NODODOEsS C
I PT I NTEGER* 2 LOOP COUNTER FOR | NDEX I N HEADS C
1T INTEGER*Z2 TI1 VMVESTEP LOOP COUNTER C
I TER I NTEGER* 2 I TERATI ON LOOFrFP COUNTER C
1z I NTEGER* 2 LOOFrPP COUNTER FOR LAYERS O
NACCL I NTEGER* 2 SW TCH FOR ACCELERATI NG HEADS BETWEEN C
TI MESTEPS (I F 1, ACCELERATE HEADS) *C
NLAY I NTEGER* 2 NUNEBE ERR O L A YERS | Qi
NLAYI I NTEGER* 2 NUNBER OF L AYERS PLUS ONE C
NLSTRT I NTEGER* 2 LAYER NUVBER VHERE LAYER I S UNCONFI NED C
NLSTRI I NTEGER* 2 LAYER NUVBER VWHERE LAYER | S CONFI NED C
NNODE I NTEGER*2 T OT AL NUNBER O NODES C

OO0 0000000 000

SUBROUTI NE EXCHNG DESCRI PTI ON:
EXCHANGES HEADS FROM OLD | TERATI ON TO NEW I TERATI ON OR FROM COLD
TI MESTEP TO NEW Tl MESTEP.
| TERATION IN A TI MESTEP | F FLAG " NACCL" = 1.

| S A FI RST- ORDER APPROXI MATI ON OF DH DT.

ARE ACCELERATED.

C

cccceccececeececceccececceccececceccececcecccececccececcecccecccececceccceccceccceccceccceccecccecccccccceccccccccccccccce

C

c
C
ACCELERATES HEAD ESTI MATES FOR FI RST c
HEAD ACCELERATOR c
C
C
C
Cc

ONLY UNCONFI NED HEADS

cccecececeececceccececcecececececceccececceccecceccecceccceccececcecceccceccceccecceccecccecceccecceccecccecceccecceccceccccecccccccccce
-

| Glips SuUBsSB R IT 1

-

NEe= ==><]HHINIGS | i

C
SUBROUTI NE EXCHNG
| MPLI CI T REAL*8 (A-H, 0-2)
REAL* 8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLG( 51, 20, 2), HEAD(51 20, 3)

1NODQOR( 51, Z?QEELNPRPSS:L 8, %))SJNE%S CKﬂgEl 10 20) ST(51, 20, 3),

2RHS( 51 20; 2 HA( 20 CCRLHB( 20)
3COR|_H CORRHS( 20) , RH82(51 20) . TOP(51 20), QDRY(51 20),
ANELFLG( 51, 20)

COMMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
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| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NECHO, | T, | Z, | NCOR,
2CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

AN
P A R R
DO 10 | N=1, NNODE
HEAD( | N, | Z, 3) =HEAD( | N, | Z, 2)
|F (ITER EQ 1) THEN
HEAD( I N, | Z, 1) =HEAD( I N, | Z, 2)
ENDI F
10 CONTI NUE
C.... TI ME STEPS GREATER THAN TWO
ELSE IF ( (IT.GT.2) .AND. (NACCL.EQ ) ) THEN

UTE NUMBER OF LAYERS PLUS ONE
NLAYL1=NLAY+1

C......... EXCHANGE AND ACCELERATE HEADS ONLY | F FI RST

C......... | TERATION I N A TI MESTEP AND ONLY | F UNCONFI NED HEADS EXI ST
|F ( (J|TEREQ 1) . AND (NLSTRT.LT.NLAY1) ) THEN

C .. e NCONFI NED LAYERS

DO 30 | Z=NLSTRT, NLAY
DO 30 | N=1, NNODE
HEAD(I N, | Z, 1) =(2*HEAD(I N, 1 Z, 2) ) - HEAD( I N, | Z, 1)
HEAD(I N, | Z, 3) =HEAD( I N, | Z, 1)

T LZ N (HEAX(IN, 1 Z,1PT), 1PT=1,3 )

NLSTR1=NLSTRT- 1
DO 35 | Z=1, NLSTR1
DO 35 | N=1, NNODE

A N L2 DSHEADG N, | Z, 2
An 35 INV&E EABE’Q va )
C......... CHANGE HEADS | F GREATER THAN FI RST | TERATION I N A
C......... TI MESTEP AND ONLY | F UNCONFI NED HEADS EXI ST

ELSE IF ( (I TER GT.1) .AND. (NLSTRT.NE NLAYI) ) THEN
DO 40 | Z=1, NLAY
DO 40 | N=1, NNODE
40 HEAD(I N, | Z, 3) =HEAD(I N, | Z, 2)
C......... EXCHANGE HEADS ONLY I F FIRST I TERATION I N A
C......... TI MESTEP AND ONLY | F ALL HEADS CONFI NED
ELSE IF ( (I TER EQ1) .AND. (NLSTRT. EQ NLAYI) ) THEN
DO 50 | Z=1, NLAY
DO 50 | N=1, NNODE
HEAD(I N, | Z, 1) =HEAD(I N, | Z, 2)
50 HEAD(I N, | Z, 3) =HEAD( I N, | Z, 2)

ENDI
ENDI F

1000 FORNMAT (314, (3F10.4))
RETURN

END

C VARI ABLE LI STI NG SUBROUTI NE CHKHED C
C NANE TYPE DESCRI PT1 AON C
N) ELNPRP REAL*8 TCP OF ELEMENT (ELEMENTS, 1, LAYERS) : [L] C
C ELMPRP REAL*8 BOTTOM OF ELENENT (SELEI\/EI\ITS 2. LAYERS) ;" [ L]

C HEAD REAL*8 HEADS FROM OLD TI MESTEP ( NODES, LAYER

C
,1): " [L].C
C HEAD REAL*8 HEADS FROM NEW | TERATI ON ( NODES, LAYERS,)Z ;[ 1_ C
C HEAD REAL*8 HEADS FROM OLD | TERATI ON ( NODES, LAYERS, 3 L] C
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I NCK
I NO

I PCK
I TER
I ZCK
1 ZO

NACCL

NDRY

NLAY
NLSTRT
NNODE
NODFL G

NS

p
C
C
C
C
C
C
C
C
C
C
C
C
C

NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2

NTEGER* 2
NTEGER* 2
NTEGER* 2

NTEGER* 2
NTEGER* 2

NTEGER* 2

LOOFrP COUNTER FOR NODODES
LOOFrPr COUNTER FOR NODODES
| NDEX FOR HEADS (*** PASSED* * *)
I TERATI ON LOOFrP COUNTER
LOOFrP COUNTER FOR LAYERS
LOOPrP COUNTER FOR LAYERS
SW TCH FOR ACCELERATI NG HEADS BETWEEN C

TI MESTEPS (I F 1, ACCELERATE HEADS) C
FLAG FOR PRESENCE OF DRY NCDE (I F GREATER C

THAN ZERO, DRY NODE PRESENT) C
NUNBE ER O— L AYERS | e

LAYER NUMBER VWHERE LAYER |I'S UNCONFI NED C
TOTAL NUNVBER O NODOEsS C

NODAL FLAG FOR HEAD STATUS ( NCDES, LAYERS, 2) C
SEE SUBROUTI NE CHKHED FOR EXPLANATI ON OF C

— L AAACS NUOINNE E RIS | i
COUNTER FOR UNCONFI NED OR DRY NCDES (I F C
GREATER THAN 1, | MPLI ES UNCONF. OR DRY C

NODES  PRESENT I N LAYER C
C

000000

CHECKS STATUS OF HEADS AND ASSI GNS | NDEX NUMBER ACCORDI NG TO

c
c
C
C
OLD CONFI NED — NODFLG( NODES, LAYERS, 1) c
NEW CONFI NED — NODFLG( NODES, LAYERS, 2) c
NEW UNCONFI NED — NODFLG( NCDES, LAYERS, 3) c
OLD UNCONFI NED — NODFLG( NCDES, LAYERS, 4) c
COVPLETELY UNSATURATED — NODFLG NCDES, LAYERS, 5) c
C
C
(o3
C
C
c
C
C
Cc

VALUE OF DRY NODE FLAG
NO DRY NODES PRESENT I N SYSTEM —
DRY NODES PRESENT I N SYSTEM —1

FI NDS LAYER VWHERE UNCONFI NED HEADS EXI ST AND ASSI GNS THAT LAYER

C

c SUBROUTI NE CHKHED DESCRI PTI ON:
c

[ STATUS:

c

c

c

c

c ASSI GNS

c

c

c

c

c  NUMBER TO VARI ABLE " NLSTRT".
c

cccceceeeeececeeecececeeececcecceceececceccecececcecceccecceccceccecceccecceccecceccecceccecceccecceccecceccecccccccccccccccccccccc

- -
| s SUBESRFRCOUIT 1 INE _HHH<HEEDD D | s

- - —
SUBROUTI NE CHKHEDY( | PCK)
| MPLICI T REAL*8 (A-H, 0-2)
REAL* 8 KH, KV, NODCOR
DI MENSI ON Q(51, 20), NODFLG( 51, 20, 2) , HEA 51, 20, 3),
1NODCOR( 51, 2), ELNPRP_(L51 8, 20), NE 5 KH 51 10 20 20,3),
2RHS(51, 20) , RECHG\( 5 2%?_'5 51, 20, HA&)RL C(RLHB (20),
3CCRLHC( 20) . CORRHS 20) 2(51, 20 TG:’ 51, 20 51, 20),
ANCDE( 3) . NELFLQ( 51, 20)

COWON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, I T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,

i 3OORY\ R Ty e R NELFLC

NDRY=0

C.... CHECK CONDI TI ON OF HEADS AND ASSI GN CODE
NLSTRT=NLAY+1

DO 150 | ZCK=1, NLAY


NEATPAGEINFO:id=4916C53D-38B3-4467-883D-4B076E572229


NS=0
DO 100 | ECK=1, NELEM
C........ | DENTI FY NODE NUMBER ON TRI ANGULAR ELEMENT
NODE( 1) =NEM | ECK, 1)
NODE( 2) =NEM | ECK, 2)
NODE( 3) =NEM | ECK, 3)
HSUM = O. DOO
DO 50 I NCK =1, 3
HSUM = HSUM+HEAD( NODE( | NCK) , | ZCK, | PCK)
50 CONTI NUE
HEAR = HSUM 3. DOO
Coveeeee COVPLETELY SATURATED (OLD-LAST TI ME STEP)
F ((HBAR GE. ELMPRP(| ECK, 1, | ZCK))
1 .AND. (NELFLE | ECK, | ZCK) . LE. 2)) THEN
NELFLG( | ECK, | ZCK) =1
Coveeeee e COVPLETELY SATURATED (NEW THI'S TI ME STEP)
ELSElI F ( ( HBAR. GE. ELMPRP( | ECK, 1, | ZCK) )
1 .AND. (NELFLX | ECK, | ZCK). GT. 2)) THEN
NELFLG( | ECK, | ZCK) =2
IF ( (ITEQI) .AND. (ITER EQ!) ) THEN
NELFLG | ECK, | ZCK) =1
ENDI F
Coveeee PARTI ALLY SATURATED (NEW THI'S TI ME STEP)
ELSEl F ( ( HBAR. LT. ELMPRP( 1 ECK, 1, | ZCK))
I - Pra N N | I

2 _(HBAR GT. ELMPRP(1 ECK, 2, 1 ZCK))
- Pra N N | I
4 (NELFLG( | ECK, | ZCK) . LE. 2) ) THEN
NELFLG(| ECK, | ZCK) =3
IE ( (ITEQI) .AND. (ITEREQI) ) THEN
NELFLG( | ECK, | ZCK) =4

ENDI F
Coveeeee e PARTI ALLY SATURATED (OLD-LAST TI ME STEP)
ELSElI F ( ( HBAR. LT. ELMPRP( | ECK, 1, | ZCK))
IS - P N N | I N
2 _(HBAR GT. ELMPRP(| ECK, 2, | ZCK))
- P N N | I

4 ( NELFLG( | ECK, | ZCK) . GE. 3)) THEN
NELFLG | ECK, | ZCK) =4
C .. COVPLETELY UNSATURATED

ELSEI F ( HBAR. LE. ELMPRP( | ECK, 2, | ZCK) )
A T HEEDR

NELFLG( | ECK, | ZCK) =5
NDRY=NDRY+1
ENDI F
Covee CHECK FOR UNCONFI NED HEADS

| F ( (NELFLG(| ECK, | ZCK) . GE. 2) . AND.
1 (NELFLG(| ECK, | ZCK) . LE. 5) ) THEN

NS=NS+1
ENDI F
100 CONTI NUE
|F (NS.GE.1) THEN
NLSTRT=NLSTRT- 1
ENDI F

\5"%\@?@ (¥-1001) 1 TER

DO 200 | NO=1, NI\DDE
c 200 WRI TE (8,1000) ( NELFLG(INO,1Z0), |ZC=l, NLAy )
1000 FORMAT (1514)
1001 FORMAT (' | TERATION=",14)
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RETURN
END

cccccccecececececcecceccecececceccecceccececceccecceccecceccecceccccecccecccceccccecccecccceccccecccccceccccecccccceccceccccccc

[ —— - —

VARI ABLE LI STI NG SUBROUTI NE ORDRY C
C NANE TYPE DESCRI PTI AON C
O e C
C I N | NTEGER* 2 LOOP COUNTER FOR NODES C
C | Z I NTEGER* 2 LOOP COUNTER FOR LAYERS C
C | ZM | NTEGER*2 LOOP _COUNTER FOR LAYERS, M NUS 1 (I Z- 1& C
C NLAY | NTEGER* 2 NUNVBER OF LAY RS C
C NNODE I NTEGER* 2 TOTAL NUVBER OF NODES C
C NODFLG | NTEGER*2 NODAL FLAG FOR HEAD STATUS ( NODES, LAYERS, 2) C
C SEE SUBROUTI NE CHKHED FOR EXPLANATI ON OF C
< — — L C—= T~V E=ESEE I < —

Q REAL* 8 NODAL STRESS ( NODES, LAYERS); [L3/T] C
QDRY REAL* 8 NODAL STRESS ADJUSTED FOR DRY LAYERS C

C

C

C ( NODODOES, LAYERS) ; [ L3/ T1] L s
-

C SUBROUTI NE ORDRY DESCRI PTI ON:
C REASSI GNS NODAL STRESSES Q TO QRDRY | F UNSATURATED LAYERS EXI ST
C IF LAYER I Z I S UNSATURATED, ASSI GN Q TO LAYER | Z-1.

