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I. INTRODUCTION

The groundwater system is part of the hydrological cycle and
changes in this system affects phenomena such as plant production,
river flow etc. Generally one tries to use groundwater resources
in such a way that the utility for the community as a whole is
maximal. |

Numerical flow models can be valuéble tools in the management
of water resources. In many situations these models are the only
possible way to indicate effects of certain interferences in the
groundwater system.

In this paper a numerical model is presented which simulates
non-stationary saturated groundwater flow in a certain region.

Purpose of the model is to predict effects of certain operations
upon the various terms of the water balance of the groundwater basin
and on the hydraulic head.

The basic idea of the model is that groundwater is flowing
horizontally in waterbearing layers and vertically in less—permeable
layers. Each layer is discretized into a number of elements. To
each element both Darcy's law and the law of continuity are applied
(chapter II).

In this way a set of equations is obtained, which are solved
using a finite element method and the Gauss—Seidel iteration method
(chapter III).

In chapter IV the input and output of the model are treated,
while in chapter V some numerical experiments are presented.

Finally in chapter VI an evaluation of the model is given.



1I. GENERAL DESCRIPTION OF THE PROBLEM

2.1.Physical background

Throughout this report water potential is expressed on a unit

weight basis and is being called hydraulic head, with symbol h.

=P 4 L
hggte L
where
gg = piezometer head [L]
z = gravitational head [Lj

The hydraulic head is an expression for the capacity of a unit
weight of water to do work as compared to the work capacity of the
same weight of water with the same chemical compesition at a certain
reference level and under atmosferic pressure.

The problem is restricted to saturated flow of groundwater with

one constant density.

2.1.1. The law of linear resistance (Darcy's law)

According to Darcy's law the rate of flow through a porous medium

ig proportional to the gradient in hydraulic head. It may be written

as
_ Sh _ _, Sh _ . &h
9% = ky &x * 9y ky §y * 9z k32 )
where
q, v,z = volume flux of water passing through a unit area per
per unit time, perpendicular to x, y, z direction,
respectively ‘ [L.T-] :]
XY, 2 = hydraulic conductivity in x, y and z direction,
3 H

respectively |:L.T_Ij



The coefficient k in the Darcy flow equation is taken to be
a constant, depending on both the properties of the porous medium

and the fluid.

2.1.2. The law of continuity

The other important physical law states that no matter can be
lost or created.

The conservation equation can be found by applying the principle
of continuity to an infinite small volume

St 8x 8x 5z

where
© = volume of water per unit bulk volume of soil I:—]
g = sink or source term [?*t]

2.1.3. Combination of Darcy's law and the law of continuity

Darcy's law combined with the law of continuity gives:

s 6 Sh 8 Sh 6 6h :
St 8§x (kx EE) * 8y (ky Gy) * 8z (kz EEJ T4 (3)
or
¢h 8 &h ) Sh 8 Sh
-g Ln__° on - o 2 Lh
et T Ex B tay By sy Yz g v (4)
where
S = volume of water released or stored per unit bulk

volume of soil per unit change in hydraulic head Ef-t

22, Hydraulic properties and types of

aquifers

The flow in a natural groundwater basin takes place in layers
with different hydraulic properties. Usually the layers are divided
into good permeable lavers or waterbearing layers (aquifers) and

less permeable layers {(aquitards).



a.

The most important hydraulic properties are:

Transmissiviy - the product of the average hydraulic conductivity
k and the saturated vertical thickness d of the waterbearing
layer.

It is a measure for the transport capacity of aquifers.
Notation: T = kd [LZ.T_I ]

Hydraulic resistance - the ratio of vertical thickness of
aquitards al and hydraulic conductivity k]. It is a2 measure for
the resistance capacity of aquitards, denoted as ¢ = d]/k] ['r:
Specific yield — the volume of water released or stored in the
phreatic zone per unit surface area of an unconfined aquifer per
unit change in hydraulic head.

It is also called effective porosity.

The symbol used for specific storage will be SY [—].

Specific storage - the volume of water released or stored per
unit volume of the saturated parts of am aquifer or aquitard per
unit change in hydraulic head. It is a measure for the elasticity
of the soil material and the fluid. Excluded are irreversible
processes. Notation: Ss [I,I j.

Storage coefficient - the volume of water released or stored

per unit surface of a layer per unit change in hydraulic head.
It is the sum of specific yield and the product of specific

storage and thickness of the aquifer or aquitard:

s, =s_ +sd [-]

Note: in confined layers Sy = 0,

In fig. 1 a 3~layered configuration is given of two aquifers

separated by an aquitard. Aquifer I has a free water surface and is

an unconfined aquifer. Aquifer II is a completely saturated aquifer.

Dependent on the hydraulic resistance of the agquitard, KRUSEMAN and

DE RIDDER {1976) distinguish between confined, semi-confined and

semi-unconfined aquifers. For our purpose it is not useful to make

this distinction. We restrict the aquifer types to unconfined and

confined aquifers.
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Fig. }. Schematic representation of flow direction and variation -

of hydraulic head h in a 3-layered system

In an unconfined aquifers (I), the vertical thickness of the

waterbearing layer, d, is a variable, vhile in a confined aquifer II,

this is a constant (denoted as D). Other important properties of

unconfined aquifers are the hydraulic head being the same as the

phreatic surfacc and the specific yield being different from zero. .

2.3, Schematjization of flow

The groundwater flow in a groundwater basin is schematized . -
into a horizontal flow in aquifers and intp a vertical flow in
aquitards. Gonsequently the vertical variation of the hydraulic
head is as drawn in fig.!.

The validity of this assumption has heen investigated by
NEUMAN and WITHERSPOON (1969), The found that if the contrast
in hydfaulic conductivity between two adjacent layers is bigger
than a factor two, the relative error caused by this assumption
is usually smaller than 5Z%.

This schematization gives a simplifica;ioq of the general flow
equation (eq. 4). In an aquifer the vertical is zero and eq. (4)

then reducesz to

Sh
c &t

8 Sh 8 $h
* (kx d 3;) + o+ (k_d E;) + qd

)
dy Ty

or



sh_ & h, , & &h
~(s, + 8. gy =y (A )t gy (k45D Q

§x " x &x y vy 4y (5)

where

Q = volume of water substracted {rom or added to unit surface

. . . - -1
of aquifer per unit time L_L.T ]
In an aquitard, eq. (4) reduces to

Sh_ 8 sh

Ss 5t "%z &2 e &

As will be discussed in the next paragraph, the term q in an

aquitard is set equal to zero.

2.4. Water balance terms

In eq. (4) the term q is mentioned. With this sink or source
term different terms of the water balance are taken into account.

Fig. 2 depicts schematically the situation for an unconfined aquifer

(for other lavers some terms don't exist).

€T recharge ————i ——— discharge

IIM

R e -1

. ]

L
ERRKTETSAF )

Fig. 2. Schematic representation of the various terms involved in the

water balance



Description of the different terms:

The flow through the phreatic surface, -

If this term is negative (water gocs out of the saturated system),
it is called capillary rise. 1f positive it is called percolation
{or drainage).

This flow can be calculated as a rest term of the water balance

of the unsaturated zome. Very often this term is expressed as a
flow per unit surface (flux) and is called effective precipitation.

For the time being this flux is a given input.

Flow to adjacent aquitards, qy -
The flux to adjacent aquitards can be calculated by applying eq.

(6) to the aquitard.

Flow to the primary surface water system, qp.

The primary surface water system penetrates fully the groundwater
basin. So it acts as a boundary with given values for the
hydraulic head (is equal to the phreatic ievel of the primary

system).