OOO

SUBROUTI NE OQRDRY

| MPLICI T REAL*8 (A-H, 0-2)

REAL*8 KH, KV, NODCOR

DI MENSI ON Q( 51, 20), NODFLG 51, 20, 2) , HEAD( 51, 20, 3)

1NODCOR( 51, 2?? ELIVPRPSSl 8, %)) NEI\/SS ; KH( 51, 10 20), ST(51, 20, 3),
ECH 51, 2

2RHS( 51 20 5 L HA( 20) , CORLHB( 20) .
BCORLHC( CORRHS( 20 , RHSZ 51 20) , TOP( 51, 20) QDRY(51 20),
ANODE( 3), NELFLG( 51, 20)

COMMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
C.... I NI TI ALI ZE QDRY
DO 50 | N=1, NNODE
DO 50 | Z=1, NLAY
50 QDRY(I N, | Z) =O. DOO
C.... MOVE STRESSES FROM DRY LAYERS TO LOAER LAYERS
DO 100 | E=1, NELEM
DO 100 | N3=1, 3
C........ | DENTI FY NODE NUMBER ON TRI ANGULAR ELEMENT
NODE( 1) =NEM | E, 1)
NODE( 2) =NEM | E, 2)
NODE( 3) =NEM | E, 3)
DO 90 | Z=NLAY, 2, -1
| ZME=l Z- 1
| F (NELFLX |1 E, | 2) . EQ 5) THEN

SBR%E g g,lg\/po%oo (1N3), | Z) +QDRY( NODE( | N3) , | 2)

ELSE
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_ QPRY(NODE( I N3), I Z) =Q( NODE( 1 N3) , | Z) +QDRY( NODE( 1 N3) , 1 2)

C WRITE (8, 1000) IT,1Z RY( NODE(I N3) , 1 Z
~90 ((,O\’ITINUE) 12, QORY( ( ). 12)

oo ooy SRY NODE(T N8) , 1) =Q(NCDE( I N8) , 1)
Cl 000 FORMAT (' TIMESTEP=', 14,' LAYER ,14,' QDRY=',FIO 4)

RETURN
END

- -
C VARI ABLE LI STI NG SUBROUTI NE FORMKH C
- -
C NANE TYPE DESCRI PTI ON C
< AE REAL™ 8 AREA OF TRI ANGULAR ELEMENT [L2] C
c ELMPRP  REAL*8 TOP OF ELEMENT (ELEMENTS, 1, LAYERS):; [L] C
c ELMPRP  REAL*8 BOTTOM OF ELEMENT ( ELENENTS, 2, LAYERS [ clill C
c ELMPRP  REAL* 8 HYDRAULI C CON I VI TY | N Dl R C
< |gYEI_El\/El\rrS 3, LAYERS) [ L/ T C
c ELMPRP  REAL* 8 DRAULI C CONDUCTI VI TY I N° Y DI RECTI C
< N ( ELENMENTS, 4, LAYERS) 7 [L/T] C
< HEAD REAL* 8 HEADS FROM OLD | TERATI ON ( NODES, LAYERS, 3): [L] C
< I B | NTEGER* 2 LOOFrP COUNTER FOR BANDW DTH C
c | E | NTEGER* 201 CONTERGUNFEMRITEFEOR ELEMENTS C
c I N | NTEGER*LEOP |ICOWER ROOMRFFER FOR NODES C
c I Z | NTEGER* X0A_OWFER GBURFEER FOR LAYERS C
c J | NTEGER* 2 | NDEXI RORX BARDBANGED. ARNURDOSIOR ONOW N NVIIRRRIXK KiH C
< KH REAL* 8 HORI ZONDRLZGNITA AERNBERMIDDESDERNBBEDED NRBXX, C
LAYERS L2/ T] ,

NBAND I N‘EE@F%L 2 BANDW DTH C
c NEL EM | NTEGERALZ NUMBEBTARL_ELRVBNBER OF ELEMENTS C
< NEM I NTEGER*2 NODES ASSI GNED TO BLEVENT ([ELEMENTS, (Q(,, ﬂ,,l’@\)%). C
c NLAY NTEEGIRRF PAYERNUNVBER OF LA C
c NNODE | mrremm* IRIVBEFF OT AMDENUNVBER OF NODES C
© NODCOR REAL*8 X COORDORDIENATDENCDES NC[IDEES NCODES] ! C
© NODCOR REAL*8 Y OKIBOI]RDIEISAG}ES\IGIESNCIIKIEES NCODIES] 2 C
© NODE REAL * 8 NODAL PMBDAION RNSELEMEDN (GN ELL EVE C
c NODFLG | NTEGER*2 NODAL FLAG FOR HEAD STATUS (INODES, LLAWBE@ @) C
¢ SEE SUBROUTI NE CHKHED FOR EXPLANATI ON OF C
c FLAG NUVBERS C
© SX REAL" 8 SECOND X DERI VATIVE OF BASI'S FUNCTION;, [L3/T] c
© SY REAL™ 8 SECOND v DER] VATI VE OF BASIS FUNCTION, [L3/T] <
c TRANSX REAL*S8 TRANSM SSI VI TY I N X D RECTI ON: [L2/ T] c
c TRANSY REAL*S8 TRANSM SSI VI TY I N Y D RECTI ON: [L2/ T] c
c C
(CZ:CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C SUBROUTI NE FORMKH DESCRI PTI ON: (c::
€ FORMS MATRI X OF HORI ZONTAL FLOW COVPONENTS (KH). I NTEGRATES OVER ¢
C ELEMENTS AND ASSI GNS TO MATRI X KH | N BANDED FORM TRANSM SSIVITY ¢
2 CALCULATI ONS BASED ON STATUS OF HEADS ( CONFI NED, UNCONFI NED, ETC.) c
C

C

SUBROUTI NE FORMKH
| VPLICI T REAL*8 (A-H, 0-2)
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REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLE 51, 20, 2), HEAD( 51 20, 3)

1NODCQOR( 51, 2?? ELI\/PRP 51, 8, 2»00) NEl\/E)Sl 4), KH(51, 10 20), ST(51, 20, 3),
2RHS(51, 20) , RECH R?—lS g51 2 LHA( 2 {( CORLHB( 20) ,
3CORLHC{ 20 CORRHS 20&1 1, 20), TOP(51 20), 51, 20),
4SX(3), SY(3), NODE(3) , NELFLG( 51, 20)

COMMON Q NCODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNCODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
C.... I NI TI ALI ZE [ KH]
DO 20 | N=1, NNODE
DO 20 | B=1, NBAND
20 KH(IN, I B, 12)=0.0

C .... BEG N ELEMENT LOOP
DO 40 | E=1, NELEM
C........ CALCULATE AREA OF TRI ANGULAR ELEMENT

AE=0. 5* (( NODCOR( NEM | E, 1), 1) * NODCOR( NEM | E, 2) , 2)

1 - NODCOR(NEM | E, 2), 1) * NODCOR(NEM | E, 1), 2))

2 +(NODCOR(NEM | E, 3), 1) * NODCOR(NEM | E, 1) , 2)

3 -NODCOR(NEM | E, 1), 1) *NODCOR( NEM | E, 3) , 2) )

+(NODCOR( NEM | E, 2), 1) *NODCOR( NEM | E, 3), 2)

- NODCOR(NEM | E, 3), 1) *NODCOR( NEM | E, 2) , 2)))

C........ FORM SPATI AL DERI VATI VES OF | NTERPOLATI ON FUNCTI ONS
SX( 1) =0. 5* ( NODCOR( NEM | E, 2) , 2) - NODCOR( NEM | E, 3) , 2) )/ AE
SX( 2) =0. 5* ( NODCOR( NEM | E, 3) , 2) - NODCOR( NEM( | E, 1), 2) ) / AE

g h

SX( 3) =0. 5* ( NODCOR( NEM | E, 1),2)-N(DC(R(NEIV(I E 2),2))/AE
SY( 1) =0. 5* ( NODCOR( NEM | E, 3) , 1) - NODCOR( NEM | E, 2), 1))/ AE
SY(2) =0. 5* ( NODCOR( NEM( | E, 1) . | ) - NODCOR( NEM | E, 3), 1) ) / AE

N

am. . ... %Yééﬂmopé (ADGRNEM -2 MOPPURENENG E 1), 1)) | AE
NODE( 1) =NEM | E, 1)
NODE( 2) =NEM | E, 2)
NODE( 3) =NEM | E, 3)

Covi CALCULATE TRANSM SSI VI TI ES, DEPENDI NG ON HEAD CONDI TI ON

HSUM = O. DOO
DO 100 IN = 1,3
HSUM = HSUM+HEAD( NODE(I N) , | Z, 3)
100 CONTI NUE
HEAR = HSUM 3. DOO
| F( HBAR. GT. ELMPRP(I E, 1,12)) THEN

TOPAQ = ELMPRP(I E, 1, | 2)
EL SE

TOPAQ = HEAR
ENDI F

| F( TOPAQ GT. ELMPRP(I E, 2,12)) THEN

TRANSX = ( TOPAQ ELMPRP(I E, 2,12))*ELMPRP(IE, 3, | 2)
_ JRANSY = (TOPAQ ELMPRP(IE, 2,12)) *ELMPRP(I E, 4,12)
TRANSX = | . D 10
TRANSY = | . D 10
ENDI F
(V’\‘/" ....... BEG N NODE LOOP FOR EACH ELEMENT
DO 40 | N=1, 3
Covieii CALCULATE [ KH]
C. ... NODE |

J=NEM | E, | ) +( ( NBAND+I ) / 2- NODE( | N) )
KH( NODE( I N) , J, | Z) =KH(NODE( I N) , J, 1 Z) +( AE*
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C ..

( TRANSX* SX( 1) * SX( | N))
. (TRANSY*SY(1) *SY(I N))))

J—NEI\/(I E, 2) +( ( NBAND+ ) / 2- NODE( I N))

KH( NODE( | N) ,

J, 1Z) =KH(NODE( I N) ; J, 1 Z) +( AE*

1 (( TRANSX*SX(2)*SX(I N)
2 +(TRANSY*SY(2) *SY(1N))))

J—NEI\/(IE, 3) +( ( NBAND+| ) / 2- NODE( | N) )

KH( NODE( | N) ,

J, 12) =KH(NODE( I N) , J, 1 Z) +( AE*

1 ((TRANSX*SX(S)*SX I N))

2 +( TRANSY* SY(3)*SY(I N))))

C VIRI TE (8,1000) NODE(IN), I T, | TER TRANSX, KH(NCDE(I N), J, 1 2)
40 CONTI NUE

RETURN
END

CCcCccceccecececececececcececcececccececcececcecccecceccecccccececccccececccccececccccceccccccccccccccccccc

C

0O o0 o0

Oo0on00000

O00000000000O0000O000O0O00

0o o0

VARI ABLE LI STI NG SUBROUTI NE FORMST

NANE

AE
CNST

ELMPRP
ELMPRP
| E

I N

| PN

I T
1 Z

NELEM
NEM
NLAY
NNODE

NCDFLG

NSS

NTI MST
NXON

ST

ST

ST
STONEW

STOOLD

TYPE

REAL* 8
REAL* 8

REAL* 8
REAL* 8

| NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2
NTEGER* 2

REAL* 8
REAL* 8
REAL* 8

NTEGER* 2

NTEGER* 2

NTEGER* 2
NTEGER* 2

REAL* 8

REAL* 8

REAL* 8

REAL* 8

REAL* 8

DESCRI PTI ON

AREA OF TRI ANGULAR ELEMENT [ LZ]
CONSTANT RESULTI NG FROM | NTEGRATI ON OF
STORAGE TERVS, FUNCTI ON OF KRONECKER DELTA
FUNCTI ON (3,3) ; [D]

STORATI VI TY ( ELEMENTS, 6, LAYERS); [ D]

SPECI FI C YI ELD ELEI\/ENTS 7, LAYERS)
LOOP COUNTER FOR ELEMENTS

LOOP COUNTER FOR NODES

I NDEX FOR TYPE OF STORAGE TERM

LOOP COUNTER FOR TI ME

LOOP COUNTER FOR LAYERS

| NDEX FOR CNST MATRI X

I NDEX FOR CNST NMATRI X

TOTAL NUVMBER OF ELEMENTS

NODES ASSI GNED TO ELEMENT ( ELEMENTS, (1, J, K))
NUVBER OF LAYERS

TOTAL NUMBER OF NODES

X COORDI NATES OF NODES (NODES, 1)  [L]
Y COORDI NATES OF NODES (NODES, 2)  [L]
NODAL POSI TI ON ON ELEMENT ( 3)

NODAL FLAG FOR HEAD STATUS ( NCDES, LAYERS, 2)
SEE SUBROUTI NE CHKHED FOR EXPLANATI ON OF

FLAG NUVBERS

SW TCH FOR STEADY STATE CASE (I F 1, STEADY
STATE)

TOTAL NUVBER OF TI MESTEPS

SW TCH FOR ESTI MATI NG STORAGE FOR WATER

BALANCE ( ENSURES THAT STORAGES W LL BE
CALCULATED FOR WATER BALANCE)
STORAGE TERMS TO BE APPLI ED TO NEW HEADS
( NODES, LAYERS, 1); [L2]

STORAGE TERMS TO BE APPLI ED TO TOPS OF NODES
( NODES, LAYERS, 2): [L2]

STORAGE TERMS TO BE APPLI ED TO OLD HEADS

( NODES, LAYERS, 3); [L2]

STORAGE CCEFFI Cl ENT TO BE APPLI ED TO NEW
HEADS, [ D]

STORAGE COEFFI Cl ENT TO BE APPLI ED TO OLD

[L/T]

I F 1, CALCULATE

C

0O o0 o0

0000000000OOOOOOOOOOOOOOOOOOOOOOOOOOOO
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C HEADS, D C
C STOTOP REAL*8 STORAGE COEFFI Cl ENT TO BE APPLIED TO TOPS OF C
C NODES, [ D C
C SX REAL* 8 SECOND X DERI VATLVE CF BASI S _FUNCTI ON [T [ T] C
A SY_ REAL*8 SECOND Y DERIVATIVE OF BASIS F_w[n\i [ _C
CCC

0

C SUBROUTI NE FORNVST DESCRI PTI1 AN
C FORM5 MATRI X OF STORAGE COVPONENTS (ST% | NTEGRATES OVER ELEMENTS C

C ELEMENTS AND LUMP DI AGONALI ZES ST. STORAGE CALCULATI ONS BASED ON C
C STATUS OF HEADS ( CONFI NED, UNCONFI NED, ETC.). THREE DI FFERENT C
| @ STO?A TERNG ARE CALCULATED:

C STORAGE TERMS APPLI ED TO NEW HEADS — ( NODES, LAYERS, 1)
C STORAGE TERMS APPLI ED TO TOPS OF NODES — ( NCDES, LAYERS, 2)
g STORAGE TERVS APPLI ED TO OLD HEADS — ( NODES, LAYERS, 3)
C
C
C

THREE TERMS ARE NECESSARY TO ACCOUNT FOR TI MESTEPS WHERE HEAD
STATUS CHANGES FROM CONFI NED TO UNCONFI NED OR VI CE VERSA.

0000000()

cccccecceccececececececceccececceccecceccecceccececcecceccecceccecceccecceccecceccecceccecceccceccecceccceccecceccceccecceccceccecccceccecccceccccceccccccccc
SUBROUTI NE FORMST( NXON)
| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),
1NODOOR( 51, 2) , ELMPRP( 51, 8, 20) , NE 51,4; KH(51, 10, 20), ST(51, 20, 3),

2RHS( 51, 20) , RECHGN( 51, 20) . KV( 51, 20, 3, 2) . CORLHA( 20) , CORLHB( 20)
3CORLHC( 20) , CORRHS( 20) , RHS2( 51, 20) , TOP( 51, 20) , QDRY( 51, 20)
4SX(3), SY(3), NODE( 3), CNST( 3, 3) , NELFLG 51, 20)

COMMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,

| RECHGN, NNCDE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

C.... INITIALI ZE [ ST ]
DO 20 | N=1, NNODE
DO 20 | PN=1, 3
20 ST(IN, 1Z, 1PN)=0.0

C .... CHECK FOR STEADY STATE CASE

[F ( (NSSEQQ QR (NXON.EQI) ) THEN
C .... BEGQ N ELEMENT

DO 40 | E=1, NELEM
C........ CALCULATE AREA OF TRI ANGULAR ELEMENT

AE=0. 5* (( NODCOR( NEM | E, 1), 1) * NODCOR( NEM | E, 2) , 2)
1 - NODOOR( NEM( | E, 2), 1)*NODCDR(NEI\/(I E 1), 2))
2 +( NODCOR(NEM | E, 3) | 1) * NODCOR( NEM | E, 1), 2)
3 - NODCOR(NEM( | E, 1), 1) * I\IODCOR(NEI\/(IE 3) 2))
4 +( NODCOR( NEM | E 2) 1)*NODCOR( NEM |
5

- NODCOR( NE E, 3 * NODCOR, E | E, 2
C........ IDENTI(FYI\I<I(C]DE NUI\/B R ON TRI A R ELE)I\/EN'?'))