Flow to the secondary surface water system, 9
The secondary surface water system does not penetrate fully the
groundwater basin, which causes a resistance against flow between

groundwater and surface water., The flow q  can be calculated as

follows
h - hf
R i L
g R (7
where
h = hydraulic head of the groundwater at the place of
the secondary system [IJ]
fs " phreatic level of secondary system I:IJj
>

= radial and entrance resistance of the

secondary system, per unit surface [Tj

Acecording tao ERNST (1962) the radial resistance O per unit

surface, can be caluulated with:



@ == 1n % (8)

Tk
where
1 = area drained by ! m conduit [I,]
d = thickness of the layer near the conduit [Ia]
B = wet perimeter of the conduit L]

The entrance resistance is caused by a layer which shows a
lower conductivity around the conduit than its surroundings.
In practise, radial and entrance resistancies are difficult to
deduct from hydraulic properties. They can be found indirectly

by measuring simultaneously q, h and hf S
L]

Flow to the tertiary surface water system, q,-

In smaller conduits usually the phreatic level is not known.

So eq. (7) can't be applied. The flow to these conduits, however,
is sometimes very important (e.g. in areas with shallow groundwater
tables). One may azsume (ERNST, 1978) that a relationship exists
between the hydraulic head of am aguifer and the flow, q, -
According tc Ernst the tertiary system can be divided into a

number of categories with respect to their mutual distance and

bottom helght. For each category the flow is

_ h - hf(b)
q(h,b) = oy (9)
where:
h = average hydraulic head [I,]

hf(b} = phreatic level in the category under

consideration; a function of bottom height[l,]

o = geometry factor to convert hm into h [-—]
Y = drainage resistance ETF]
hm = hydraulic head midway between two

conduits EIJ]

Summation of the q(h,b)-relations of the different categories
yields the overall relation between hydraulic head and flow to

the tertiary system we are locking for.



.f. Artificial recharge or discharge, q&? and prescribed boundaty
flux, 9.
The magnitudes of these flows are not influenced by the conditions
inside the groundwater basin but remain on a prescribed level.
Thus q, is an internal boundary condition, q, an external boundary

condition.

For confined aquifers some of the above mentioned terms don't
exist. These terms are the flow through the phreatic surface, qf
and the flow to the tertiary surface water system, q,-

Aguitards are considered only as transmitters of water from one
aquifer to another, with possibilities of storage (eq. 6). This means
that for aquitards the water baiance terms a, through f. are set

equal to zero.

2.5. Solution of groundwater flow problemns

The basic¢ equations for saturated groundwater flow are eq. (5)
for aquifers and eq. (6) for aquitards. The solution of these
equations require knowledge of the physical system and the auxiliary
conditions describing the system constraints.

These auxiliary conditions are (REMSON et.al., 1971)

a. Geometry of the system.
E.g. the diviation of the system into a restricted number of
layers and the horizontal extension of the system under

consideration.

b. The matrix of hydraulic properties, including iﬁ-homogeneity

and an—isotropy.

¢, Initial conditions. Because we are dealing with non-stationary
flow, the values of pertinent system variables (such as hydraulic

head at the initial time) must be known.

d. Boundary conditions. They describe the conditions at the boundaries
of the system as a function of time.
One can distinguish between:

= hydraulic head boundary



- flow (including zero flow) boundary

- both head and flow boundary.

After specifying the auxiliary conditions an unique solution of
the variation of the hvdraulic head in space and time can be
obtained.

For special shapes of flow and assumptions exact analytical
solutions exist. Tn nature, however, one is usually confronted with

problems like:

spacial variation in the hydraulic properties of the soil

- irregular shape of the groundwater basin

- empirical relations between q and h

- d not being a constant.

For such situations by numerical and analegy models only an
approximation of the actual situation can be obtained. In the next
chapter a numerical solution, called the finite element method, is

treated.

IIT. NUMERICAL SOLUTIONS

In this chapter the numerical solution of the 'agquifer equation'
(eq. 3) and the 'aquitard equation' (eq. 6) will be treated. The
method of solving is the finite element method. In section 3.1 only
a short mathematical description of this method will be given. For
more mathematical background, the reader is referred to publications
on this subject (e.g. ZIENKIEWICZ, 1971, NEUMAN et.al., 1974 and
WESSELING, 1976).

In section 3.2 the application of the finite element method on
the flow in groundwater basins 1s treated while in section 3.3 the

translation into a computer program is given.

J.i. Finite element method

For reasons of simplicity the finite element method will be

explained for the stationary version of eq. 53, i.e.:

10



8 ¢h & Sh _
= (kx d 6;3 + E; (ky d 6y) + Q 0 (10)

The basic idea of each numerical solution of eq. {(10) is, to
apply this equation on a small but finite volume. The flow region
of interest, R, is divided into a finite number of volumes, called
elements. The elements can have different shapes but for reasons
of conveniency we only use triangles. Quadrilaterals can also be
used because they can be divided into two triangles. The sizes of
the triangles may varv. They can be adapted according to the
geometry of the region and the accuracy desired (fig. 11 gives an
example of the diviation of a region into triangles and guadrilaterals).

The corner points of the elements represent the nodal points.
If there are N nodal points, then the continuous variation of h

in region R is spproximated by the exnression

T
iv

ha (x.v) ~ ril hn fn(x,y) {(n
=

haix,y} = arvnroximation of h (x,y}

hn = value of h in nodal point n

f}tx,y) = zlobal coordinate function

In nodal point o It must be equal to h , so f (x ,7v )} = | and
a n n'n’’n

fn(xj,yi} =0, } # n. Between fn(xn,yn) and fn(xj’yj) of the nodal
points surrounding nodal point n, fn(x,y) varies linearly from
I to O.

In fig. 3 a picture of fn(x,y} is given.

If one knows the values hn in the nodal points n, we know the
approximation ha of h. We can find these values of hn by using for
example the Galerkin method.

Galerkins principle states that an approximate solution of h in

eq. (10) can be obtained from the following system of equations:

N
8§ 8 & T e
I — (K — 2 .l -
JJ‘I:GX (kx d éx) + 5y (ky d 5le1L hnfn(x,y)} fi(x,y)dxdy +
R 1

=1
13

1]
=
—a

1]
—

-

+ JJQ fi(x,y) dx dy ., N {12)
R

il



Fig. 3. The global coordinate function fn(x,y)

The integration can be performed element by element with the

aid of the coordinate functions £ (NEUMAN et.al., 1974).

For non-stationary problems it is not possible to apply the
Galerkin principle on the time derivative. But it is possible
to discratize this derivative and to set up the system of equations
(eq. 12) for each finite time step.

One «biains in this way a series of sets of aeciations cha:

an approximation of the non-staricnarv flow problem.

Treatment of boundary conditions
a. Initial conditions
In non-stationary flow problems ane must start with given
values of hn at time t = £,
b. Boundary conditions
- Prescribed head bourdary
Nodal points which lie on s prescribed head boundary have a
prescribed value for hn, v rhe cumber cof unknown hn's is
reduced and accordingly so the number of equations.
- Prescribed flux through .. noundary
If one knows the flux {in:""sw nr outflow per unit area) and
the area of the boundary ner element, the inflow or cutflow
through the houndary per #lement can be calculated.
One may assume this flow tu 5 part of the sink term Q in

eq. (12).



3.2Z,Application of the finite element
method on the flow in groundwater

basins

From hydrogeological investigations the geometry and the matrix
of the hydraulic properties are known. Knowing the geometry the
flow can be split up into a finite number of layers. This holds
also for the nature of the boundaries.

Now a nodal grid is superimposed on each layer in such a way
that the nodal points of the different layers are situated right
above each other (see fig. 4) and in each layer the nodal point

lies in the middle of this layer.

¢—=t—nodal point

Fig. 4. Schematic representation of the nodal points in the

X,Y,Z-5Dace

Each layer has N nodal points of which P nodal points have a
prescribed head. In each layer remain N-P = N* nodal points with
unknown head. Eq. (12) can be applied to each point with unknown
head in each separate layer.

As was stated in the last paragraph for each time step one

can write

13



Ah

w—-—n = 7 - &=
Ainhn + Bin it + Qi 0 i,n 1,2,...N (13)
where . 5F, of_ 5F, 8F_ .

fin = ) O e TR T Yy 9T ey Ty B

R i -
Bin = /] (SS d + Sy) fifn d« dy 3 0 if i #n

R
Qi = I Q fi dx dy

R

The matrices Ain’ Bin and the vector Qi have been defined
elsewhere (NEUMAN et.al., 1974). Ain is the conductivity matrix,

Bin the storage matrix and Qi the source vector.

In order to clarify these rather complicate expressions apply

equation (13) to peint & of fig. 5.

5] 7

Fig. 5. Top view of part of the nodal grid

A, h + A 2h + A, b, +A h, +A _h_ + A4 h, + A, _h_ +

411 4772 4373 4474 4575 66 4777
h - h
4,n 4,n-1 _
* By t -t v, =0 (14)
n n-1
where h and h are values of h, at time t and t . -
4.0 4,n~1 4 n n-1
respectively. .

14



If the h-values belonging to the A-values are taken at time

t =t , we get an equation with one unknown h for time t = t_.
n-1 4,n n

The equation can then be solved directly.
However this is an explicit formulation, which puts strong limitations

on the magnitude of the time step, t "t (REMSON et.al, 1971).

n-1
Values larger than a certain value cause instability,

With an implicit method, the values of h are taken at time
t = tn. This method is unconditionally stable. Now one gets an equation
with 7 unknowns: hl,n through h?’n'

point } through 7, we can solve the values h, o’ 1= Jyuuey?.
]

If one has 7 equations for every

0f all the methods possible, the iterative method of Gauss-Seidel
has been chosen. The Gauss—Seidel method starts by choosing a first

estimate of h. at time t = t_ (usually equal to h.
1,n n i,n-!
iteration step a new value of 'ni a is calculated using the last
L]

calculated values of hi 0 If one passes the nodal points from | to
*

). At each

7, eq. (14) becomes

1 it j+! i+ i j
Won = (AuDy oy * Buohy n *Auahs Aty Ahy ot
. B, h . B
i 44 4,n-1 i 44 5)
Pyt A P Gt By ) (15)
where
hl =
1,0
j = iteration step or number of iteration
i = number of nodal point
n =

time = t
n

The iteration process converges if the successive differences

k+1 k .
between hi n and hi a become continuously smaller,
L b}

The iteration process is stopped if at each nodal point the

. +1 k - . .
difference between h? and hi q 18 smaller than a certain prescribed
2 >

value.

15



To accelerate the convergence an overrelaxation factor W is used

(for more information about W see FORSYTHE and WASOW, 1960).

+ +1 k
LRI SR SN S SR S (16)
1,n 1,0 i,n 1,01
If W= 1, there is no overrelaxation. Usually W varies between 1 and

2 and the optimum value very often is found by trial and error.

Eq. (15) is valid for points in aquifers. The connection with
adjacent layers is made by the term Q, because in this term the
flow from adjacent aquitards, g is included (two aquifers are always

separated by an aquitard)}.

Aquitards.

We don't apply the finite element method on points in aquitards,
As stated before there is no horizontal flow in aquitards. So it has
no sense to replace the continuous variation of h in the aguitard
by equation (11}.

The nodal peints in aquitards vrepresent a certain volume of an
aquitard =hich tramsmit water from one aguifer to another and which
has storage capacity. The nodal points are included in the Gauss-—

Seidel scheme s fallows {(see fig. 6).

=1 aaquifer |

T e T T e e L
__--\."\ t/iwfx ’:
PR

ST TR
NI U] N -
~ ~ wisvee e - \

;’( Yo ST J\ NS
B \’."/F‘_ [Nl P
\\!-\/

J*cqunord\,f

3 n aquiter il

Fig. 6. Schematic situvation for points in aquitards

Point 2 is situated in the middle of the aquitard with thickness
] . . . . .
d’, storage coefficient Sl and vertical hyvdraulic conductivity ki.
Suppose the Gauss-Seidel iteration starts in the upper laver and

ends in the bottom—-layer. Then the flux from point | in aquifer 1 to

16



point 2 in the aquitard at time t = e, and in iteration step j + |
is
|

1, 7 (hrn - th+:1 — 1 (a7
’ g 0, 5xd

and the flux from point 3 in aquifer 2 to point 2 in the aquitard
is
|

j j+1 kv
q2 = (h3 n hZ n) 1
? ? 0.5zd

(18)
The net flux 9,79, must be equal tc the change in storage per unit
area per unit time. This change in storage can numerically be

approximated by

jrto_
h
_ 1 2,“. .r_,n—i‘
A 79 = 8. ¢ =% (19)
n n-1
Combination of (17), (18) ana (19) gives
1 3+
. . . L h:. h
. L -
(hJ+] e hJ+1) A Sl Z,n 2,n-1 _ 0 (20)
1.7 3,n 2,07 o 1 c t. -t
5. oxd n n-1
41
From this equation h§+_ .an be solved.
3.3. Computey . rogram

The problem outl:i..:y so far has been translated into a computer
program, written in CRTRAN IV.

The flow chart ot iliis program is given in fig. 7, whereas in
appendix A the compiciec listing of the program can be found.

In the flow chari the 5 main parts of the program are
indicated:
A, Reading and printing of input data

B. Determination of the matrices A and B and the vector Q per layer

17



L

r_ TLOW to unsaturated zoune ]
[_'FLON to tertiarv svsten I
r7 FLOW to secondary syster ] ver node

per layer

[ Leakage to adiacent aqiitards ,

[AisOLVE equation (14) ]

CALCULATE flux through
constant head boundarw

CALCULATE waterbalance

npr 2US
per laver

noe L =1t + At

Output

requested

[?RINT of output 7
L

l DUMP variables on tape 4:]

Fig. 7. Flow chart of the program FEMSAT with diviation in 5 main

parts, A, B, C, D and E



- (Cstare PROGRAM_FEMSAT '_ )
( READ general inf!)rmation ]
/ PRINT general inflomati;m " /
(" READ element inflmation | |
/ PRINT element in!omation /

Y

—

ﬁ -

READ stationary nedal peoint
information

PRINT stationary nodal moint - |
information

[/,READ non-stationary nodal point

informaticn for t = to

I

FRINT non-stationary nodal point
infermation for t = to :

READ

no e .
nan-stationary

input

FEAD non~stat. input for t > to' ‘]
|

/ PRINT non-stat. inmput for t > €, ff

3 w

GENERATE A, B and AREA-matrix
for confined aquifers

- |t

GENERATE A, B and AREA-marrix
for unconfined aquifer

2



C. Solving h with Gauss-Seidel
D. Determination of the water balance terms per layer
E. Priating of results
The program exists of a main program with several subroutines.
The main program calls the subroutines. In the subroutines most
calculations are performed.
In this way an easy adaptation to different problems is
obtained (see also section 4.4). Comments in the program will
help the reader to understand the program.
In the next chapter the preparation of the input data, executing

of the program and the output will be treated.

Acknowledgement
Some parts of the computer program were taken from the program
UNSAT2 of NEUMAN et.al. (1974).