NODE( 1) =NEM | E, 1)
NODE( 2) =NEM( | E, 2)
NODE( 3) =NEM | E, 3)
..... SET DELTA FUNCTI ON (TI MES SI X)
DO 30 1=1, 3
DO 30 J=I, 3
IF (1.EQJ) THEN
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CNST( 1, J) =6. DOO
ELSE

CNST( 1, J) =12. DOO

ENDI F
"3 0 CONTI NUE
Cr:....... BEG N NODE LOOP FOR EACH ELENMENT
DO 40 I N=1, 3
Coooiiii . CALCULATE [ST] AS A LUWPED DI AGONALI ZED MATRI X
C............ CALCULATE ST GE TERMS BASED ON HEAD CONDI TI ON

| F (NELFLG(IE, 12).EQ1) THEN
STONEW=ELMPRP( | E, 6, | 2)

STOTOP=0. D00

STOOLD=ELMPRP( | E, 6, | 2)

ELSE | F (NELFLG I E, 1 Z). EQ 2) THEN
STONEWELMPRP( | E, 6, | 2)

STOTOP=ELMPRP( | E, 6, | Z) - ELMPRP(I E, 7, | 2)
STOOLD=ELMPRP( | E, 7, | 2)

ELSE | F (NELFL I E, | Z). EQ 3) THEN
STONEWELMPRP( 1 E, 7, | 2)

STOTOP=ELMPRP( I E, 7, | Z) - ELMPRP( | E, 6, | 2)
STOOLD=ELMPRP( | E, 6, | 2)

ELSE | F (NELFLG(I E, |1 Z). EQ 4) THEN
STONEW-ELMPRP( | E, 7, | Z)

STOTOP=0. D00

STOOLD=ELMPRP( I E, 7, | 2)

ELSE | F (NELFLE I E, 12). EQ 5) THEN
STONEWEL. OE- 10

STOTOP=0. DOO
STOOLD=1. OE- 10
DO 40 1 C=1, 3
ST(NODE(IN), 1Z, 1) =ST(NODE(I N), 1 Z, 1)
1 +( STONEW AE/ CNST(I1 C, I N) )
ST(NODE(IN), 1 Z, 2) =ST(NODE(I N), 1 Z, 2)
1 +( STOTOP*AE/ CNST(1 C, | N))
ST(NODE(I N), 1Z, 3) =ST(NODE(I N), | Z, 3)
1 +( STOOLD* AE/ CNST(1C, IN) )
40 CONTI NUE

ENDI F
RETURN
END

s Sy,
C VARI ABLE LI STI1I NG SUBROUTI NE LHSPRD C
- -
C NANE TYPE DESCRI PT1 AN C
O T i eI I C
C I N | NTEGER* 2 LOOP COUNTER FOR NODES C
C | Z I NTEGER* 2 LOOP COUNTER FOR LAYERS C
C KH REAL* 8 HORI ZONTAL FLOW TERMS ( NODES, BANDED | NDEX, C
C LAYERS) ; [ L2/ T C
C M D | NTEGER*2 | NDEX FOR BANDED COLUWN M DPO NT I'N MATRI KH C
| @ NBANID I NTEGER* 2 BANDWVWYW DTH C
C NNODE I NTEGER* 2 TOTAL NUVBER OF NODES C
ST REAL* 8 STORAGE TERMS TO BE APPLI ED TO NEW HEADS C

( NODES, LAYERS, 1): [L2] C
-

-
0006660 000000000000060000000000000000600000000000000660000000000000666000:

- -

C SUBROUTI NE LHSPRD DESCRI PTI1 ONE: C
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C FORMs LEFT HAND SI DE MATRI X FOR PREDI CTOR EQUATI ONS. ADDS ST C
C MATRI X TO KH MATRI X, LEAVI NG A NEW KH NMATRI X. C

- -
cccccececeeececcececcecececcececceccecceccececcecccecceccecccecceccccecceccecccceccceccceccecccceccccccecccccccccccccccccccc

g SUBRRCUJUT I INE L HSFPRID <C
- -
ccccceceeeecececececececececececececececececececececececececececececcececcececcececcecececcecececceccecceccececcecceccecceccecceccecceccecceccecceccccccc
SUBROUTI NE LHSPRD
| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON 51, 20), NODFLG 51, 20, 2) HEAD( 51 20, 3),
1NODCOR( 51, Z?QEELNPRPSSZL 8, %)) NE] 5 ; 51 10 20 ST(51, 20, 3),

2RHS(51 20g g 2&45 g51 2 ¢ CCRLHB(ZO
3CORLHC( 20) . CORRHS( 20) 2(51, 20), TOP(51 20) &)R 51, 20),
ANELFLG(51, 20)

COVMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
C..... BEG N NODE LOOP
DO 40 | N=1, NNODE
M D=( NBAND+| )/ 2
KH(IN, M D, 1 Z) =KH(I N, M D, | Z) +(ST(I N, 1 Z, 1)/ DELTI M
40 CONTI NUE
RETURN
END
ccccceccececeececcecceccececcececcececceccecceccececcecceccecceccececcececceccecceccecceccecceccecceccecceccecccecceccecceccecceccceccceccceccceccccecccecccccccccc
- -

VARI ABLE LI STI NG SUBROUTI NE LHSD R C

C NANE TYPE DESCRI PTI ON C
O e PP C
C I B I NTEGER*2 LOOFP COUNTER FOR BANDW DTH C
C I N I NTEGER*2 LOOP COUNTER FOR NODES C
C 1 Z | NTEGER*2 LOOP COUNTER FOR LAYERS C
C KH REAL*8 HORI ZONTAL FLOW TERMS ( NODES, BANDED | NDEX, C
< — L A Y ERS - L=/ | s
C M D I NTEGER*2 | NDEX FOR BANDED COL M DPO NT | N RI X KH C
CC NBAND | NTEGER 2 BANDW DITH C
C NNODE | NTEGER*2 TOTAL NUNVBER OF NODES C
C NODFLG I NTEGER*2 NODAL FLAG FOR BOUNDARY CONDI TION: IF 1, C
C CONSTANT HEAD BOUNDARY ( NODES, LAYERS, 1) C
C

- -
C SUBROUTI NE LHSD R DESCRI PTI1 ONE C
C | NCORPORATES CONSTANT HEAD BOUNDARI ES | NTO KH MATRI X. AT NODES C

C WHERE CONSTANT HEADS ARE SPECI FI ED, RONIN KH IS ASSI GNED ALL C
C OS, EXCEPT AT NODE LCOCATIAON, WHERE A 1 | S ASSI GNED. C

- -

- -
| Gl SUJUBEES PRI T 1 NEe= L HsIr>l —_= | Gl
L ——— e — —— e —
dARCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC%CCCCCCCCCCC

SUBROUTI NE LHSDI R

I MPLICI T REAL*8 (A-H, 0-2)

REAL*8 KH, KV, NODCOR

DI MENSI ON Q( 51, 20), NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),
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1INODCOR( 51, 2?:{ ELNPRP-(lSl KQ/) NEM 51, 4; 51 10, 20), ST(51, 20, 3),
2RHS(51, 20), RE 51, 20,

3CCRLHC(20§ CCRRHS%ZO RHS2( 51, 20) . TCP 51, 20) &DR%((Sl LHB(ZO)
ANELFLG( 51, 20)

COVMMVON Q NODFL G, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2C0RLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
3 QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
DO 40 | N=1, NNODE
IF ( NODFL&(IN,1Z,1).EQl ) THEN
DO 20 | B=1, NBAND
20 KH(I N, I B, 1 Z) =0. DOO
M D=( NBAND+ )/ 2

KH(I N, M D, | Z) =1. DOO
ENDI F

40 CONTI NUE
RETURN
END

CCccCccccecceceeecececcecececceccececceccecceccececcecceccecceccecceccccecceccecccecccceccccecccecccceccccecccccccccccccccccec

- -
C VARI ABLE LI ST1I NG SUBROUTI NE LHSDRY C
c C
| Qs NAANE= T WY PE= DESsSCRI1I P T1T1 andd | Qs
O T e I I C
C I B I NTEGER*2 LOOFP COUNTER FOR BANDW DTH C
C I NI NTEGER*F2 LOOFP COUNTER FOR NODEsS C
C | Z | NTEGER*F2 LOOP COUNTER FOR LAYERS C
C KH REAL*8 HORI ZONTAL FLQN TERVS ( NCDES, BANDED | NDEX, C
| s L A 'Y EIR= L=/ | —

M D | NTEGER*2 | NDEX F BANDED COLUMN M DPO NT | N TRl X KH C
NBAND 1| NTEGER 2 BAND\WY IDOTH C
C NNODE | NTEGER*2 TOTAL NUVBER OF NODES C

C NODFLG | NTEGER*2 NODAL FLAG FOR HEAD STATUS ( NODES, LAYERS, 2) C
C SEE SUBROUTI NE CHKHED FOR EXPLANATI ON

C SUBROUTI NE LHSDRY DESCRI PTI1 AN C
C | NCORPORATES DRY NODES | NTO KH MATRI X. AT NODES C
C VHERE NODES ARE DRY, ROWIN KH IS ASSI GNED ALL C
C OS, EXCEPT AT NODE LOCATIQON, WHERE A 1 IS ASSI GNED. C

| i SUJUBSFFRCOUIJT 1 INE L HS DOy | i

- -

ccccceccecceecececcececceccececcceccececcecceccececceccceccececcceccecccececcecceccecceccecccecceccecccecceccecccecceccecccceccecccccecccceccccccccce
SUBROUTI NE LHSDRY
| MPLICI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON 0( 51, 20) , NODFLG 51, 20, 2) , HEAD( 51, 20, 3),
1NODCOR( 51, Z?QEELI\/PRPSM 8, 20) . NEM 51, 43 KH 51 10, 20), ST(51, 20, 3),

%(RZBSQLSJ- 20£ CORRHS( 20) , RHS2 girTlZ(z) TOP 51 20 &DR¢ é:](.RZ_OHB 20
4N(I)E2-|g)( NELFLG 51, 20) ( ) T ) ( )

COMVON Q, NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, I T, | Z, | NCOR,

2CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
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DO 40 | E=1, NELEM
DO 40 | N3=1, 3
Covvvinn | DENTI FY NODE NUMBER ON TRI ANGULAR ELENMENT
NODE( | ) =NEM( | E, | )
NODE( 2) =NEM | E, 2)
NODE( 3) =NEM | E, 3)
IF ( NELFLE 1 E 12).EQ5 ) THEN
DO 20 | B=1, NBAND
20 KH(NODE(I N3), I B, | Z) =O. DOO
M D=( NBAND+| ) / 2
KH( NODE( | N3) , M D, | Z) =1. D00
ENDI F
40 CONTI NUE
RETURN
END

gccccececeeeeeececeecececececcececcececceccececececcecceccecececcececcecceccecceccecceccececceccecceccecceccecccecceccecceccecccccccccccccccc

c C
c VARI ABLE LI STI NG SUBROUTI NE FACTOR C
c c
c NANE TYPE DESCRI PTI ON C
c | | NTEGER* 2 LOOP COUNTER FOR CO_UMNS C
c | Z | NTEGER* 2 LOOP COUNTER FOR LAYERS C
c J I NTEGER* 2 LOOP COUNTER FOR ROWS C
¢ KH REAL* 8 HORI ZONTAL FLOW TERMS ( NODES, BANDED | NDEX, C
¢ LAYERS) ; [ L2/ T1T71] | @D
c M D | NTEGER*2 | NDEX FOR BANDED COLUWN M DPO NT I N MATRI X KH C
c NBANID I NT EGER 2 BANDWVWY DT H C
c NDI AG I NTEGER* 2 COL_UNMN 1 NDEX C

NDO 1 NT EGER* 2 ROV 1 NDEXX C

NECON I NT EGER* 2 ROV I NDEX C
c NHI GH I NTEGER* 2 COL_UNMN 1| NDEX C
c NI TER I NTEGER* 2 COL_UNMN 1 NDEX C
c NL OvVv I NTEGER 2 COL_UNMN 1 NDEX C
c NINASK I NTEGER* 2 COL_UNMN 1| NDEX C
c NNODE I NTEGER* 2 TOTAL NUNVMBER OF NODES C
¢ C

SUBROUTI NE FACTOR DESCRI PTI ON:
FACTORS KH MATRI X | NTO A LONER DECOVPOOSED MATRI X FOR USE IN A

o0 0 o0 0

GAUSS ELI M NATI ON SOLUTI ON ALGORI THM  FULL KH MATRI X |'S NOT SAVED.

00000

SUBROUTI NE FACTOR

I MPLICI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLG( 51, 20, 2) HEAD( 51 20, 3),

1INODCOR( 51, Z?QEELNPRPSSZL 8, 20) , NEM 51, 4; 51 10, 20 ST(51, 20, 3),

%(F\SBSQLSJ- %8; C(RRHSEZO RH: ?12% T(]D 51 20 EDR¢ 5CZI(.R|2_OHB 20
4NELFI|__|(§((51 20) ) ) ) )

COMMON Q, NCDFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,

| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWI'CH, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,

3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
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10 KH( NEQN, K | Z) =K

NDI AG = NBAND/ 2 + 1

NVAX =

| F( NNODE - | .LT.

NBAND - NDI AG
NDO = NNODE - 1
DO 10 | = |, NDO
NI TER = NMAX

DO 10 J = 1, NI TER

NEQN =
1KH

KH( NE NDI AG -
§| % AG | 2)

I+ J

NI TER ) NI TER = NNODE - |

J,12) =- KH(NEQN, NDI AG - J,12)/

NLO/\/— NDI AG - J + 1
NH GH = NLOW + NI TER - 1
DO 10 K = NLOW NHI GH

1*KH( 1,
RET URN
END

NDI AG+1- NL

éWEQ\J K, | Z) +KH( NEQN, NDI AG- J, | 2)

CCCCCCcccececeececcececececcececccecccecccecccecceccecccecccecccecccccccccccccccccccccccccccccce

- -
C VARI ABLE LI STI NG SUBROUTI NE FORMKVY C
- -
C NANME TYPE DESCRI PTI ON C
< AE REAL™ 8 AREA OF TRI ANGULAR ELEMENT [L2 C
c CNST REAL > 8 CONSTANT RESULTI NG FROM | NTEGRATI ON
c STORAGE TERMS, FUNCTI ON OF KRONECKER DELTA c
© FUNCTI ON ( 3, 3) ; [ D] C
© DELZ REAL™* 8 CENTRAL DI FFERENCE AROUND LAYER 1Z; [L] C
c ( SATURATED THI CKNESS) C
m DELZM  REAL*8 CENTRAL DI FFERENCE AROUND LAYER | Z-1; [L] C
( SATURATED THI CKNESS) C
c DELZP  REAL*S8 CENTRAL DI FFERENCE AROUND LAYER | Z+1; [L] C
© ( SATURATED THI CKNESS) C
© DELZMI— REAL* 8 SATURATED THI CKNESS I N LAYER 1Z-1; [L] C
© DELZPT — REAL*S SATURATED THI CKNESS | N LAYER |1 Z+1; [L] C
© DELZT — REAL*S8 SATURATED THI CKNESS I N LAYER 1Z; [L] C
© ELMPRP  REAL™ 8 TOP OF ELEMENT (ELEMENTS, 1, LAYERS); [L] C
© ELMPRP  REAL*S BOTTOM OF ELEMENT ( ELEMENTS, 2, LAYERS); [L] C
c ELMPRP  REAL™ 8 HYDRAULI C CONDUCTI VI TY I N X DI RECTI ON C
© ( ELEMENTS, 5, LAYERS) ; [L/T] C
c HEAD REAL™ 8 HEADS FROM OLD TI MESTEP ( NODES, LAYERS, 1); [L] C
< HEAD REAL™ 8 HEADS FROM NEW | TERATI ON ( NODES, LAYERS, 2); [L]C
¢ ! I NTEGER* 2 I NDE>XX FOR CNSsST MVMATRI X C
© 'P INTEGER*2 | NDEX FOR KU, KW+KL, OR KL C
< IE I NTEGER* 2 LOOFP COUNTER FOR ELENENTS C
c I'N INTEGER* 2 LOOP COUNTER FOR NODES C
c I I NTEGER*2 | NDEX FOR PREDI CTOR (=1) OR CORRECTOR (=2) C
c SET OF ECUATI ONS
c I XH I NTEGER* 2 1 N> — o= HEAIDDOSS | D
c Iz INTEGER" 2 | OOPFP COUNTER FOR LAYERS C
© HZM INTEGER*2 | OOP COUNTER FOR LAYERS (1ZzZ-1) C
© ' 2P INTEGER"2 ) OOP COUNTER FOR LAYERS (1 Zz+1) C
¢ J I NTEGER* 2 1 NDE>XX FOR CNSsST MATRI X C
¢ Kv REAL* 8 UPPER SET OF VERTI CAL FLOW TERMS FOR USE I N C
m PREDI CTOR EQUATI ONS ( NODES, LAYERS, 1,1); [L2/T]C
kv REAL™ 8 UPPER SET OF VERTI CAL FLOW TERMS FOR USE I N C
c CORRECTOR EQUATI ONS ( NODES, LAYERS, 1, 2); Rl\/é L2/ T] C
¢ Kv REAL™* 8 UPPER+LOVNER SET OF VERTI CAL FLQN TE FOR C
C

USE | N PREDI CTOR EQUATI ONS ( NODES, LAYERS, 2, 1) ; C
I L — -7 n® 1 < —
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KV

KV

O
2

NBAND
NEL EM
NEM
NLAY
NNODE

NODFL G

SX
SY

O00N 0000000000000 000O0O00

REAL™* 8

REAL* 8

REAL* 8

I NTEGER* 2
| NTEGER* 2
| NTEGER* 2
| NTEGER* 2
| NTEGER* 2
REAL* 8
REAL* 8
REAL™* 8
| NTEGER* 2

REAL™* 8
REAL* 8

TRANSZM REAL™* 8

TRANSZP REAL* 8

SUBROUTI NE FORMKV DESCRI PTI ON:
CALCULATES VERTI CAL FLOW COVPONENTS. ESTI MATES TRANSM SSI VI Tl ES

CCORDI NG TO HEAD STATUS, USI NG A BLOCK- CENTERED FI NI TE DI FFERENCE
TRANSM SSI VI TY ESTI MATES ALSO BASED ON POSI TON

FLOW COVPONENTS CALCULATED BY | NTEGRATI NG OVER ELEMENTS
THREE DI FFERENT VERTI CAL FLOW COVPONENTS ARE CALCULATED:

UPPER SET OF VERTI CAL FLOW TERMS ( NODES, LAYERS, 1, | XF)

UPPER+LOVNER SET OF VERTI CAL FLOW TERMS ( NCDES, LAYERS, 2, | XF)
LONER SET OF VERTI CAL FLOW TERMS ( NODES, LAYERS, 3, | XF)

1 ~ KV FOR PREDI CTOR EQUATI ONS
2 — KV FOR PREDI CTOR EQUATI ONS

| NDEX | XH ALLOANS FOR DI FFERENT SET OF HEADS TO BE USED I N

( VMAAPPROXI MATI ON.
© OF LAYER

©  ELEMENTS.

(03

(03

C

C

c I NDEX | XF =
c I NDEX | XF =
(03

C

c SUBROUTI NE:

c I NDEX | XH =
c I NDEX | XH =
(03

C

1 — HEADS FROM OLD Tl MESTEP
3 — HEADS FROM NEW | TERATI ON

UPPER+LOWNER SET OF VERTI CAL FLOW TERMS FOR C
USE | N CORRECTOR EQUATI ONS ( NODES, LAYERS, 2, 2) ; C

L — - —§® ] < —
L R SET OF VERTI CAL FLOW TERMS FOR USE I N C

PREDI CTOR EQUATI ONS ( NODES, LAYERS, 3, 1); [L2/T]C
LOWNER SET OF VERTI CAL FLOW TERMS FOR USE I N C
CORRECTOR EQUATI ONS ( NODES, LAYERS, 3,2); [L2/T]C
| — e g W | I Vo N 4 — T 1—1 <
TOTAL NUNVBER O ELENVENTS C
NCDES ASS| GNED TO ELEMENT (ELEMENTS, (1,J.K)) C
NUNEBE ERRR — LAY S

T OT AL NUNBER OO NC]DES C

X COORDI NATES OF NODES (NODES, !); [L]
Y COORDI NATES OF NODES ( NODES, 2); [ L]
NODAL POSI TI ON ON ELEMENT (3) C

NODAL FLAG FOR HEAD STATUS ( NODES, LAYERS, 2) C
SEE SUBROUTI NE CHKHED FOR EXPLANATI ON C

LA NUNSERRS C
SECOND X DERI VATI VE OF BASIS FUNCTION, [L3/T] C
SECOND Y DERI VATI VE OF BASIS FUNCTION, [L3/T] C
UPPER HARMONI C AVERAGE OF TRANSM SSI VI TY C

IN Z DIRECTION; [L2/T] C
LONER HARMONI C AVERAGE OF TRANSM SSI VI TY C

IN Z DI RECTION;, [L2/T] C

C

00

000000 000000000000

CCccccccecceceecececcecececceccecececcceccececcccecececcceccececcccececcecccecceccecccceccecceccccecceccccecceccccceccecccccccccccce
SUBROUTI NE FORMKV( | XH, | XF)
| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20), NODFLG( 51, 20, 2) , HEAD( 51, 20, 3)

INODQOR( 51, 2

ELI\/PRP 51 8, %9) NE| 51 4 KH 51 10, 20), ST(51, 20, 3),
51, 20, &DF& CG?LHB(ZO)
CCRRHS 20 2 1 20) TCP 51, 20) (51, 20)

2 RHS( 51 20) CHGN 5
3CORLHC( 20
ANODE( 3), CNST( 3, 3), NE LG(5

COVMON Q, NODFLG, HEAD, NCDC(R ELI\/PRP NEM KH, ST, RHS, KV,
| RECHGN, NNCDE NELEM NLAY, NBAND, DELTI M NTI I\/BT NSWI'CH I T, 1 Z, I NCOR,
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2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
.INITIALI ZE [ KV]
DO 20 | N=1, NNODE
DO 20 1 P=1, 3
20 KV(IN,12Z 1P, |XF)=0.0
C .... CHECK FOR SI NGLE LAYER
| F (NLAY. NE. | ) THEN
C......... BEG N ELENMENT LOOP
DO 40 | E=1, NELEM
Covv. CALCULATE AREA OF TRI ANGULAR ELEMENT
AE=0. 5* ( N(DCO?NE IEl , 1) * NE IE22
1 - NODCOR( Nlé ( N( *NO ?? E M ). 2)
2 +(NODCOR( NEI\/(I E 3) 1)*NODCOR( NEI\/(I E 1) 2
3 - NODCOR(NEM | E, 1) 1) * NODCOR( NEM | E, 3) | 2)
3 +(NODSDRNEMLE, 2) , 1) NGDCOR(NEMLE, 3)
Covvnn.. | DENTI( FY I\I<I((I)E NL)JI\/BE)R ON TRI Al g\IGUIng ELE)IVEN'?'))
NODE( 1) =NEM | E, 1)
NODE( 2) =NEM | E, 2)
NODE( 3) =NEM | E, 3)

C ........
Covvinn CALCULATE TRANSM SSI VI TI ES AND DELTA Z'S I N
Covev Z- DI RECTI ON USI NG BLOCK- CENTERED APPROACH,
Coovnnn. ACCOUNTI NG FOR BOUNDARY CONDI TI ONS | N Z- DI RECTI ON,
C........ AND ACCOUNTI NG FOR SATURATED AND UNSATURATED
C ... CONDI TI ONS
C ........
C........ BOTTOM LAYER

|F (1Z.EQIl) THEN

| ZP=1 Z+1

I ZM=I Z
C........ AVERAGE HEADS OVER EACH ELEMENT

HSUM = O DOO
DO 100 I N=1, 3
HSUMP = HSUMP+HEAD( NODE( I N) , | ZP, | XH)
HSUM = HSUMFHEAD( NODE( I N) , 1 Z, | XH)
HSUMM = HSUMVHEAD( NODE(1 N) , | ZM | XH)
100 CONTI NUE
HBARP = HSUMP/ 3. DQO
HBAR = HSUM 3. DOO
HBARM = HSUWM 3. DOO
Covvonnn CHECK SATURATED/ UNSATURATED CONDI TI ON
| E (HBAR GT. ELMPRP(I E, 1,12Z)) THEN
DELZP=( ELMPRP(I E, | , | ZP) - ELMPRP(I E, 2,12))/ 2
DELZ=ELMPRP(| E, 1, | Z) - ELMPRP(I E, 2, | 2)
DELZM=DELZ
ELSEI F ( (HBAR LT. ELMPRP(I1E, 1,12)) .AND.
1 (HBAR GT. ELMPRP(IE, 2,12)) ) THEN
DELZP=1. OE- 08

DELZ=HBAR- ELMPRP( | E, 2, | Z)
DELZM=DELZ

ELSEl F (HBAR. LT. ELMPRP(I E, 2,12)) THEN
DELZP=( ELMPRP(1 E, | , | ZP) - ELMPRP(I E, 2,12))/ 2

DELZ=ELMPRP(| E, 1, | Z) - ELMPRP( | E, 2, | Z)
DELZM=DELZ
ENDI F

C ........ CALCULATE CONDUCTI VI Tl ES
HCONZP=( ( DELZ/ 2) +( DELZP/ 2) )/
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C. .

1 ((DeELZ/ 2/ (ELMPRP(I E, 5,12)))

2 +(DELZP/ 2/ (ELMPRP(1 E, 5, 1 ZP))))
M=0. O

, TOP LAYER

ELSEI F (1Z. EQ NLAY) THEN

I ZP=I1 Z

| ZME=l Z- 1

AVERAGE HEADS OVER EACH ELEMENT

HSUM = O. DOO

DO 200 I N=1, 3
HSUVP = HSUMP+HEAD( NODE(I N), | ZP, | XH)
HSUM = HSUMFHEAD( NODE( I N) , | Z, | XH)
HSUVMM = HSUMVHHEAD( NODE(I N) , | ZM | XH)

(0]6] CONTI NUE

HBARP = HSUMP/ 3. DOO
HEAR = HSUM 3. DOO
HBARM = HSUWM 3. DOD
CHECK SATURATED/ UNSATURATED CONDI Tl ON
| F (HBAR GT. ELMPRP(I E, 1,12)) THEN
DELZ=ELMPRP(| E, 1, | Z) - ELMPRP(I E, 2, | Z)
DELZP=DELZ
DELZM=( ELMPRP(1 E, 1, 12Z) - ELMPRP(I1 E, 2,1ZM )/ 2
ELSEI F ( (HEAR LT. ELMPRP(IE, 1,12)) . AND.
1 (HEAR GT. ELMPRP(IE, 2,12)) ) THEN
DELZ=HEAR- ELMPRP( | E, 2, | Z)
DELZP=DELZ
DELZM=( HEAR- ELMPRP( I E, 2, 1 ZM) ) / 2
ELSEI F (HEAR LT. ELMPRP(IE, 2,12)) THEN
DELZ=ELMPRP(| E, 1, | Z) - ELMPRP(I E, 2, | Z)
DELZP=DELZ

_DELZM=(ELMPRP(1 E, 1, 12) - ELMPRP(IE, 2, 1ZM) / 2

ENDI

....... CALCULATE CONDUCTI VI Tl ES

HCONZP=0. O

HCONZME( ( DELZ/ 2) +( DELZM 2) ) /
1 ((DELZ/ 2/ (ELMPRP(I E, 5,12)))

2 +(DELZM 2/ (ELMPRP(I E, 5,1 ZM)))
ELSE

| ZP=1 Z+1

1 ZMel Z- 1

AVERAGE HEADS OVER EACH ELENMENT

HSUM = O DOO

DO 300 I N=1, 3
HSUMP = HSUMP+HEAD( NODE( I N), | ZP, | XH)
HSUM = HSUMFHEAD( NODE(I N) , | Z, | XH)
HSUMM = HSUMVI-HEAD( NODE( I N) , | ZM | XH)

300 CONTI NUE

HBARP = HSUMP/ 3. DOO

HEAR = HSUM 3. DOO

a HBARM = HSUWM 3. DQO

CHECK SATURATED/ UNSATURATED CONDI TI ON

| F (HBAR. GT. ELMPRP(I E, 1,12)) THEN
DELZP=( ELMPRP( | E, 1, | ZP) - ELMPRP(I E, 2,12))/ 2
DELZ=ELMPRP( | E, 1, | Z) - ELMPRP(I E, 2, | 2)
DELZM=( ELMPRP(1 E, 1, 1Z) - ELMPRP(1 E, 2,12ZM) )/ 2
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ELSEI F ( (HBAR LT. ELMPRP(IE, 1,12)) . AND.

1 (HBAR GT. ELMPRP(IE, 2,12)) ) THEN
DELZP=1. OE- 08

DELZ=HBAR- ELMPRP( 1 E, 2, | 2)
DELZM=( HBAR- ELMPRP( 1 E, 2,12ZM) )/ 2
ELSEI F (HBAR. LT. ELMPRP(IE, 2,12)) THEN
DELZP=( ELMPRP(1 E, | , | ZP) - ELMPRP(1 E, 2,12))/ 2
DELZ=ELMPRP( | E, 1, | Z) - ELMPRP{ I E, 2, | Z
_ o, DELZME(ELNPRP(IE, |, 12) - ELMPRP(I E, 2,1ZM)) / 2
C........ CALCULATE CONDUCTI VI Tl ES

HCONZP=( ( DELZ/ 2) +( DELZP/ 2)
1 ((DELZ/ 2/ (ELMPRP(I E, 5
2 +(DELZP/ 2/ (ELMPRP{I E, 5
HCONZM=( ( DELZ/ 2) +( DELZM 2)
1 ((DELZ/ 2/ (ELMPRP(I E, 5
2 5

+( DELZM 2/ ( ELMPRP( | E,
ENDI F

C........ BEG N NODE LOOP FOR EACH ELEMENT
DO 40 I N=1, 3

Covvvein, CALCULATE [KU , [KU + [KL] , [KL] AS LUVPED DI AGONALI ZED
C ... MATRI CES

DO 40 1 C=1, 3
C .. —KU—

F) =KV( NODE(I N), I Z, 1, | XF)

X

1 +( ( HCONZP/ ( DELZ) ) * AE/ 3. DOO)

C .. —KUH+KL—

KV(NCDE(IN),IZ,2,IXF):KV(NODE(IN),IZ 2, | XF)

1 +( ( HCONZP/ ( DELZ) ) * AE/ 3. DOO)

-2 +(( HCONZM ( DELZ)) * AE/ 3. DOO)
40 KV(N(I)E(IN),IZ,S,IXF)—KV(I\IODE(IN),IZ,S,IXF)

1 +( ( HCONZM ( DELZ) ) * AE/ 3. DOO)

ENDI F
RETURN

C SUBROUTI NE RHSPRD DESCRI PT1 AN

C FORMS RI GHT HAND SI DE MATRI X FOR PREDI CTOR EQUATI ONS. FI RST
C MULTI PLI ES KV TI MES APPROPRI ATE HEADS TO FORM RHS2 MATRI X. THI S
C MATRI X | S CALCULATED SEPARATELY BECAUSE |IT WLL BE USED AGAI N I N
C CORRECTOR EQUATI ONS. SECOND, MJULTI PLI ES ST TI MES APPROPRI ATE
C HEADS AND ADDS NODAL STRESSES (PUWMPI NG AND RECHARGE). | F DRY
C NODES ARE PRESENT, USE OQODRY | NSTEAD O Q C

-

- -

C VARI ABLE LI STI NG SUBROUTI NE RHSPRD C
— ——

C NAINE TYPE DESCRI PTI1 ON C:
C = = o o e o e e e e e e e e e e e e e e e e e e meae o