IV, INPUT, EXECUTION AND OUTPUT

4,1, Input

The input is divided into endogenous variables (chosen by the
uger or calculated by the program during execution) and exogenous

variables (based on physical data).
4,1,1. Endogenous variables

Transtation of groundwater basin into a nodal point network.
Probably the most important but also the most difficult stage

in the process of simulating groundwater flow is the translation

of the natural groundwater basin into a nodal point network. Questions

which arise are

a. In how many layer the geo-hydrological system must/can be
schématized.

b. The locations of the boundaries and the nature of these boundaries
(impervious, prescribed head, prescribed flux).

c. The configuration of the nodal voints.

19



The answers of these questions depend on the problem under
consideration.
- Schematization into layers
Usually our knowledge about the geo-hydrological situation is
such that no more than 5 different layers can be distinguished
(remember contrast rule)
- Boundary conditions
The top boundary condition of a groundwater basin usually is
a prescribed flux (effective precipitation).
The bottom boundary condition usually is a prescribed flux
boundary with flux zero {impervious hydrological base).
For the houndaries at the other sides of the system one sees
either prescribed head boundaries (e.g. a fully penetrating
river) or prescribed flux boundaries (including zero flux).
- Nodal point configuration
Nodal points are situated:
. on the boundaries
. along internal boundaries which indicate changes in
hydraulic properties within the layer

. along the tertiary surface water system

on places where artificial recharge or discharse will take
place

. elsewhere

Construction of the finite elemeni mesh.

Assume we have schemetized the groundwater basin iafo o finite
number of layers with different direction of flow (horizomtai and
vertical). Within one layer the hydrological properties may vary
from place to place.

Now a nodal grid is superimposed on each layer in a way salready
described in section 3.2, Thus eath laver has the same numbeyr of
nodal peints situated on the same places in the horizontusl plane,
but with different z-coordinates.

We are free to construct quadrilaterals or triangles, Lecause
the program automatically divides a quadrilateral inte two trizngles

having identical material properties. The dimensions of the elemeunls
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should be small at places where large changes in hydrological
properties occur or where large gradients in hydraulic head are

expected to occur.

Coding of nodal points.

Each node in the finite element network is assigned an integer
code which indicates the type of calculation for this node,
The coding is as follows:
=~ Code = | : nodal points with described head, as function of time

~ Code = 2 : internal nodal points

- Code = 3 : internal nodal points which revresent secondary surface

water system

- =« Code = 5 : nodal points with prescribed artificial recharge or

discharge and points with prescribed boundary flow

(both as functions of time).

Other important endogenous variables are the magnitude of the
time step, the value of the variable which stops the iteration
process and the maximum number of iterations allowed per time step

(see also group A and B of section 4.1.3.)

4.1.2. Exogenous variables

After constructing the nodal grid each node represents part of
the groundwater basin. Geo-hydrological properties can be assigned
to each mode, based on physical data (group C, D and E of section
4.1.3.). In group F of section 4.1.3. time-dependent variahles can

be assigned to each node.

.4.1,3. Data input to Program FEMSAT

The data input must be punched on cards according to the

following instructions.

GROUP COLUMNS FORMAT SYMBOL DESCRIPTION

A 1-80 2044  HEAD Desired heading to be printed at

the beginning of the execution

1-5 1I5 NUMNP number of nodal points
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GROUP COLUMNS FORMAT SYMBOL

DESCRIPTION

6-10 15 NUMEL
11-15  I5 NUMLAY
16-20 I5 MBAND
21-25 15 NTSPI
26-30 15 NTSPO
31-35 Ij MAXIT

1-10  Fl10.3 ST
11-20  F10.3 DELT
2130 F10.3 TMAX
31-40 F10.5 TOL

6-10 Is5 KX (N, 2)
11=15 Is KX(N,3)
16~-20 I5 KX(N,4)
|

N

i

number of elements

number of layers

maximum difference in node number
‘between two adjacent nodes

number of time steps between a
change in non-stationary input data
number of time steps between two
successive outputs

maximum number of iterations per

time step

time to start with the execution
initial time interval

maximum time to be reached before
execution is stopped

maximum allowed absolute change in
the values of h between any two
successive iterations in a given

time step.

Iterations continue until all changes
are less than or equal to TOL, or

until MAXIT is exceeded

sequential number of i-th corner of
element N

sequential number of j-th corner
sequential number of k-th corner
sequential number of 1-th corner

(see fig. 8)

kel

Fig. 8. Numbering of element corner nodes
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GROUP COLUMAS FORMAT SYMBOL DESCRIPTION

One card must be provided for each element in sequential order,

starting with N = 1 and ending with N = NUMEL

c Pt V10,3 SANG(N,LY) angle in degrees hetween Cl and-
the x~cocrdipate. o be wsed in
nodal print N in layer LY (see

fiz. 93

i-dt .310.3 CIE{N,LY) First pryincipal cundubtivitj of
material in node N and layer LY
2i-30  T10.3 C2(N,LY)  idem sccond principal conductivity -
Aj -4l »EGL4 THI(N,LY) thickness of Jayer LY at noda)
point N

T

/
N

[ m———— e

Tig, Y. Definiiicn of $ANG,C! and 2

Une card must be provided for each model point, ctarting wivh N = |
and ending with N = NUMNP. If there is more than | layer, for each
laver a set must be provided, starticyg with the upper layer, LY = 1,
and ending with the bottom layer LY = RNUxiLAY. The variables SANG,

2t and 2 are not relevant for aguitards, but for reasons of
comveniuncy this procedure is maintained (makiﬁg SANG, Cl and C2

 dummy variasles)

D 1-10  L10 KODE(NY - coding of nodal points (see
saragranh 4.2 _
11=20 110 NTERR{N) number of tertiary relation in node N.

The gq-h relationship of the flow to
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DESCRIPTION

GROUP COLUMNS FORMAT SYMBOL

21-30
31-40
41-50
51-60

61-70

One card must

ending with N

21=30

31-40

41-50

51-60

61-70

24

F10.1
F10.1
F10.1
F10.1

F10,1

X(N)
Y(N).
HGL (N)
HBSC(N)

LESC(N)

the tertiary system, as discussed

in par. 2.4, are schematized in a small
number of different relations
x-coordinate of node N

y-coordinate of node N

height ground level in node N

height bottom secondary conduit in
node N. If node N is not a secondary
conduit, this variable ié a dummy
variable

length of secondary conduit in area

represented by node N

be provided for each node, starting with N = 1 and
= NUMNP

F10.1

F10.1

F10.1

F10.1

F10.1

F10.1

Fi10.1

P(N,LY, 1)

initial value of h at node N in

layer LY

VERRES{N,LY) vertical resistance at node N and

layer LY. If the layer is an aquifer,

this value is a dummy variable

RADRES(N,LY) radial resistance for flow to

secondary system at node N in layer
LY

ENRES(N,LY) entrance resistance for flow to

WP(N,LY)

POR (N, LY)

SS(N,LY)

secondary system at node N in layer
LY. 4

wet perimeter of secondary system at
node N in layer LY

specific yield of the material at
node N in layer LY

specific stbrage of the material

at node N in layer LY



GROUP COLUMNS FORMAT SYMBOL DESCRIPTION

One card must be provided for each node, starting with N = 1 and
ending with N = NUMNP. If there is more than | layer, for each layer
a set of cards must be provided, starting with LY = | and ending

with LY = NUMLAY

F 1-10 F10.1 P(N,LY,1) value of h at different times at

node N in layer LY, Node N lies
on a prescribed head boundafy_

11-20 F10.1 WISC(N) water table in secondary systeém at
node N at different times

21-30 F10.1 ARRED(N,LY) artificial recharge to or discharge
from node N in layer LY or
prescribed boundary flew at
different times

31-40 F10.1 QPHR(N) flux through phreatic surface at

node N at different times

The data in group F are non—-stationary input data. One card must be
provided for each node, starting with N = | and ending with N = NUMNP.
In case of more than 1 layer, for each layer a set must be provided.
Not relevant variables are taken as dummy variables.