C HEAD REAL*8 HEADS FRC]\/I C]_D Tl I\/ESTEP NCDES LAYERS l: !L] C

8f'P'|ZM|§rEééh'?r2Eﬁoﬁ*c&J|\rfE% E?E?E\W'?? 5: R LAYERS ‘E

C I ZP | NTEGER*2 LOOP COUNTER FOR LAYERS (IZ+l)
C NDRY | NTEGER*2 FLAG | NDI CATI NG DRY NODES PRESENT C

C NLAY | NTEGER*2 NUNVBER O L AYERS C
C NNODE | NTEGER*2 TOTAL NUVBER OF NODES C
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c NODFLG I NTEGER*2  NODAL FLAG FOR HEAD STATUS ( NODES, LAYERS, 2) C
c SEE SUBROUTI NE CHKHED FOR EXPLANATI ON OF C
c — L__A2C=S NNUNIES EE I | G
/\ NZM I NTEGER* 2 CONSTANTS FOR ZERO NG OQUT TERMS IN RHS2 | F C
N\NNE—CC T FE———S —— N\ F< v < =
p NZP I NTEGER* 2 CONSTANTS FOR ZERO NG OQUT TERMS IN RHS2 | F C
c N\NdE—C T F———S =—— N\ F<"w < =
c Q REAL™ 8 NODAL STRESS ( NODES, LAYERS); [L3/T] C
c QDRY REAL™* 8 NODAL STRESS ADJUSTED FOR DRY LAYERS C
© (NODES, LAYERS) ; [L3/T] C
< RHS REAL> 8 Rl GHT HAND SI DE FOR PREDI CTOR EQUATI ONS C
c ( NODES, LAYERS) L3/ T C
c RHS2 REAL* 8 VERTI| CAL FLON HEAD TERMS RI HAND SI ; C
c ( NODES, LAYERS) . [L3/T] C
c ST REAL> 8 STORAGE TERMS TO BE APPLI ED TO TOPS OF NODES C
c ( NODES, LAYERS, 2); [L2] C
c ST REAL> 8 STORAGE TERMS TO BE APPLI ED TO OLD HEADS C
c ( NODES, LAYERS, 3); [L2] cC
c C
- -
| Gl S UJIUEsS =R IUT 1 NNEe= —_RHSS P RFRRI> | Gl
- -
SUBROUTI NE RHSPRD
I MPLICI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20), NODFLG 51, 20, 2), HEAD( 51, 20, 3),
1NODQOR( 51, 2?? ELI\/PRPSSl 8, %)) NEI\/SS 51, 10, 20), ST(51, 20, 3),
2RHS(51 20 ECHGN (51,2 CO(-?LHA(ZO) CORLHB( 20) ,
3CORLHC( 20) , CORRHS( 20) RH82(51 20) TOP(51 20), ODRY( 51, 20),
ANODE( 3), NELFLG( 51, 20)
COMMON Q, NODFL G, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNCDE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, I T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
C .... CHECK FOR LAYER POCsI TI ON
C .... TOP LAYER
I F (I Z. EQ NLAY) THEN
| ZM=l Z- 1
| ZP=I1 Z
NZM=1
NZP=0
C. .... BOTTOM LAYER
ELSEIF (1 Z. EQ ) THEN
I ZM=l Z
| ZP=I1 Z+1
NZM=0
NZP=1
C.... LAYERS OTHER THAN TOP OR BOTTOM
ELSE
| ZMEl Z- 1
| ZP=I| Z+1
NZM=1
NZP=1
ENDI F
C.... CALCULATE RI GHT HAND SI DE FOR PREDCI TOR EQUATI ONS
DO 40 | N=1, NNODE
C ......... S| NGLE LAYER

| F (NLAY. EQ |) THEN
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RHS2(I N, | Z) =0. 0

C......... OTHER THAN SI NGLE LAYER
ELSE
RHS2(1 N1 Z) =(NZP*KV(I N | Z, 1, 1) *HEAD( I N, | ZP, 1))
1 -(KV(IN, 1Z 2, 1)*HEAD(IN, I Z, 1))
2 +(IIE\I\%I\|4FKV(IN 1Z,3, 1) *HEAD(I N, | ZM 1))
C......... CHECK FOR DRY NCDES

| F (NDRY. GT. O THEN
RHS(I N, | 2) é(STEleleELTl *HEAD(I |
1 ST(IN, | Z, ELTI M *TO SI N, | 2)
2+|—|S(|N|z)+QDRY( pd
ELSEIF( DRY. EQO) THEN
| | ST N, | Z, 3) / DELTI M * HEA | N, 12Z, 1
EELTlK/p D( ))

:2L rga(STé ,’ |I +Q(| L1 2) - RECHéSN ,|)%)

ENDI F
40 CONTI NUE
RETURN
END

—  —
g) VARI ABLE LI STI NG SUBROUTI NE RHSDI R C
| s NANE T YPE DESCRI PTI1 AN C
C mmm e e e e e e e e e e e e e
C HEAD REAL*8 HEADS FROM OLD Tl MESTEP ( NODES, LAYERS L C
C | NTEGER* 2 LOOP I\ST NC)I)Ié ]
C I Z | NTEGER* 2 LOOP CCl_JNTEF\’ FC)? LAYERS C

| ZM | NTEGER*2 LOOP COUNTER FOR LAYERS (1 Z-1) C
NNODE | NTEGER*2 TOTAL NUNVBER OF NODE C

C NODFLG | NTEGER! 2 NODAL FLAG FOR HEAD STATUS ( NODES, LAYERS, 2) C
C SEE SUBROUTI NE CHKHED FOR EXPLANATI ON C
< — — L A <C— (N | G | DWWy = el = C
C RHS REAL*8 Rl GHT HAND S| DE FOR PREDI CTOR EQUATI ONS C
C ( NODES, LAYERS) ; [ L3/ T] C

C

c C
C SUBROUTI NE RHSDI R DESCRI PTI1I AN C
C | NCORPORATES CONSTANT HEAD BOUNDARI ES | NTO RHS VECTOR. AT NODES C

C VWHERE CONSTANT HEADS ARE SPECI FI ED, SET RHS EQUAL TO HEADS FROM C
<= < D T NEE T —_ <=

SUBROUTI NE RHSDI R

I MPLICI T REAL*8 (A-H, 0-2)

REAL*8 KH, KV, NODCOR

DI MENSI ON Q( 51, 20), NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),

INODCOR( 51, 2) , ELI\/PRPSSl 8, ZIQO/) NE 51 43 KH 51 10 20 ST(51, 20, 3),
2RHS(51, 202 E 51, 20, gDF& CORLHB 20) ,
3CORLHC{ 20) , CORRHS( 20) , RHS2( 51, 20) , TOP(51 20) (51, 20),
ANELFLG(51, 20)
COVMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,

| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
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3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

DO 20 | N=1, NNODE

IF ( NODFL&(IN,1Z,1).EQl ) THEN
RHS(I N, | Z) =HEAD( I N, | Z, 1)
ENDI F
20 CONTI NUE
RETURN
END

CCCcccececceceeecececceccececcceccecceccecceccceccecceccccceccecccccececcccccececccccceccccccccccccccccccc

- -
C VARI ABLE LI STI1I NG SUBROUTI NE RHSDRY C

- -
C NANE TYPE DESCRI PTI1 AON C
c HEAD REAL* 8 HEADS FROM OLD | TERATI ON ( NODES, LAYERS, 3); [L]C
c I N | NTEGER* 2 LOOP COUNTER FOR NODES C
c 1z | NTEGER* 2 LOOP COUNTER FOR LAYERS c
c NNODE | NTEGER* 2 TOTAL NUVBER OF NODES c
c NODFLG I NTEGER*2  NODAL FLAG FOR HEAD STATUS ( NODES, LAYERS 2) c
c SEE SUBRCOUTI NE CHKHED FOR EXPLANATI ON c
c FLAG NUMBERS (o3
c RHS REAL* 8 Rl GHT HAND SI DE FOR PREDI CTOR EQUATI ONS c
c ( NODES, LAYERS) ; [L3/T] c
c c
cccccececececcececececcececececceccecececcccececceccceccececcccececceccccecceccccecceccecccceccecceccccececccccecceccccecccccccccccce

— —
C SUBROUTI NE RHSDRY DESCRI PTI1 ANE: C
I NCORPORATES DRY NODES | NTO RHS VECTOR AT NODES C

C
C WHERE DRY NODES ARE SPECI FI ED, SET RHS EQUAL TO HEADS FROM
| ~"OLD TI MESTEP AND LAYER BELOW C

- -

NEe= RHS IOy | Gl

|
[
C
!
§

- -

CCCCCC
SUBROUTI NE RHSDRY
| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),
1NODCOR( 51, ZE{EELNPRPSM 8, %9) NE 51 4 KH 51 10, 20), ST(51, 20, 3),

%CRIgLS:L %gi CCRRHSEZO R 2 EIE.)]-Z(% T(P 51 20 &DR%( g](.RIZ_OHB 20
4N(I)E2_|I§)( NELFLG 51, 20) ), TO ) ( )

COVMON Q NCDFLG, HEAD, NOCDCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NT1 MST, NSWICH, I T, | Z, | NCOR,

2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
DO 20 | E=1, NELEM
I'F ( (1Z.EQI) .AND. (NODFLGIE 1Z,2).EQ5) ) THEN
WRI TE (6, 1000)
ENDI F

.GT. 1) . .
IFE ( (IIZihCIBTZl) AND.  (NODFLG(1E, 1Z,2).EQ5) ) THEN

DO 10 | N3=1, 3
............ | DENTI FY NODE NUMBER ON TRI ANGULAR ELENENT
NODE( 1) =NEM | E, 1)
NODE( 2) =NEM | E, 2)
NODE( 3) =NEM | E, 3)
RHS( NODE( | N3) , | Z) =HEAD( NODE( | N3) , | ZM 1)
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10 CANTI NUE
ENDI F
20 CONTI NUE

JJ)00 __FORMAT (' BOTTOM NODE | N AQUI FER GOES DRY')
NA URN

cccceceeececceccecceccecceccecceccecceccceccecccccccccccccccccccccccccccccceccccccccccccccccccccccce

- —
C VARI ABLE LI STI1I NG SUBROUTI NE SOLVE C
- -

C NANE TYPE DESCRI PTI1I AON C
c HEAD  REAL*8 HEADS FROM NEW Tl MESTEP ( NODES, LAYERS, 2): [L] C
C 1 | NTEGER* 2 LOOP COUNTER FOR COLUWMNS C
c 1z | NTEGER* 2 LOOP COUNTER FOR LAYERS C
C J | NTEGER* 2 LOOP COUNTER FOR ROWS c
< KH REAL* 8 HORI ZONTAL FLOW TERVS ( NODES, BANDED | NDEX, c
c LAYERS) ; [L2/T] c
C NBAND I NTEGER* 2 BANDW DTH [
C NDI AG I NTEGER* 2 COLUWMN | NDEX [
C NEOQN I NTEGER* 2 ROW | NDEX c
C NI TER I NTEGER* 2 COLUMWMN | NDEX Cc
(@ NNMAX | NTEGER* 2 COLUMN | NDEX c
C NNODE | NTEGER* 2 TOTAL NUVMBER OF NODES c
c NODE | NTEGER* 2 ROW | NDEX c
c RHS REAL* 8 RI GHT HAND SI DE FOR PREDI CTOR EQUATI ONS c
c ( NODES, LAYERS) ; [L3/T] c

c

Ccccccccececeeccececceccececcecceccecceccceccecceccecceccceccceccecceccceccceccceccecccecccecccceccceccccccccecccccccccccccccc
c

NM"SUBROUTI NE SO VE DESCRI PT1 AN L @
C SOLVES FOR HEADS FROM PREDI CTOR EQUATI ONS USI NG BACKWARD C
C SUBSTI TUTI ON (GAUSS ELI M NATION). USES BANDED FORM OF NATRI X. C

SUBROUTI NE SOLVE

| MPLI O T REAL*8 (A-H, 0-2)

REAL*8 KH, KV, NODCOR

DI MENSI ON QX 51, 20) , NODFLG( 51, 20, 2), HEAD( 51, 20, 3)

1NODCOR( 51, 2) , ELI\/PRP&Sl 8, 2}00) NEI\/E)S él—)l&fl 10 20), ST(51, 20, 3),
2RHS( 51, 20; 5 51, 2 HA( 20) , CORLHB( 20) ,
3CORLH CORRHS( 20) , RH82(51 20) . TOP(51 20), QDRY(51 20),
ANELFLE 51, 20)

COMMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,

| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

NDI AG = NBAND/ 2 + 1
NMAX=NBAND- NDI AG

NODE = NNODE - 1
DO 10 I = 1, NODE
NI TER=NNMAX
| F(NI TER. GT. NNODE - 1) NITER = NNCDE - |
DO 10 J = 1, NN TER
10 RHS(H- J,12) = RHS(1+J,12) + KH(1+J, NDI AG J, 1 Z) *RHS(1, 1 2)
HEAD( NNODE, | Z, 2) = RHS( NNODE, | Z) / KH( NNODE, NDI AG, | 2)
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NODE=NNODE- 1

DO 20 J = NODE, 1, -1

NI TER=NMAX

| F( NI TER. GT. NNODE-J) N TER=NNODE- J

DO 30 K=I, Nl TER
* 30 RHS[S(J IZ% RHSJ | Z) - HEAD( J+K, | Z, 2) *KH( J, NDI AG+K, | 2)
20 HEAD(J, | HS(JIZ)/K(J NDI AG | 2)

RETURN
END

CCCccceccecceeceecececceccececcecceccecceccecceccccececcccceccecccccececccccececcccccccccccccccccccccccc

- -

C VARI ABLE LI STI NG SUBROUTI NE LHSCOR C

- -
C NANE TYPE DESCRI PT1I ON C
C CORLHA REAL*8 COLUWN A OF LEFT HAND SI DE OF CORRECTOR C
c LAYERS) ; [ L=/ 1] C
c CORLHB REAL*8 COLUW B OF LEFT HAND SI DE OF CORRECTOR C
c LAYERS) ; [ L2/ T3 C
C CORLHC REAL*8 UWN C OF LEFT HAND SI DE OF CORRECTOR C
c ( LAYERS) ; L=2/7 T C
c I NCOR I NTEGER* 2 LOOPrr COUNTER ORLR NODOEsSs C
c I ZCOR I NTEGER* 2 LOOPP COUNTER FOR LAYERS C
= KV REAL™* 8 UPPER SET OF VERTI CAL FLOW TERMS FOR USE | N C
c CORRECTOR EQUATI ONS ( NODES, LAYERS, 1,2); [L2/T]C
c KV REAL™* 8 UPPER+LOVWNER SET OF VERTI CAL FLOW TERMS FOR C
c USE | N CORRECTOR EQUATI ONS ( NODES, LAYERS, 2, 2); C

c L — 7 L
c KV REAL* 8 L R SET OF VERTI CAL FLOW TE FOR USE I N C
CORRECTOR EQUATl NODES, LAYERS, 3, 2) L2/ T]C
NL AY I NTEGER* 2 ER O L S C
C ST REAL* 8 STORAGE TERMS TO BE APPLI ED TO OLD HEADS C

C (I NODOES, LAYERS, 3) ; [ L2221 (-

-

SUBROUTI NE LHSCOR DESCRI PTI ON:

C
c
CALCULATES LEFT HAND SI DE VECTORS FOR CORRECTOR EQUATI ONS. AssI GNs ¢
APPROPRI ATE KV OR KV PLUS ST TO THREE VECTORS. c
C
Cc

00 o o 0

ccccceceecececceccececcecececceccecceccecccececcecceccecceccccecccecccceccccecccecccceccccccecccceccccccccceccccccccccccc

- -
| i SUBBFRCCUIT 1 INE L HSCOO | Gl
— —

SUBROUTI NE LHSCOR

| MPLI CI T REAL*8 (A-H, 0-2)

REAL*8 KH, KV, NODCOR

DI MENSI ON QX 51, 20) , NODFLG( 51, 20, 2) , HEAD( 51, 20, 3)

1NODOOR( 51, Z?QEELI\/PRPSM 8, 20) . NE 51 4 KH 51 10 20), ST(51, 20, 3),

2RHS( 51 20{ § 51, 20, &DF& CORLHB 20) .
gﬁgfh 20) 5 ORRHS 20) , RHS2(51, 20) TCP(51 20) (51, 20),

COMMON Q, NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

FORM LEFT HAND S| DE MATRI X OF CORRECTOR

DO 50 | ZCOR=l , NLAY

CORLHC( | ZCOR) =- KV( | NCOR, | ZCOR, 1, 2)
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CORLHB |ZC(R2 =KV( | NCOR, | ZOOR, 2, 2) +( ST(1 NCOR, | ZCOR, 1)/ DELTI M
50 CORLHA(| ZCOR) =- KV( | 1 ZOOR, 3, 2)

RETURN
END

P' I, cccecececececccecceccceccecececececececececececcececcecceccccecccccccccccccccccccce

C VARI ABLE LI STI NG SUBROUTI NE LCORDR C
- -
C NANE TYPE DESCRI PTI ON C
c CORLHA REAL*S8 COLUW A OF LEFT HAND SI DE OF CORRECTOR C
c ( LAYERS) ; [ L=/ T @
c CORLHB REAL*8 COLUW B OF LEFT HAND SI DE OF CORRECTOR C
c LAYERS) ; L=>2/7 T @
c CORLHC REAL*S8 UW C OCF LEFT ND SI DE CORRECTOR C
c ( LAYER P |£ L2/ T @
c I NCOR I NTEGER* 2 LOOPr COuU ER OR NODOEsSs C
c I ZCOR I NTEGER* 2 LOOFrP COUNTER FOR LAYERS C
c NODFLG I NTEGER*2  NODAL FLAG FOR HEAD STATUS (NCDES, LAYERS,2) C
c SEE SUBROUTI NE CHKHED FOR EXPLANATI ON OF C
c — L__ACS NUONESE EE R =— | G
c NLAY I NTEGER* 2 NUNE ERRR COF— L A Y ERS | QD
c C
C
C C
c SUBROUTI NE LCORDR DESCRI PTI ON: c
¢ | NCORPORATES DRY NODES | NTO CORRECTOR VECTORS. AT NODES c
©  \HERE DRY NODES ARE SPECI FI ED, SET CORLHA, CORLHC EQUAL TO O, c
c CORLHB EQUAL TO 1. C
C
cccccececececececececceccecececceccecececcceccececcecccecceccecccececccceccecceccccecceccecccceccecccecceccccccecccccecccccceccce

- -
| i SUBESFRFRCOUIJT 1 NNE= L CCAOXADO | i
- -

cCCCcCcCccCccCccececeececececececececececececececececcecceccecceccecceccecceccecceccecceccececcccccccccccccccccccccccccccccce
SUBROUTI NE LCORDR
I MPLICI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),
1NODOOR( 51, 2), ELI\/PRPSSl 8, 20) . NEM 51, 4; KH(51, 10, 20), ST(51, 20, 3),

2RHS( 51, 20, E (51, 20, 3. 2 HA( 20) , CORLHB( 20) .
3CCRLHC( 20) . CORRHS( 20} , RH82(51 20), TOP( 51, 20) , QDRY( 51, 20),
ANODE( 3), NELFLG( 51, 20)

COMMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWI'CH, [ T, 1Z, | NCOR
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
DO 50 | ZOOR=1, NLAY
DO 25 | E=1, NELEM
DO 25 | N3=1, 3
G | DENTI FY NCDE NUMBER ON TRI ANGULAR ELENMENT
NODE( 1) =NEM | E, 1)
NODE( 2) =NEM | E, 2)
NODE( 3) =NEM | E, 3)
| F (NODE(1 N3). EQ | NCOR) THEN
| F (NELFLG(1E, | ZCOR). EQ 5) THEN
CORLHC( | ZCOR) =0. DOO
CORLHB( | ZCOR) =1. DOO

CORLHA( | ZCOR) =0. D00
ENDI F
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ENDI F

25 CONTI NUE
50 CONTI NUE
RETURN
END

N

><CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C c
C VARI ABLE LI STI NG SUBROUTI NE RHSCOR c
C c
C NANME TYPE DESCRI PTI ON c
c CORRHS ~ REAL*8 Rl GHT HAND SI DE OF CORRECTOR (LAYERS); [L3/T] <
c HEAD REAL* 8 HEADS FROM NEW TI MESTEP ( NODES, LAYERS, 2); [L] <
C I NCOR I NTEGER* 2 LOOP COUNTER FOR NODES C
C I ZCOR | NTEGER* 2 LOOP COUNTER FOR LAYERS C
C NLAY | NTEGER* 2 NUVBER OF LAYERS C
C ST REAL* 8 STORAGE TERMS TO BE APPLI ED TO TOPS OF NODES C
c ( NODES, LAYERS, 2)i [L2] c
C ST REAL* 8 STORAGE TERMS TO BE APPLI ED TO NEW HEADS C
c ( NODES, LAYERS, 3) |  [L2] c
c ToP REAL* 8 TOP OF NODES (NODES, LAYERS); [L] c
C [
ccccccceceececcecececcecceccececceccecceccecceccceccecccceccecceccceccecceccecccecceccccecceccccecceccccecceccecccecceccecccceccccccccccccccc
c C
c SUBROUTI NE RHSCOR DESCRI PTI ON: c
¢ FORVMS RI GHT HAND SI DE MATRI X FOR CORRECTOR EQUATI ONS. c
¢ MJILTI PLI ES ST Tl MES APPROPRI ATE HEADS TO FORM AND ADDS RHSs2 c
c VECTOR. c
c (]

ccccecceccececececceccecececcecceccececcecccececcccecceccecceccceccecceccccecceccceccecceccecccceccecccceccceccccceccccecceccccecccccccccccc

SUBROUTI NE RHSCOR

| MPLICI T REAL*8 (A-H, 0-2)

REAL*8 KH, KV, NODCOR

DI MENSI ON Q( 51, 20) , NODFLG( 51, 20, 2), HEAD( 51 20, 3),

1NODCOR( 51, 2}{ ELI\/PRPSSl 8, 20) , NE 51 4 H(51, 10, 20), ST(51, 20, 3),
2RHS( 51 203 ECH 2 (51,2 L HA( 20) , CORLHB( 20) ,
3CCRLHC( CORRHS( 20) , RHS2( 51, 20) , TOP(51 20) QDRY(51 20),
ANELFLQE(51, 20)

COMMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,

| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, I Z, | NCOR

2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
C BEG N LAYER LOOP

DO 40 | ZCOR=I , NLAY
C(RRHSIZC(R? : (ST(1 NCOR, | ZCOR, 3) / DELTI M *HEAD( | NCOR, | ZCOR, 2) )

1 +((ST(I COR2/DEL| *TOP( | , | ZCOR
2 —(éQHS(Z(I NCOR z ) \ ( )
40 CONTI NUE
RETURN
END

VARI ABLE LI STI NG SUBROUTI NE RCORDR

NANE TYPE DESCRI PTI ON

© 0000

0O 0o 0
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C CORRHS REAL*8 RI GHT HAND SI DE OF CORRECTOR ( LAYERS) ; [L3/ T]

C HEAD REAL*8 HEADS FROM OLD | TERATI ON ( NODES, LAYERS, 3 gL] C

C INTEGER*Z Lcn:’ COJ ER FOR N =
FOR LAYERS

" \GPRER ALRGER 20 OoF, COINTER PR AR AT 20T €

C SEE SUBROUTI NE CHKHED FOR EXPLANATI ON O: C
< — — L AN C—= T~V iE=ESEE I <
C NLAY | NTEGER2 NUNVBER O L AYERS C
c

C SUBROUTI NE RCORDR DESCRI PTI1I ONE C
C | NCORPORATES DRY NODES | NTO RCORDR VECTOR. AT NODES C
C WHERE DRY NODES ARE SPECI FI ED, SET RHS EQUAL TO HEADS FROM C
C OD T1 VESTERFP AND L AYER BELOVW C

SUBROUTI NE RCORDR

| MPLI CI T REAL*8 (A-H, 0- 2)
REAL* 8 KH, KV, NODCOR
DI MENSI ON (51, 20) , NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),
1NODCOR( 51, 2) , ELMPRP( 51, 8, 20),NEIV(51,4§ KH(51, 10, 20), ST(51, 20, 3),
2RHS( 51, 20) , RECHGN( 51, 20) , KV( 51, 20, 3, 2) . CORLHA( 20) , CORLHB( 20) ,
3CORLHC( 20) , CORRHS( 20) , RHS2( 51, 20) , TOP( 51, 20) , QDRY( 51, 20)
ANODE( 3), NELFLG( 51, 20)
COVVON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
DO 50 | ZCOR=1, NLAY
DO 50 | E=1, NELEM
IF ( (1ZCOR EQ 1) . AND.
1 (NELFLX I E, 1 ZCOR) . EQ. 5) ) THEN
WRI TE (6, 1000)
ENDI F
IF ( (1ZCOR GT.1) .AND.
1 (NELFLX I E, 1 ZCOR) . EQ. 5) ) THEN
Co | DENTI FY NODE NUMBER ON TRI ANGULAR ELEMENT
DO 25 I N3=1, 3
NODE( 1) =NEM | E, 1)
NODE( 2) =NEM | E, 2)
NODE( 3) =NEM | E, 3)
| F (NODE(1 N3) . EQ | NCOR) THEN
| ZMCOR=I1 ZCOR- 1
o - CORRHS( | ZCOR) =HEAD( NODE( I N3) , | ZMCOR, 1)
=25 CONIT 1T INUE
ENDI F
50 CONTI NUE

,JépOFl{:%N (* BOTTOM NODE I'N AQUI FER GCES DRY")

END

- -

C VARI ABLE LI STI NG SUBROUTI NE OUTRAD C
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0
(0]

c NANE TYPE DESCRI PTI ON c
- HEAD REAL* 8 HEADS FROM NEW | TERATI ON ( NODES, LAYERS, 2) [L]C
I | I NN | NTEGER* 2 LOOP COUNTER FOR NODES C
I N2 I NTEGER* 2 LOOP COUNTER FOR EVERY OTHER NODE C
C 1 Z I NTEGER* 2 LOOP COUNTER FOR LAYERS c
C NLAY | NTEGER* 2 NUMBER OF LAYERS C
C NNODE | NTEGER* 2 TOTAL NUVMBER OF NODES C
C NNO DE2 I NTEGER* 2 HALF THE TOTAL NUVMBER OF NODES c
CC? NODCOR  REAL* 8 Y COORDI NATES OF NODES ( NODES, 2); [L] c
c

C
c C
c SUBROUTI NE OUTRAD DESCRI PTI ON: C
S QUTPUTS FI NAL HEADS | N RADI AL FORMAT, LAYER BY LAYER APPROPRI ATE C
c ONLY FOR Pl E SHAPED | NPUT DATA SET. C
c (@

SUBROUTI NE OUTRAD

| MPLICI T REAL*8 (A-H, 0-2)
REAL* 8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLG( 51, 20, 2) , HEAD( 51, 20, 3)
1NODOOR( 51, 2) , ELMPRP( 51, 8, 20) , NEM 51, 4), KH( 51, 10, 20) , ST(51, 20, 3),
2RHS( 51, 203 RECHGN§51 Z%SKV 51,20, 3, 2) , CORL &DF& CORLHB( 20)
2(

3CORLHC( 20) . CORRHS( 20} 1,20) . TOP( 51, 20), 51, 20),
ANELFLG( 51, 20)

COVMON Q, NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

VWRI TE (7, 1000) (I2Z,12Z=1, NLAY)

NNODE2=NNODE/ 2

DO 20 | NN=1, NNODE2

I N2=( (1 NN- 1) *2) +1

20 WRITE (7,1001) NODCOR(INZ,2) ( HEAD(IN2,12Z, 2), 1Z=1, NLAY)
1000 FORVAT (' ', (7110))

1001 FORMAT (F10. 4, (7F10. 4))
RETURN

END

-
C VARI ABLE LI STI1I NG SUBROUTI NE QUTCOL C
-

-

C NANE TYPE DESCRI PTI ON C
c HEAD  REAL*8 HEADS FROM NEW | TERATI ON ( NODES, LAYERS, 2); [L]C
C I'N | NTEGER* 2 LOOP COUNTER FOR NODES C
c 1z I NTEGER* 2 LOOP COUNTER FOR LAYERS c
Cc NLAY I NTEGER* 2 NUVBER OF LAYERS C
NNODE I NTEGER* 2 TOTAL NUVMBER OF NODES c

FT1 nooocor  reacss X COORDI NATES OF NODES (NODES, 1)  [L] c
c NODOOR  REAL* 8 Y COORDI NATES OF NODES (NODES, 2)  [L] c
C
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C SUBROUTI NE OQUTCOL DESCRI PTI ON:

C QUTPUTS FI NAL HEADS | N NODE BY NOCDE, LAYER BY LAYER FORVAT.
C APPROPRI ATE FOR ALL DATA SETS.

Q.

o000

Pccccceccececececccececececececcecececececececcececececececececececeececececececececececececcececececcececececceccecececcececcccce
C SUBFFROUTI NE OuUrTcColL. <
- -
CCccccccecceceecececcecececcececececccecececceccceccecceccceccececceccceccececccceccceccccecceccccecceccecccceccccceccecccccccccccce
SUBROUTI NE OUTCOL
| MPLICI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLG( 51, 20, 2) , HEAD( 51, 20, 3),
1NODCOR( 51 2}{ ELI\/PRPSSl 8, 20) , NEM 51, 4; KH 51 10, 20), ST 51, 20, 3),
2RHS(51 20) , RECHG\ 51, 20, &DRz( B( 20) .
3CORLHC{ 20) . CORRHS( 20} , 1, 20), TOP 51, 20 51, 20),
ANELFLG( 51, 20)
COMMON Q. NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, I T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
VWRI TE (7,1000) 1 Z, NLAY
DO 20 | N=1, NNODE
20 WRI TE (7, 1001) ( N(DCCR&FN IP) |P=1,2 ), HEAD(IN, 1 Z, 2)
1000 FORMAT (" LAYER=

1001 FORVAT ( 3F10. 4)
RETURN

END
cccccececeececececcecececcecceccecceccecceccecceccecceccccecccecceccecccceccccecccecceccceccccecccceccccccecccceccccccccccce

C
VARI ABLE LI ST1I NG SUBROUTI NE THNVMALG C

- —
C NANE TYPE DESCRI PTI ON C
C AA REAL™* 8 COLUWMN A OF LEFT HAND SI DE OF CORRECTOR C
< ( LAYERS) ; [ L3/ 1] @
C BB REAL™* 8 COLUWN B OF LEFT HAND SI DE OF CORRECTOR C
c ( LAYERS) ; [ L3/ 1] @
c BETA REAL* 8 TENMPORARY CO_UNMN VECTOR C
c cc REAL* 8 COLUWN C OF LEFT HAND SI DE OF CORRECTOR C
c ( LAYERS) ; [ L3/ T] @
c GAMVA REAL™* 8 TENMPORARY CAO_UNMN VECTOR C
c HEAD REAL™ 8 HEADS FROM NEW | TERATI ON ( NODES, LAYERS, 2); [L]C
c I NCOR INTEGER' 2 L OOP COUNTER FOR NODES C
c I I NTEGER* 2 LOOPFP COUNTER FOR LAYERS C
c NLAY I NTEGER* 2 NUNEBE ERRR OF— L A YERS | s
c NNODE INTEGER* 2 T OTAL NUNBER O NODOOES C
© RR REAL* 8 Rl GHT HAND SI DE OF CORRECTOR (LAYERS); [L3/T] C

0

C SUBROUTI NE THVALG DESCRI PTI ON:

C SOLVES FOR HEADS FROM CORRECTOR EQUATI ONS USI NG THOVAS ALGORTI THM
C APPROPRI ATE FOR BANDED MATRI X W TH ONLY THREE COLUWNS (OR VECTORS)

0no0o0o0

" DO00C000000C00C0C0000C0000C0C00C0C00C0C00C0C0000C0C000000000C0000C00E

| Gl SUBBFRCCUIT 1 INE I HNIAL . G | Gl

- -

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCceccee
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2RHS(
3CDRY( 51, 20J, NELFLG( 51, 20)

COVVON Q NCDFLG, HEAD, NODCOR, ELMPRP, NEM K
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI
2AA, BB, CC, RR, MXI TER, ERRALL, | TER, RHS2, TOP,
3 QDRY, NDRY, NACCL, NSS, NRAD, NELFLG

BETA(l) = BB(1)

GAMVA(1) = RR(1) / BETA(I)

NLA

DO 10 | = 2,
BETA(l) = BB(I) - AA(I) * CC(l - 1) / BETA(l - 1)
10 GAMMA(I) = (RR(1) - AA(I)*GAMVA(I - D) / BETA(I)
HEAD(I NOOR, NLAY, 2) = GAMVA(NLAY)
= NLAY -
DO 20 J =1, N
I = NLAY - J

20 HEAD( | NCOR, |, 2) =GAMMA( | ) - [ ) * HEAD( | NCOR, | 1,2)/ BETA(I
1000 FOR T(4E126)) (1)-o1) X 1+ L2) (1)

RETURN
END
gccccececececececececccececececcecceccececcceccececceccceccececcceccecceccecccceccecccceccecceccccecceccecccceccecccccecceccccecceccccccccccce
— -

C VARI ABLE LI STI NG SUBROUTI NE CONVER C
NANE T YPE DESCRI PTI1 AN C
ERRALL  REAL*S8 ERROR BETWEEN TI MESTEPS [ D]

ERRALL  REAL*S8 ALLOMABLE ERROR BETWEEN TI MESTEPS [ D]

ERRMAX  REAL* 8 MAXI MUM ERROR BETWEEN | TERATI ONS [ D]