After a certain number of time steps (NISPI), the data of group E

are read. So the set cards E must contain NXLYXC cards, where C =

{ TMAX/NTSPIXDELT) + 1, if DFLT is a constant,

4,2. Running the program on the Cy ber 7200

The program has been executed on a Cyber 7200 computer of

IWIS-TNO in the Hague.

- The demanded input is punched on cards according to the instructions
of the last paragraph and is put on a permanent file.

- For each specific problem in the program only the dimensjion statements
in the main program have to be adjusted according to the instructions
in the lines of comment.

- After compilation the program together with the input file is

executed.
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~ Intermediate data necessary for continuation of the calculationms,
are saved on another permanent file., This gives the opportunity
to restart the program at a time the calculation was stopped.

The only change in the input file is to adjust the starting time.

Remark.

With the aid of a terminal small changes in the program and in the
input file can be made easily and the output immediately appears
on the terminal. In this way it is possible to stop erroneous
calculations. This is especially useful when being in the testing

phase of the program.

4.3. 0utput

Immediately after reading the input data they are printed so
that possible errors can be detected. During execution after each
certain number of time steps (NTSPQ)}, calculated values of h and
water balance terms are printed., In appendix B an example 1is given.
The output data can be devided into two groups.

A. Data per node per layer
- Coding of the nodal points, KODE
- Rydraulic head, HEAD
- Flow through phreatic surface at the time indicated in head
of table, FLOWUN
- Flow to tertiary surface water system, FLOWIS
- Flow to secondary surface water system, FLOWSS
- Flow to adjacent layers, LEAKAGE
- Artificial recharge or discharge and prescribed boundary
flow, ARRED
— Change in storage during last time step, STORAGE
- Flow through prescribed head boundary, LATFLOW
B. Data per layer
Summation of the terms already mentioned under A gives the
magnitude of the water balance terms per layer at the time
indicated (instantenecus water balance terms). Summation of
these instanteneous terms multiplied by their respective time
intervals, since time is zero, gives the cumulative water balance

terms per layer.
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After each print out we are able to check the calculations,
because the sum of the water balance terms per layer must be

approximately zero.

b4. Computing time

The computing time depends on the number of nodal points and
the number of layers. But it depends also on the magnitude of the
changes in hydraulic head and on the value which terminates the

Gauss—Seidel iteration (TCL). To give an impression: TOL = .00l m,

Costs per day simulation {(in hlfl) on the Cyber 7200

number of nodes * number of layer
At

Xaxhbh (21

where

It

costs in Dutch guilders per system second (f 0.27)

empirical factor, with magnitude about 0.01,

V. NUMERICAL EXPERIMENTS

In general there are two possibilities to test the validity of
numerical models., The first and most commonly used method is to
compare numerical results with analytical solutions. The second
possibility is to compare numerical results with measured field
data. Since the last alternative requires many data that are
difficult to obtain, we restrict ourselves for the time being to

comparison with the analytical solutions.

51 . Tlow to a well in an unconfined

circular-shaped aquifer

Flow to a well can be divided into steady-state flow and

unsteady-state flow {(KRUSEMAN and DE RIDDER, 1976).
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5.1.1, Steady state flow in an unconfined aquifer

For this case the formula of Thiem-Dupuit is valid (see fig. 10)

2_.2
. Tk (hymh))

_ 1 (22)
ln(rzlr])
where
h]h2 = hydraulic head in 1 and 2, respectively [IJ]
Q = discharge from well [lg.T_l:
r,sT, = distance from well EIJ]
Q

I

i __

T
14

m hz

m

5]

Fig. 10. Schematic cross—section of a pumped unconfined aquifer

Fig. 11 gives the nodal grid superimposed on a well in a
circular shaped aquifer. Near the well the nodal point distance
is made smaller. Quadrilaterals as well as triangles are used.

Numerical calculations with this finite element network and

3

an extraction rate of 200 m .day_l were performed for 10 days.

At that moment a steady-state situation was almost achieved.
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Fig. 11, Nodal point configuration for flow to a well in a circular-

shaped aquifer. The outer boundary is taken to be constant.

The well is situated in nodal point 42
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In fig. 12 the results of the simulation are compared with the

analytical solution. The agreement between numerical results and

the analytical solution is excellent.

draw- 15
down

10

05

S (m)

analytical solution
»—=—=x coicuiated wvalues

90
distance from well r (m)

Fig. 12. Comparison between analytical and calculated steady-state

drawdown for the problem of fig. 11, with:

Q = 200 m3.day_]
k = 1.0 m.day_|
d = 10.0m

5 = .2

y

8 = .0

5.1.2. Unsteady-state flow in an unconfined aquifer

Analytical solutions for unsteady-state flow in an unconfined

aquifer only exist if the aquifer extends infinitely. For the

aquifer given in fig. 11 this condition is not fulfilled. However,

during the first one or two days after starting the extraction, the

influence

30
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drawdown near the well can be neglected {see fig. 13). After one
day the lateral inflow is only 2.57 of the extraction, the remainder

being the change in storage due to drawdown.

E | .
G=200m3.day
200, -—- :',7'
- -—
m3ch:|-_.‘.r'1 Lateral inflow
100+
a storage
Sy
ey
| l =~ e,
Q 5 10
t (days)

Fig. 13, Values of Q, lateral inflow and change in storage as

functions of time

The nmonsteady-state or Theis equation, can be written as

s = AngJ% dy = o= W) (23)
u
where 25c
R T3 -]
r = distance from well (1]
§.= storage coefficient [-—j
Q = constant discharge from well I:L3.T_l]
D = thickness of the waterbearing laver -

at the beginning of pumping [L]
t = time after starting the extraction [ ]
§ = corrected drawdown

s - 32/2D EL:]
s = calculated drawdown [I,]

W{u) = Theis's well function
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In fig. 14 the analytical unsteady-state solution, for the case
described in section 5.1.1, is given together with the numerical
results at times 0.5 and 1.0 days. The agreement between numerical

results and the analytical solution is rather good.

102
Drawdown
sl (m)
10"
16°F
—— Theis's solution
X caculated values, t=05
. " w L t=10
3
10!’ 1 1 e
e 1072 1072 Q'

1
tir2 (dayim?)
Fig. 14. Comparison between analytical and calculated steady-state

drawdown for the problem of fig. 11, with:

Q = 200 m>.day
k = 1.0 m.day_l
d = 10.0m

S = .2

y

8§ = .0

These results indicate that the assumption of a linear variation
of h between two nodal points (see fig. 3), even with the rather
rough element network of fig. 11, is acceptable. So there is no
need fo improve for example the finite element network by introducing

higher order coordinate functions.
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5.2, Flow to a well in a 3-layered systenmn

In fig. 15 a schematic cross-section of a 3-layered system of
two aquifers separated by an aquitard, is given. A well of
infinitisemal radius is completed in the lower aquifer and discharges

at a constant rate, Each layer is homogeneous, isotropic and

QII'
extending radially infinite.

aquifer |

aquiter |l

B
b
ol
1
b
by
by
I
 f

Fig. 15. Schematic cross—section of a 3-layered system

For this situation NEUMAN and WITHERSPOON (1969a} give rather
complicated analytical solutions. In the special case where the
hydraulic properties of the two aquifers are identical, they give
graphical illustrations of their solutions for three different
cases.