EMXVAX  REAL* 8 MAXI MUM ERROR FOR ENTI RE RUN [ D]

HEAD REAL* 8 HEADS FROM NEW | TERATI ON ( NODES, LAYERS, 2) [L]
HEAD REAL™* 8 HEADS FROM OLD | TERATI ON ( NODES, LAYERS, 3) [L]
I NE NTEGER*2 LOOP COUNTER FOR NODES

1T NTEGER* 2 LOOP COUNTER FOR TI ME

| TER

I
|
|
| ZE I NTEGER*2 LOOP COUNTER FOR LAYERS
INEMAX I NTEGER"2  NODE | NDEX FOR LOCATI ON OF ERRMAX
|
I
|

I ZEMAX NTEGER* 2 LAYER | NDEX FOR LOCATI ON OF ERRNMAX

MXI TER NTEGER*2 MAXI MUM ALLOWABLE | TERATI ONS

NCONT I NTEGER'2 | AG FOR CONTI NUI NG | TERATI ONS (=1 CONTI NUE)
NLAY | NTEGER* 2 NUVBER OF LAYERS

NLAYI I NTEGER'2  NUMBER OF LAYERS PLUS ONE (NLAY+1)

NLSTRT I NTEGER* 2 LAYER NUVMBER OF UNCONFI NED LAYER

NNCODE I NTEGER* 2 TOTAL NUMBER OF NODES

NTI MST I NTEGER*2  TOTAL NUMBER OF Tl MESTEPS

000000000000 ND0OO0ONDO00N0DO0

C
c
c
C
C
C
C
c
NTEGER* 2 LOOP COUNTER FOR | TERATI ONS c
c
c
c
c
c
c
c
c
c
c
c
c

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

' Bk <

Hﬁ%& R A EREEREE D SOLUTI ON BY FINDING MXI MM ERRCR <
BETWEEEN HEADS FROM NEW | TERATI ON AND HEADS FROM OLD | TERATI ON. C

C ERROR | S CALCULATED AS ABSOLUTE VALUE OF RELATI VE ERROR

C ERROR I S COWARED TO MAXI MUM ALLOMBLE ERROR AND NUVMBER OF C

C |ITERATIONS | S COVWARED TO MAXI MUM ALLOMBLE | TERATIONS. | F

(¢]
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C CCNVERGENCE I S REACHED BEFORE NMAXI MUM ALLOMABLE | TERATI ONS, C
"NCONT" FLAG IS O, AND MAIN PROGRAM I S ALLONED TO GO TO NEXT C
C TI MESTEP. CWHERMYSE "NCONT" FLAG IS SET TO 1 AND | TERATI ONS C

R e TS i PR AR T b, €

C ANY TI NESTEP. MAXI MUM ERRROR AND POSTI O\I ARE OUTPUT TO UNIT 10. C
C MNMAXI MUM ERRCR OVER ALL TI MESTEPS IS ALSO | DENTI FI ED AND SENT TO C

< e _Fir—3an | | - _ <
- -
- -
| @b SUBROUTI NE CONVER C
- -

ccccecceccececececceccecececcecceccececcecccececcccecceccecceccecceccecceccccececcceccecceccecccceccecccceccecccccecceccccceccccccccccccccc
SUBROUTI NE CONVER( NCONT)
I MPLICI T REAL*8 (A-H, 0-2)
REAL*8 KH, KV, NODCOR
DI MENSI ON X 51, 20) , NODFLQ 51, 20, 2) , HEAD( 51, 20, 3),
1INODOOR( 51, 2) , ELMPRP(51, 8, 20) , NEM 51, 4) , KH( 51, 10, 20), ST(51, 20, 3),
2RHS(51, 20) , RECHGN( 51, 20) . KV( 51, 20, 3. 2) , CORLHA( 20) , CORLHB( 20) |
3CORLHC( 20) , CORRHS( 20) , RHS2( 51, 20) , TOP( 51, 20) , QDRY( 51, 20)
ANELFLG( 51, 20)
COVMON Q NODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, I T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
C .... I NI TI ALI ZE NCONT
NCONT=0
. FI ND GREATEST ERROR
ERRMAX=0. DO
C. .... SET NLAY+1=NLAY1
NLAY1=NLAY+1

DO 100 | NE=1, NNODE
DO 100 | ZE=1, NLAY
ERR=DABS( HEAD( | NE, | ZE, 2) - HEAD( | NE, | ZE, 3))
1 /7 HEAD( | NE, | ZE, 3)

| F (ERR GT. ERRVAX) THEN
ERRVAX=ERR

I NEMAX=1 NE
| ZEMAX=I ZE
ENDI F
| F (ERR GT. EMXMAX) THEN
EMXMAX=ERR
ENDI F
100 CONTI NUE

C.... VRI TE QUT ERROR (DI FFERENCE BETWEEN OLD AND NEW

VRI TE (10, 1007) IT, | TER, ERRMAX, | NEMAX, | ZEMAX
C.... CHECK FOR CONVERGENCE OR ALL CONFI NED

C.... AND CONTI NUE | TERATI ON OR GO TO NEXT TI ME STEP
F ( (ITER LT. MXITER) . AND. (ERRVAX. GT. ERRALL)
LAND. (NLSTRT. NE. NLAY 1) ) THEN
NCONT=1
ELSE | F (I TER EQ MXI TER) THEN
VRI TE (6, 1004)
ELSE I F ( (I TER LT. MXI TER) . AND. (ERRVAX.LT. ERRALL)
LAND. (NLSTRT. NE. NLAYl) ) THEN
VWRI TE (6, 1005) | TER
ELSE | F (NLSTRT. EQ NLAYl ) THEN
VRI TE (6, 1009)


NEATPAGEINFO:id=60B2A70E-5C1D-4F8D-885C-2EBA92565D21


ENDI F
C.... WRlI TE LARGEST ERROR ENCOUNTERED
| F (1 T. EQ NTMSTP) THEN
WRI TE (7, 1013) EMXMAX
WRI TE (7, 1012)
ENDI F
1004 FORMAT (' FAILED TO MEET CONVERGENCE CRI TERIA W THI N MAXI MUM
1 ALLOWABLE | TERATI ONS')
1005 FCRI\/AT 1( SUCCEEDED | N MEETI NG CONVERGENCE CRI TERIA W THI N
1, 14, ERATI ONS' )
1007 FORMAT (' ', 14,14, E12.6, 14, 14)
1009 FORNAT ( ALL LAYERS CONFI NED, NO | TERATI ONS NECESSARY')
1012 FORMAT (' ')
1013 FORVAT (' LARGEST ERROR ENCOUNTERED BETWEEN STEPS = ', E12. 6)

RETURN

END

CCCCCCH
-
C VARI ABLE LI STI NG SUBROUTI NE WATBAL C
- -
C NANE TYPE DESCRI PT1 ON C
c BALLHS REAL*8 LEFT HAND SI DE OF BALANCE EQUATI ON: STRESSES C
c L= 7 ~nx ] )
c BALRHS REAL*8 Rl GHT HAND S| DE OF BALANCE EQUATI ON: CHANGES C
c I N WATER LEVEL [ L3/ T1] C
c DELTI M REAL*8 T VE STEP S ZE [ 1] @
c ERRBAL  REAL* 8 ERROR | N WATER BALANCE [D] C
c HEAD REAL™ 8 HEADS FROM OLD TI MESTEP ( NODES, LAYERS, 1); [L] C
HEAD REAL™ 8 HEADS FROM NEW | TERATI ON ( NODES, LAYERS, 2); [L]C
I N I NTEGER* 2 LOOP COUNTER FOR NODES C
C (V4 I NTEGER* 2 LOOP COUNTER FOR LAYERS C
C MXI TER | NTEGER* 2 MAXI MUM ALLOWABLE | TERATI ONS C
C NLAY I NTEGER* 2 NUVBER OF LAYERS C
C NNODE I NTEGER* 2 TOTAL NUVMBER OF NODES C
C NTI MST | NTEGER* 2 TOTAL NUMBER OF Tl MESTEPS C
& ST REAL* 8 STORAGE TERMS TO BE APPLI ED TO NEW HEADS C
c ( NODES, LAYERS, 1); [L2] c
c ST REAL* 8 STORAGE TERMS TO BE APPLI ED TO TOPS OF NODES ¢
c ( NODES, LAYERS, 2); [L2] c
c ST REAL*® STORAGE TERMS TO BE APPLI ED TO O.D HEADS C
c ( NODES, LAYERS, 3); [L2] c
g TOP REREAL*8 TOP OF GRDEOE NOBEBH AYERIDES, ULAYERS) ; fLI C
C
- -
C SUBROUTI NE WVWWATBAL DESCRI PTI1 ON: C
C PERFORVMS WATER BALANCE OVER ENTI RE DOVAI N. CALCULATES WATER OUT C
C BY SUBTRACTI NG FI NAL HEADS FROM | NI TI AL HEADS AND | NTEGRATI NG C
C OVER EACH ELEMENT. | N ORDER TO GET | NI TI AL HEADS | NPUT DATA C
C FILE I'S REWOUND AND THESE HEADS ARE CHECKED FOR STATUS ( CONFI NED, C
C UNCONFI NED, ETC.). FINAL HEADS ARE ALSO CHECKED FOR STATUS, AND C
C STORAGE TERVMS ARE CALCULATED ON STATUS OF HEADS. WATER QUT IS C
C COVWPARED TO WATER OUT AS A RESULT OF NODAL STRESSES. ERROR IN C
0 ERFCR 15 AECLR ATED, AS-RESOLTTE VAL OE“CF FeLATIVE Dl FFERENCE €
C V\ATER BALANCE ERROR TO UNI' TS 20 AND 7.

-

- -
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| S U =S JJT1 1 [ N | NNAANT EE AL |

~———— b,

ccccccccecceccecececececcecceccececceccecceccececcececceccecceccecceccececcecceccecceccecceccecceccceccecceccceccecceccecceccceccecceccecccecceccceccceccccecccec
SUBROUTI NE WATBAL
| MPLI CI T REAL*8 (A-H, 0-2)
REAL* 8 KH, KV, NODCOR
DI MENSI ON Q( 51, 20) , NODFLG 51, 20, 2) , HEAD( 51, 20, 3),
1NODCOR( 51, 2) , ELMPRP( 51, 8, 20) , NEM 51, 4) , KH( 51, 10, 20), ST(51, 20, 3),
2RHS( 51, 20) , RECHG\( 51, 20) , KV( 51, 20, 3, 2) , CORLHA( 20) , CORLHB( 20) ,
3CORI i HG(20) , CORRHS(20) , RHS2(51, 20) , TOP(51, 20) , QDRY(51, 20)
ANELFLG( 51, 20)
COMMON Q NCODFLG, HEAD, NODCOR, ELMPRP, NEM KH, ST, RHS, KV,
| RECHGN, NNODE, NELEM NLAY, NBAND, DELTI M NTI MST, NSWICH, | T, | Z, | NCOR,
2 CORLHA, CORLHB, CORLHC, CORRHS, MXI TER, ERRALL, | TER, RHS 2, TOP, NLSTRT,
3QDRY, NDRY, NACCL, NSS, NRAD, NELFLG
C. .... READ BACK I N I Nl TI AL HEADS
REW ND ( 3)
DO 80 | N=1, NNODE
80 READ (3,1010) ( HEAD(IN, 1Z 1), |2Z=1, NLAY )

C. .... CHECK CONDI TI ON OF AO_LD HEADS
CALL CHKHED(1)
C..... CHECK CONDI TI ON OF NEW HEADS W TH | NI TI AL HEADS AS REFERENCE

CALL CHKHED( 2)

DO 100 | Z=1, NLAY
100 CALL FORMST(I)

DO 40 | Z=1, NLAY

DO 40 | N=1, NNODE
BALRHS=BALRHS+(- (ST(IN, 1 Z, 3) *HEAD(I N, 1 Z, 1) )

1 - (ST(I N, 1 Z,2)*TOP(I N, I 2))

2 +(ST(IN, 1 Z, D*HEAD(I N, 1 Z, 2)) )
' 40 BALLHS=BALLHS+( QI N, | Z) *NTI MST* DELTI M

ERRBAL=DABS( ( BALRHS- BALLHS) / BALRHS)

WRI TE (6, 1000) ERRBAL

WRI TE (7, 1000) ERRBAL

VRl TE (7, 1001)
1000 FORMAT (' RELATIVE ERROR | N WATER BALANCE=', E12. 5)
1001 FORMAT (' ')

1010 FORVAT ((7F10.4))
RETURN

END
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APPENDI X 3:

FORTRAN CODES FOR VALI DATI ON PROGRAMS
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ccecececececececccececececececececececccccccccccceccccccccccccccccececccccccccccccccecccccceccece
— -~

C PROGRAM FOR STEADY- STATE, ONE- DI MENSI ONAL FLOW I N AN C

/C\}J\NCO\IFI NED AQUI FER W TH_TWDO DI RICHLET BOUNDARI ES (W TH C

THOUT RECHARGE) C

ccccccccecceccecceccececceccecceccececcececceccecceccececceccecceccecceccecceccecceccceccecceccecccececcecceccceccceccecceccecccecceccecceccceccecccecccecccecceccceccccc
| MPLI CI T REAL*8 (A-H, 0-2)
C. .... READ | N DATA
READ (1, 1000) | XMAX, XDEL
READ (1, 1001) HEADO, HEAD1, X1
READ (1, 1002) RECHGE, CONDX
C. .... ECHO OUT DATA
WRI TE (3, 1000) | XMAX, XDEL
WRI TE (3, 1001) HEADO, HEAD , XI
VRI TE (3, 1002) RECHGE, CONDX
C .... BEGA N X LOOP
DO 100 | X=1, | XMAX
X=XDEL* (| X- 1)
C ... CALCULATE HEADS
HEADSQ=( ( RECHGE/ CONDX) * ( X**2) )
1 + ( ( (((HEADL**2) - ( HEADO**2))/ Xl )
2 - (RECHGE* X1/ CONDX) ) *X )
3 + ( HEADO* * 2)
HEAD=HEADSQ* * 0. 5D0
Cooviii VRl TE HEADS, X
100 WRI TE (6, 1003) X, HEAD
1000 FORMAT (14, F10. 4)
1001 FORMAT ( 3F10. 4)
<02 FORMAT (2E12.6)

03 FORMAT (2F10. 4)
STOP

END
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$LARGE

$DEBUG
ccccccccceccecececececcececcecceccecceccecceccecceccecceccecceccecceccceccecceccecceccecceccecceccecceccceccceccecceccecceccecccecceccecceccceccceccecccecccecccccce
cccccccecceccececececceccececcececceccecceccecceccecceccecceccecceccecceccececcecceccececceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecccecccccce

m PROGRAM FOR ANALYTI C SOLUTI ON FOR
CcC . FLOW I N CONFI NED AQUI FERS, | NFI NI TE RADI US
CC — THEI S  ECUATI AON

CC OR FLOW I N UNCONFI NED AQUI FERS VWHERE DRAVVWWOVW
CC | S SiVALL COVPARED TO AQUI FER THI CKNESS

CC —THEI S EQUATI ON W TH SPECI FI C YI ELD;

CC J ACOB DRAVDONWN CORRECTI ON

cc

L e
cc

| MPLICI T REAL*8 (A-H, 0-2)

REAL* 8 KH

COMMON NRMVAX, B, RDEL, KH, S, Q I R, TI ME, NCONF, HI NI T
CALL READ

CALL WRI TE

C | F ( NCONF. EQ O ) THEN
C WRI TE (3, 1002)
C ELSE | F ( NCONF. EQ | ) THEN

C WRI TE (3, 1003)
Fp BRI R (RADIAL) LoP

DO 100 | R=1, NRVAX

VRI TE (2, 1000) | R NRVAX
R=1 R* RDEL

C .... CALCULATE WVELL FUNCTI ON ARGUNVENT
=((R**2)*S)/ (4* (KH*B) * Tl ME)
C.... CALCULATE W (U)
CALL WELLFN (UL, WEL1)
Pl = 3. 141592653589793238462643D0
C..... CALCULATE DRAWDOWN AND CORRECT FOR UNCONFI NED AQUI FER
C..... W TH JACOB CORRECTI ON