These graphical solutions give the opportunity to verify
roughly numerical results of a 3-layered system. Therefore a nodal
grid is superimposed on a circular shaped groundwater flow system
with the extraction in the centre of the lower aquifer and with
a constant head on the outer boundary. Fig. 16 gives the nodal
point situation in the x - y plane of 1 layer. The nodes in the
other two layers are situated in the middle of the layers at the

same places in the x - y plane, only their z-coordinate is different.
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Fig. 16. Nodal peint configuration for the 3-layered
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In fig. 17 numerical results are compared with the analytical

solution. The agreement 1s rather bad, especially for the two

aquifers. But in terms of the water balance the difference between

aquifers and aquitard is not so big, because the aquitard has

about 16 times bigger storage capacity than the aquifers. The

small value of the specific storage of
that small errors in the components of

big influence on the calculated values

the aquifers is the reason
the water balance have a

of the hydraulic head.

o5~
—— Analytical solution
« calculated values,aguiferl)
02 x " " .aquitard
a - " Jaquiter |
o=
005
Qo2
1 ] 1 L 1 1 J
[o]u)} 1 2 5 10 20 50 100

Dimensionless drawdown vs.

3-layered system, with:

(x rooonu.p%ﬁ

dimensionless time in a

QII = 50 m3.day_!
r = 3 m (distance from well)

Thi (m) 8 k(m.day_l)
aquifer I 10.0 .001 1.
aquitard 2.5 L0642 - .0277
aquifer II 10.0 .001 1.

The discrepancies are partly caused by errors in discretization.

In the z-direction these errors can be eliminated by taking the
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vertical resistance of the aquitard to be infinite. Then the
calculated drawdown in the pumped aquifer can be compared with
the analytical Theis's solution.

This is done in fig. 18 for different distances [rom the well,
One sees that the agreement is better when the distance is bigger.
Apparently the linearization of the logarithmic drawdown curve
near the well is responsible for the differences. The differences
for r = 3 m are of the same magnitude as for the pumped aquifer in

the 3-layered case.

0100~ ‘ i
= — Theis's solution
Ay « caleulated values |, r=3m (distance from well}
a SoF

2 x “ W .r=7m

a “ " , r=15m

1L

L 1 1 1 i L 1 1 1 ]

00% Qo3 005 O o2 a5 1 2 5 K1P
o *5ore

Fig. 18. Dimensionless drawdown vs. dimensionless time in a

confined aquifer with:

Q = 50.0 m.day |
kK = 1.0 m.day |
D =10.0m

s = .00

The differences between numerical results and analytical solutions
are not caused by taking a finite area, because changing the ocuter

boundary into an impermeable boundary has only minor effects.
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VI. SUMMARY AND CONCLUSIONS

In this report a numerical model for non-stationary saturated
groundwater flow in a multi-layered system has been treated.
Groundwater flow can be described in different ways.

a. Physical-mathematical: by combining Darcy's law and the law of
continuity (section 2.1)

b. Geo-hydrological: the flow in a natural groundwater basin takes
place in layers with different hydraulic properties. Definitions’
of the most important hydraulic properties are given in Section
2.2

c. Schematical: groundwater flows horizontally in aquifers and
vertically in aquitards {(section 2.3)

d. Approximating: by dividing the region of flow into a finite
number of elements and applying Darcy's law and the law of
continuity on each of these elements. In theseways one gets
a set of equations, which can be solved given (initial and)
boundary conditions (section 2.5)

e. Numerical: the set of equations has been solved using a Galerkin
type finite element methed and the implicit Gauss—Seidel method
with overrelaxation factor (section 3.1 and 3.2)

f. Computer—solvable: the numerical solution has been translated
in a FORTRAN IV program, called FEMSAT (section 3.3)

In chapter IV the input, execution and output of the program

FEMSAT are treated.

. Finally in chapter V some numerical applications are given:
simulation of flow to a well in unconfined aquifer and simulation

of flow to a well in a 3-layered configuration.

Comparison of hydraulic heads obtained by numerical calculations
and analytical true solutions showed an excellent agreement in case
of stationary flow and a good to moderate agreement in case of non-
stationary flow. However, the diviations caused by the discretization
process, must be seen in relation to the errors made in the

establishment of the hydraulic properties.
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As was stated in the introduction, numerical models can be
valuable tools in the management of water resources. Therefore
numerical models must be suitable to simulate effects of certain
operations upon the spreading of water over saturated groundwater,
unsaturated groundwater and surface water. The model described in
this report is a model for saturated groundwater flow. The relation
with the surface water can be taken into account via radial and
entrance resistances or via a relation between flow to the surface
water system and the hydraulic head. The relation with the unsaturated
zone has been restricted to the input factor 'effective precipitation'.
In practise however, the unsaturated and saturated system are
intercomnected. Therefore the model should be improved by taking
into account the unsaturated zone. This can be done in at least
two ways:

a. Replacing the unsaturated zone by a parametrical model
b. Coupling the unsaturated zone in an iterative way with the

saturated system.

In order to find out the usefulness of the numerical model for
water resources management, it will be applied to actual regional
groundwater systems.Also sensitivity analyses will be carried out.
The computer model itself can be improved by applying standard
programs, e.g. automatical generation of a nodal grid and graphical

plotting of the results.
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* 4
1290= CALL ELEMCKODE.P,EC4,EC2,X.Y KX, ESANG, ECANG, NURNP , NUMEL , HBAND, A ET
13p8= 4HI, ITS, VERRES, NUMLAY ,HGL .8 ,PORA. S5, THI . AREA]
41340= DO 478 LY=4,NURLAY
4320= TFLSSILY)=.a
4338= TFLLEACLY)=.8
1348= TARRED(LY)=.R
1358= TSYORLLY)=.B
41348= TINOUTCLY)=.P
1378=479 CONTINUE
41388= TFLTE=.8
13798= TFLUN=.8

1488=C
4448=C IN SOILYAT CALCULATION 0OF FLOW TD UNSATURATED ZONE FDR SOME NODAL
142@8=C POINTS

4430=C

1448= DD 488 H=4,NUNNP

145@= UNCN)=.P

1468= IFCKDPECN}.EQ.43CALL SOILUWATLP ., NUMNP . NUMLAY . AREA, FLGUUN.PDR, UN]
1478= IFEKODECND.NE. 4 JUNCNI=PREV#AREACN)

1488= FLOWUN=UNCN3

1478= TFLUN=TFLUN®UNIN)

1588=4680 CONTINUE

15 4@=

1520=C LODPS ON NODES AND LAYERS

41538=C

4548= DIFMAX=.8

4558= DO Z8@ LY=41,NURLAY

1548= DO 49@ N=4.NUMNP

4570= IFLVERRESCM,LY].GT.B.)G0 TN 35

1588=C

15%8=C 1IN TERSYS CALCULATIDN OF FLDW T TERTIARY SYSTEM

1600=C

1640= FLOWTS=.@

1628= IF{LY.EQ. 4)CALL TERSYS[KODE.,P ,NUMNP , NUNLAY, FLOWTS. NTERR AREA . N. HGL
1638= 1)

1648= IFCLY.EQ. 13TSYSCNI=FLOWTS*AREALN)

14658= TFLTS=TFLYS+FLOUTS

16468=C

4478=C IN SECS5YS CALCULATION OF FLOW TO SECONDARY SYSTER

414680=C

1690= FLOWSS=.8

1780= IF(KDDECN).ER.3ICALL SECSYSCP.NUMNP ,NUMLAY . LESCHBSC.RADRES ENRES,
17 18= {FLOWSS. N,LY WP, UTSE, VERRES ]