SDWN=( @ (4* Pl * KH*B) ) * WEL 1
| F ( NCONF. EQ O) THEN

DRWDWREB* (| - ((1- ( 2* SDWN B) ) ** 0. 5D0) )
ELSE IF ( NCONF. EQ | ) THEN

DRWDWWN=S DWW

ENDI F
C .... CALCULATE HEAD
HEAD=HI NI T- DRWDWN

100 WRI TE (3, 1001) R, HEAD
1001 FORMAT (2F10. 4)
1000 FORVAT (' IR STEP , 14,' OF, 14)
1002 FORVAT (' UNCONFI NED AQUI FER )

1003 FORVAT (' CONFI NED AQUI FER )
STOP

END
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cccCccCccccccceccecceccececceccecceccecceccecceccecceccecceccecceccecceccecceccecceccececcecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecccccccccc

SUBROUTI NE READ
| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 KH
COVMON NRMAX, B, RDEL, KH, S, Q | R, TI ME, NCONF, HI NI T
READ (1, 1001) B, RDEL, NRVAX, NCONF
READ (1, 1002) KH, S, Q TI VE
READ (1,1003) HINIT

1001 FORMAT (2F10. 4, 21 4)

1002 FORMAT (4E12.6)

1003 FORMAT (F10. 4)
RETURN

END

SUBROUTI NE VWRI TE

| MPLI CI T REAL*8 (A-H, 0- 2)
REAL*8 KH
COMVON NRVAX, B, RDEL, KH, S, Q | R, TI ME, NCONF, HI NI T
VRI TE (2, 1001) B, RDEL, NRVAX, NCONF
WRI TE (2, 1002) KH, S, Q TI MVE
VRI TE (2,1003) HINIT
1001 FORMAT ( 2F10. 4, 21 4)
1002 FORMVAT (4E12.6)

1003 FORMAT (F10. 4)
RETURN

(i »odoB00C0C00C0C00C0C00C0C00C0C00C0C00C0C00C0C00C0C00C0C00C0C00C0CE

[
C SUBROUTI NE WVWFEL LN

SUBROUTI NE VELLFN (U, WENANS)
| MPLI CI T REAL*8 (A-H, 0-2)
| F (U. GT. 50. 00D0) THEN

U=50. O0DO

ENDI F

| F (U.LT.|.00DO) THEN
C SOLVE VWELL FUNCTI ON VWHEN U < 41

WFNANS=- LOE( U) - . 57721566D0+. 99999193D0* U- . 24991055D0* U* * 2
1 +5. 519968E- 02*U**3-9. 76004E- O3*U**4+1. O7857E- O3*U**5
ELSE
C SOLVE VWELL FUNCTI ON WHEN U = 1
WN=U**4+8. 5733287401 D0* U**3+18. 059016973D0* U* * 2
1 +8. 6347608925DO0* WU+, 2677737343 D0
WD=U**4+9. 5733223454D0* U**3+25. 6329561486D0* U* * 2
1 +21. 0996530827D0* UH+H3. 958496922810

VENANS=WN/ ( \D* U* EXP( U) )
ENDI F

RETURN
END
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$DEBUG
$LARGE
ccccccccececcececcececceccececcecceccecceccecceccecceccecceccecceccecceccecceccecceccceccecceccecceccecceccecceccecceccecceccceccecceccecccecccecceccecceccceccccecccccce
cCcccccccccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccecceccceccecceccecccecccccce

I l . PROGRAM FOR ANALYTI C sOLUTI ON FOR
CC PARTI ALLY SCREENED WEL LS
CcC

I MPLICI T REAL*8 (A-H, 0-2)

REAL*8 L, KV, KH

COMVION N1 NMAX, NRVAX, NZVAX, L, D, B, RDEL, ZDEL, KV, KH,
I STOR, Q H, TI ME, H NI T, ERRALL

CALL READ

CALL VI TE

C..... BEG N R (RADI AL) LOOP
DO 100 | R=1, NRMAX
VRI TE (2, 1000) | R, NRVAX
R=1 R* RDEL
Coviiinin. BEG N Z ( VERTI CAL) LOOP
DO 100 | Z=1, NZMAX
VRI TE (2, 1001) | Z, NZMAX
Z=| Z2* ZDEL
C. . e e e e CALCULATE VELL FUNCTI ON ARGUNENT
Ul =((R**2) * STOR) / (4* ( KH* B) * TI VE)
VRl TE (3, 1002) U
CALL WELLFN (U1, WEL1)
VR TE (3, 1002) U

"0 " LU DN VLT WS R Qe H T

C CALL OUTPUT( H, NRMAX, NZMAX, RDEL, ZDEL)
1000 FORVAT (' I R STEP' , 14, OF' , 14)
1001 FORMAT (' 1 Z STEP , 14, OF' , 14)

1002 FORMAT (' Ul=', E12. 6)
STOP

END

SUBROUTI NE READ

| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 L, KV, KH
COMVON N1MAX, NRVAX, NZMAX, L, D, B, RDEL, ZDEL, KV, KH,
| STOR, Q H, TI ME, HI NI T, ERRALL
READ (1, 1000) NLMAX, NRMVAX, NZMAX
READ (1, 1001) L, D, B, RDEL, ZDEL
READ (1, 1002) KV, KH, STOR, Q TI MVE
READ (1, 1003) ERRALL,HI NI T
1000 FORVAT (314)
1001 FORMAT (5F10. 4)
1002 FORMVAT (6E12.6)

N03 FORMAT (E12 . 6, FIO 4)
P RETURN

END
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C

(o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o oY o oX oF o o oY o o
SUBROUTI NE WRI TE
| MPLI CI T REAL*8 (A-H, 0-2)
REAL*8 L, KV, KH
COVWWON N1MAX, NRVAX, NZMAX, L, D, B, RDEL, ZDEL, KV, KH,
1STOR, Q H, TI ME, HI NI T, ERRALL
WRI TE (2, 1000) NLMAX, NRMAX, NZMAX
WRI TE (2, 1001) L, D, B, RDEL, ZDEL
VRl TE (2, 1002) KV, KH, STOR, Q TI ME
VRI TE (2, 1003) ERRALL, HINI T
1000 FORMAT (314)
1001 FORMAT (5F10. 4)
1002 FORMAT (6E12. 6)

1003 FORMAT (El12. 6, FI O 4)
RETURN

END

cccccccccececceccecececceccececcecceccecccecceccceccecceccecceccecceccecceccceccecccecceccecceccecceccceccecceccecceccceccecccceccecccecceccceccecccccccccc
C

C SUBROUTI NE WV\EL LFIN
C

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCcCccCcccccceeccece

SUBROUTI NE WELLFN (U, WENANS)
| MPLICI T REAL*8 (A-H, 0-2)
VRI TE (3, 1002) U
1002 FORMAT (' U=', E12.6)

| F (U. GT. 50. 00D0) THEN
U=50. O00DO

ENDI F

«lF (U.LT.1.00DO) THEN
SOLVE VELL FUNCTI ON VHEN U < 1

WENANS=- LOE( U) - . 57721566D0+. 99999193D0* U- . 24991055D0* U* * 2
1 +5. 519968E- 02*U**3- 9. 76004E- O3*U**4+1. O7857E- O3*U**5
EL SE

C SOLVE VWELL FUNCTI ON WHEN U = 1
VW=U* *4+8. 5733287401 D0* U**3+18. 059016973D0* U* * 2
1 +8. 6347608925DO0* U+. 2677737343 D0
WD=U* * 4+9. 5733223454D0* U* * 3+25. 6329561486D0* U* * 2
1 +21. 0996530827D0* U+3. 9584969228D0

WENANS=VW ( WD* U* EXP( U) )
ENDI F

RETURN
END

SUBROUTI NE LKWF( I |, U, BETA, LKWFT)

| MPLICI T REAL*8 (A-H, 0-2)

REAL*8 LKWFT, LKWF1, LKWF2, LKWF3

DI MENSI ON 71 (256) , WL(256) , Z2( 256) , V2( 256) , Z3( 256) , WB( 256)

LKWFT=0

LKWF1=0. DO
LKWF2=0. DO
LKWF3=0. DO

ULl M =I . D05
ULI M=1. D- 01
ULl MB=I . D+20

|F (U LE.ULIM) THEN
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IF (I1.EQI1) THEN

CALL DGAUSS( U, ULI ML, Z1, WL, 256)
ENDI F

DO 100 M =l , 256
LKWEL=LKWEL+WL( ML) * { ( 1/ Z1( ML) ) * EXP(- Z1(M )
1 -(BETA**2/ (4*Z1(ML)))))
100 CONTI NUE
IF (11.EQ1) THEN
CALL DGAUSS(ULI ML, ULI M2, Z2, W2, 256)
ENDI F
DO 200 Me=l, 256
LKWE2=LKWE2+V2( MR) * ( ( 1/ Z2( M2) ) * EXP( - Z2( MR)
1 -(BETA**2/ (4*Z2(M2)))))
2 00 CONTI NUE
IF (11.EQ 1) THEN
CALL DGAUSS( ULI M2, ULI MB, Z3, W8, 256)
ENDI F
DO 300 MB=l, 256
LKWES=LKWE3+WB( MB) * ( ( 1/ Z3( MB) ) * EXP( - Z3( MB)
1 -(BETA**2/ (4*Z3(MB)))))
300 CONTI NUE
LKWFT=LKWF1+LKWF2+LKW-3

ELSEIF ( (U.LE.ULIM2) .AND. (U.GT.ULIM) ) THEN
IF (I1.EQ1) THEN
CALL DGAUSS(U, ULI M2, Z2, W2, 256)
ENDI F
DO 400 Me=l, 256
LKWF2=LKWF2+W2( MR) * ( ( 1/ Z2( MR) ) * EXP( - Z2( M2)
1 - (BETA**2/ (4*Z2(M2)))))
#00 CONTI NUE
IF (11.EQ1) THEN
CALL DGAUSS( ULI M2, ULI MB, Z3, W8, 256)
ENDI F
DO 500 MB=l, 256
LKWF3=LKWF3+WB( MB) * ( ( 1/ Z3( MB) ) * EXP( - Z3( MB)
1 - (BETA**2/ (4*Z3(M3)))))
500 CONTI NUE
LKWFT=LKWF2+LKWF3

ELSEI F (U. GT. ULI M2) THEN
IF (11.EQ1) THEN
CALL DGAUSS(U, ULI MB, Z3, W8, 256)
ENDI F
DO 600 MB=l, 256
LKWE3=LKWF3+WB( MB) * ( ( 1/ Z3( MB) ) * EXP( - Z3( MB)
1 -(BETA**2/ (4*Z3(MB)))))
600 CONTI NUE
L <N /A\F—T1T —L_ F<<\/ /N\WVFbr—-= ==
ENDI F
RETURN
END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcCcCcCccccccC
C
C SUBRROUTI NE SsSsunNnaavAeaT T
C
cc”fcccccccececececececececececececececececececececececececececececececececececececececececececececececececececececececceccecceccecccce

AP SUBROUTI NE SUMVAT((R Z, Ul V\EL3 NIMAX, L, D, B, ERRALL)

IMPLICI' T REAL*8 (A-H, O-
REeAL_~ &= l_ > BN\, KKK e
Pl = 3.141592653589793238462643D0

11=0
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[¢]

50

poo
1001

1002
1003
1004
1005
1006

. BEGA N SUMVATI ON LOOP
I NITI ALI ZE VEL3
WVEL3=0. DO
11=11+1
Xl 1=FLOAT(1 1)
Xl 1=DBLE( XI 1)
VRI TE (2, 1002) |1, NLMAX, XI 1
...... CALCULATE LEAKY WVELL FUNCTI ON ARGUMENT
U2=Xl 1*Pl *R/ B
CALL LKWE(11, UL, U2, WEL2)
WRI TE (3, 1003) U1, U2, VEL2
XSI N=DSI N( XI 1* Pl * L/ B) - DSI N( XI 1* Pl * D/ B)
XCOS=DCOS( XI 1* Pl * Z/ B)
WRI TE (3, 1001) Z
VEL3I N = (1 .DO/ XI | )*XCOS* XSI N* WEL2
VEL3=VEL3+( ((2*B)/ (Pl *(L-D))) *WEL3I N)
VRl TE (3, 1000) WEL3I N, WEL3
ARGM N=1. D- 15
e CHECK FOR CONVERGENCE OF SUMVATI ON

VEL3ER=ABS( WEL3| N/ WEL 3)
| F ((WEL3ER. GT. ERRALL) . AND. (Il.LT.N MAX) * A\D.
1 ( DABS(VEL3IN). GT. ARGM N) ) THEN
GO TO 50
ELSEI F ((WEL3ER GT. ERRALL) .AND. (I1.EQ N MAX) ) THEN
VIRl TE (2, 1004)
ELSEIF ( (WEL3ER It.ERRALL) .AND. (II.LT.NIMAX) ) THEN
VRl TE (2, 1005)
ELSEIF ( (DABS(VEL3IN).LT.ARGM N) AND. (IIl.LT.N MAX) ) THEN
VIRl TE (2, 1006)

ENDI F

FORNMAT VEL3I N, WEL3 = ', 2E12. 6)

FORNVAT Z =',F10. 4)

FORVAT Il STEP' , 14,' OF ,14, F10. 4)

FORNVAT u, U2, WEL2, ="',63E12.6)

FORVAT SUMVATI ON FAI LED TO CONVERCE' )

FORVAT SUMVATI ON CONVERGES' )

FORVAT ARGUVENT TOO SMALL FOR LEAKY WELL FN )
RETURN

END

SUBROUTI NE DRAVDN( VELI , WVEL3, R, Z, H, Q KH, B, H NI T)
| MPLICI T REAL*8 (A-H, 0-2)

REAL*8 L, KV, KH

Pl = 3.141592653589793238462643D0

H=HNT-((Q(4*Pl *(KHB))) * (VWEL1+WEL3))
WRI TE (6, 1000) R Z, H

FORMAT (2F10. 4, E12. 6)

RETURN

SUBROUTI NE OQUTPUT

0000660 000000000000060600000000000000000000000000000000000000000000006000:

SUBROUTI NE OUTPUT( H, NRMAX, NZMAX, RDEL, ZDEL)
| MPLI CI T REAL*8 (A-H, 0-2)
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REAL*8 L, KV, KH
DO 100 | Z0=1, NZMAX

Z=| ZzO* ZDEL

VRI TE (6, 1001) Z

DO 100 | RO=I , NRVAX

R=1 RO* RDEL
100 WRI TE (6, 1000) R, H(I RO, | ZO)

1000 FORMAT (FI O 4, E12. 6)

1001 FORMAT (12X, F10. 4)
RETURN

END
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URUTER Wy AR e

cccccececeeececececcecececcececceccecceccececcecccecceccecceccecceccccecccecccceccceccccecccceccccccecccccccccccccccccccc
—— ——

C PROGRAM FOR STEADY- STATE, ONE- DI MENSI ONAL FLOW I N AN C

(2 UNOC]\IFI NED A%I FER WTH TWO DI R CHIE\)Eé BOUNDARI ES ( WTH C

ccccccececececececececececececececceccecceccecceccecceccecceccecccecceccceccecceccecceccecccceccccccccecccccccccccccccccccccccc
| MPLICI T REAL*8 (A-H, 0- 2)
C. .... READ | N DATA
READ (1, 1000) | XMAX, XDEL
READ (1, 1001) HEADO, HEAD1, X1
READ (1, 1002) RECHGE, CONDX
C .... ECHO OUT DATA
WRI TE (3, 1000) | XMAX, XDEL
WRI TE (3, 1001) HEADO, HEAD1, X1
VWRI TE (3, 1002) RECHGE, CONDX
C .... BEGQ N X LOOP
DO 100 | X=1, | XMAX
X=XDEL* (| X- 1)
C ........ CALCULATE HEADS
HEADSQ=( ( RECHGE/ CONDX) * ( X* * 2) )
+ ( ( (((HEADL**2) - ( HEADO* * 2) ) / XI )
- ( RECHGE* X1/ CONDX) ) *X )
+ ( HEADO™* * 2)
HEAD=HEADSQ* * 0. 5D0
Cooviin.. WRI TE HEADS, X
100 VRI TE (6, 1003) X, HEAD
1000 FORMAT (14, F10. 4)
1001 FORMAT ( 3F10. 4)
102 FORMAT (2E12. 6)

FO3 FORMAT (2F10. 4)
STOP

END

1
2
3
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