1720= IFEKODECN).EQ.3)SEYSIN. LY I=FLOWSS

1738= TFLSSILY )=TFL.5S(LY1+FLOWSS

1748=C

175B=C IN LEAKAGE CALCULATION OF FLOM TO ADJACENT LAYERS

§760=C

A778= FLDWLE=.R

478B= CALL LEAKAGECP, NUMNP , NUMLAY, VERRES, THI, AREA, FLOWLE, N, LY, HGL)
1798= IFEN.ED.43)FLOVWLE=.8

1808@= LEAKCN,LY)=FLOWLE

41848= TFLLEACLYI=TFLLEACLY)+FLOULE

1828=C

4838=C IN ATBT DETERMINATION OF AT AND BT MATIX

18408=C

4B858= CALL ATBTCP,NUMNP, NUMLAY,A,B,DELT,ARRED, FL.OWUN.FLOUTS. FLOWSS, FLOWL
1B4B= 4E,H,LY AT, BT, MEAND, VERRES. UNJ

1879={

ABH@=C IN SOLVE GAUSS-SEIDEL ITERATIONM

1898=C

1780= CALL SOLVEEP . NUMNP . NUMLAY , PLAST. AT, BT, MBAND »KODE , N, LY, DREGA. HG
1940= 4L, A, VERRES]

4920=185 RESIS=.S#UVERRESIN.LY)/ABSCAREALN]D

1938= IFCVERAESIN, LY. NE.B. JPON,LY,2)=[-PEN,LY~4,2}/RESIS-PIN,LY+4,2]

1948= 4/RESIS+PIN, LY, tJ#BCN.LYI/DELT)/CBIN,LYI/OELT--2./RESTS)

19508= DIFF 4=ABSIPIN.LY,2)-PLAST)

1948= IFCDIFF 1.GT.DIFRAX INHAX=N

1978= IFEDIFF4.6T.DIFMAXILMAX=LY

178a= IFCOIFF 4. GT . DIFMAXIDIFNAX=DIFF 4

19%78= TARREDCLY I=TARREDCL,Y J+ARREDIN,LY)

2pea= ACCIN,LYI=B{N,LYI®EPIN.LY,2)-PIN,LY, 42)/DELT
28 18= TSTORLLY I=TSTORLLY J+ACCIN,LY)

2028=1%8 CONTINUE
2030=209 CONTINUE

2p48= IFCITER_EQ. 4 )DHA=DIFNAX

20858= IFCITER-EQ. 4 YNDMA=NMAX

2048= IFCITER.EQ. 1ILDMA=LMAX

2678=C PRINT 285, ITER,DIFMAX,LMAX, NHAX

20R8=285 FORMAT{ /33H MAX.CHANGE IN P DURING ITERATIDN,IS,3H IS.F
2890= 442.6,%H IN LAYER,IS.PH AND NODE, 5]

2488=C

2448=C TEST FOR CONVERGENCE

2428=C

24138= IF(DIFMAX.GT.DIFF2IPRINT 248

Z244@8=218 FORBATL{/45H ND CONVERGENCE//]

2458= IF(DIFMAX.GT.DIFF2I0MEGA=4.8

2440= DIFF2=DIFNAX

2470=C

2489=C TEST FOR TERMINATION OF ITERATIONS

219e=C

2288= IFCITER.GT.MAXITIGO TO 229

2248= IF(DIFMAX.GT.TOLIGD TO 4168

22Z28=C

2239=C IN FIX8 CALCULATION OF INFLOW OR QUTFLQW
2248=C

2259=220 CALL FIXQI{KOBE.P.NUMNP, NUMLAY, TINOUT, 4. FIBAND . 0. VERRES)
2240=C

2278=C DETERHINATION OF CUMULATIVE WATERBALANCE TEAMS
22808=C

229e= CFLTS=CFLYS+TFLTS#DELT

2389~ CFLUN=CFLUN+TFLUN%CELT

2348= DO 230 LY=4,NUNMLAY

2320= CFLESCLY)=CFLSSCLYI+TFLSSILYIDELT

2338= CFLLEALLYI=CFLLEACLY )+TFLLEACLY)®DELT
2348= CARRED{LY }J=CARREDCLY )+TARRED(LYI®DELT
2358= CSTORCLYI=CSTORLLYI+TSTOR(LY JDELT

2368= CINOUTCLY 3=CINOQUTCLY }+FINOUTCLY J#DELT
2378=238 CONTINUE

23ge=C

2398=C OPTIOMAL PRINTING OF RESULTS

24p8=C

2448= REST=ITS-ITS/NTSPO*NTSPO

2426= IF{REST.EQ.B.ICALL PRINTOCP,NUMNP , RURLAY,ST,DELT,CFLTS. TFLTS, CFLSS
2430= 4, TFLSS,CFLLEA, TFLLEA,

2440= {CARRED, TARRED,CSTOR ., TSTOR, CINQUT, TINQUT, CFLUN, TFLUN.KODE. UN.TSYS
2458= 4,55YS, LEAK, ARRED, ACC. Q)

Z2468=C

2470=C DETERMINATION OF MAX CHANGE IN P PER TIMESTEP
2480=C

24%08= DPMAX=.8

2588+- DO 28@ LY=4.NUMLAY

2540= DO 248 N=4,NUMNP

2520= ABSDIF=ABS{PIN.LY, 4)-P(N,LY.2])

25308= IF{ABSDIF .GY . DPMAXILM=LY

254@= IF{ABSDIF .GT.CPMAXINM=N

2558= IFCABSDIF .GT.DFMAXJDPMAX=ABSDIF

25608=248 CONTINUE
2570=258 CONTINUE

2588= ABSD=ABSCPINDMA.LDMA, 1J-P(NDHA.LDMA.2])
2598= OMEGA=OMEGAXABSD /DNA
24688= IFCOMEGA.GT. 1.6 )0REGA=4.6
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3938=
3A749=130
3958=
3Ir6a=

4 SPELC 5Y/)
FORMATLIG./F18.3)
RETURN

END

3978=#DECK DYNAMIC

avoe=C

TP QR 31936556 T V6 16 0369690 000 3000 3069960096 003 D360 3606 96 606 36 36 96 36 30 3636 963006 036 00 36 30 36 006 1036 006 0006 06 06 3696 0636 0

4880=C
48 18=
4828=
AB38=
4@848=
4050=
4868=
4878=
4880=
48978=
4488=
4448=
4420=4@
4438=20
4+448-30
445@8=48
4448=
4478=56
44808=
4478=
4288=
4248=
4228=
4238=
424R8=568
4258=70
4268=808
4z278=9%
4280= 108
4290= 405
438p=

SUBROUTINE DYNAMICCNUMNP, NUMLAY, KODE, P, ARRED, WTSC, IDIV, 5T, PREV]
DIMENSION PCNUMNP, MURMLAY . 2], ARREDCNUMNP , NURLAY D, U1 SCIHURNP 3 KDDELN
AUMNP )

DD 3@ I=4,IDIV

00 28 LY =3.NUMLAY

DD 48 N=4,NUHNP

IF(KODECN}.EQ.2)G0 TO 1B

READ 40 ,DuUM4.DUM2,.DUN3

IFCKODECN) .EQ. 4IPIN.LY, 4)=DUNY

IFCKODECNY.ED.3.AND.LY.EQ. 1JUTSCINI=DUN2
IF(KODECNY.EQ.S)IARREDIN, L Y )=DUN3

CONTINUE

CONTINUE

CONT INUE

FORMATIIF 48.1)

PRINT 58,57

FORMATU//47H MON-STATIONARY NODAL POINT INFORMATION AT YIHE.
{F8.2,5H DAYS//,39H LAYER NODE PRESC.HEAD uTscC ARRED//)]
DO 78 LY=4,NURLAY

DO 4B N=+4,NLUMNP

IFCKODECNILEG.1IPRINT 80,LY,NPIN,LY, 1]
IFCKODELNI.ER.IIPATHT 98, LY. N, UTSCIND

IFCKODECNY.EQ.SIPRINT 4BB.LY,N,ARREDIN,LY?

CONTIMLUE

CONTINUE

FORMATC21S.F48.3)

FORMATL215, 48X F 19.3)

FORMATC 215, 28X, F4@,3)

RETURN

END

4348==DECK ELEM

4320=C

BIZA=0 5 30000 3 03300 36 36 263600 336 N 0620000 0036 00036336 0638 D66 36 3006 36 968 00 30 0000 0306 B0 00 56 6 30 00 30 030 0 00 06 0 8 S 0 0

Azap=l
4358=
4360=
A378=
4380=
4398=
4488=
441@=
442p=
4438=
4440
4458+
4468=
447@=
4480=
4498=
450@=
4548=
A528=
4538=
4548=
4558=
a4%4@8=2
4578=4
4588=6

SUBROUTINE ELEMIKODE,P,EC4,EC2, X, Y KX, ESAMG . ECANG , NUPINP , NUMEL , MBAN
40, AEEHE, ITS, VERARES , NUMLAY , HGL +B, POR, 55, THT . AREA}

DIFMENSION KODELNUMNF I, PLNUMNE . NUMLAY,2), EC4CNUREL , NURLAY Y, EC2( NUME
4L . MUMLAY

41, XCRUANP 3, YONUMNP 3, KXENUMEL , 4 3, ESANGLNUMEL . NUMLAY ) . ECANGT NUNEL , NU
LAY D,
2ETHILUNUMEL , NUPLAY ), ALMBAND , NUMNF , NUMLAY 3, VERAES [ NUPNF , NUSLAY . i m( 4
41.6(3,3]

4, IXE33,504,4) . HGLUNUFING 3, BCNUMNP , NURLAY 3, PORUNUMNP . NUMLAY D, SSENURN
4P, NURLAY D, THICHUMNP . NUMLAY J . AREAT NUHNP )

I=4

IFCITS.EQ.B-.AND .NUNLAY . GT . 411=2

IF{ITS,EQ.A-AND.NUMLAY.EQ. { RETURN

NUAYER=NUMLAY

IFEITS.GT.QINLAYER= 4

DO & LY=I.NLAYER

DG 4 N=4.NUHNP

BCN,LY)=.8

AREA{N]=.H

DO 2 WM=1,MBAND

aln. N LY)=.0

CONTIRUE

CONTINGE

CONTINUE

- n
b i
45968=C .
4408=C DETERMINE CONDUCTIVITY TENSOR
44 48=C
4628= IAR=8
443@= DO 488 LY=1.NLAYER
4440~= IAR=IAR+1
4458= DO 98 W=1,NUPMEL
4668= SINP=ESANGIN.LYI®ESANGIN.LY]
4478= COS2=ECAMNGCMN, LY I#ECANGIN,LY]
4686= CONDI=CECACN,LY3I*CASZYEC2IN, LY InSTINZI#ETHIIN,LY]
4690= CONDI=(ECA{Nt Y J%SINZ+EC2EN. LY INCOSZINETHICN,LY)
4786= CONDK=CCECAIN,LY }-EC2IN, LY IHESANGCN, LY IXECANGUN, LY ) I¥ETHIEN
47 48= 4,LY)
4728= IFCLY.NE. 4)GD TO 4B
4738= KI=KXLN, 4]
4740= KI=KX[N.2)
4758= KL=KXI[N,3)
4768= KM=hX(N,4)
4776= PGEM={PLKI, 4, 2)+P[K3, 1. 2)+PLKL, 4, 21+P (KM, 1.2)1/4.
47688= IF{HL.EQ.KNIPGER=CLPLKY, 4, 2)4+F{KI. 4. 23+PIKL. 4. 23)1/3.
4798= HGLGEHR=(HELCKI M+HBLLKII+HGL LKL J+HGL(KM 31 /4.
4898= IFEKL EG.KMIHGLGEM={HGLCKI J+HGLEKI+HGLIKL 13/,
4849= KHGEM=PEEM-[ HGLGEM-ETHILN, 13}
4528= CONDIsCONDI#KHGEN/ETHICN. LY
4838= CONDI=CONDJ#KHGER/ETHI(N,LY)
4840= CONDK=CONDK#KHGEM/ETHIIN.LY3
4858= IFCCONDI.LT.0-)CONDI=.8
4848= IFCCOND].LT.H.)CONDI=-8
4870= IFCCONDK.L.T.B. JCONDK=.8 -
4B80=148 DO 48 I=4,4
4898= LAE I )=KXIN, 1)
4988= DO 38 3=¢.4
4% 19= 501.,7)=.8
4928=38 CONTINUE
4938=48 CONTINUE
4948= NUS=4
4958 IFELME3) .ED. LA ) INUS=3
4948=C
4979=C LODP ON SUBRELEMENTS
4988=(
4998= KK=2
saep= IF{MUS_ED-3IKK=1
5040= DO 48 K=4,KK
5082a- I=LN{4]
£836= J=LM(K+4)
S848= L=LM{K+2])
sa58= CI=X(1L)-X(3}
5B84B= CI=X{I3-X[L)
ce7a= CTH=x(33-X(1]
LARe= BI=Y{33-Y(L]
5898= BI=Y{L3I-¥(1)
5188= BK=YLI1-Y(3]
S41@= DEL2=[CK%8J-CI*BK1/2.
S428=C
$438=C DEI.2 IS AREA TRIANGLE
Saa@=0 .
9158= EC4, 4)=CONDI*BI#BI+2. #CONDK*BInCI+CONDISCINCE
5468= El4,21=CONDY#BI*83+CONDR%CBI*CI+CI*BI+CONDIRCI*0]
S470= EC4,3)=CONDI#BTI#BR+ACONDR*#CBI#CK+CI*BK )+CONDI*CT#CH
s188= EC2,491=E(4,2)
5498= EC2,21=CONDI*BI%BI+2 . #CONDH %8 J#CI+CONDI=CTINCT
5208= E(2,31=CONDI*BI%BK+CONDH#(BI*CK+BK#C I+ CONDIREIRCK
$2418= ECR, 41=E(4,3)
be20= Er3,2¥=E02,3)
523@= EL3, 33=CONOI¥BK*BK+2 . #CONDH #BH *CK+CONDINCH*CH

5248= IXCq41=4
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4579=
4hB@=
4598=
6688=
6449=28
4H4620=
6638=
6440=
4£458=
4£668=30
4478=C
£4688=34
4690=32
&7R8=C
47 18=45
6728=
4776=
47 48=35
&758=
&7 6=
&F7R=
67 B8a=

D0 20 Mx2.HBAND

H=N+M- 1|

TFLK.CT.NUMNP )GO TO 24
SIGHA=SICHNA+ATIMI*PLK.LY,2)

CONTINUE

00 38 M=2. MBAND

L=M-F+1

IFCL-LT.4260 7O 38
SICGMASSIGNA+ALN, L LY I#P{1L,LY.2)

CONTINUE

PRINT 34,N,LY,ATC4).5IGMA.BT
FORHATIZ2IG,3F48.3)

PENSLY, 2Y=PLAST+OMEGARC 1. /AT 1 In{~SIGMA+BT I-PILAST)
IFCVERRESIN LYI.NE.B. JPRINT 4S5.M,LY,ATC42.B]
FOAMATC(215,2F42.5)

IFCPCH, 4,2).LT B )P(N.4,2)=0_

IFCPCN, 4:2].L.T.8.JPRINT 35,0

FORMATL/4BH P IN NODE.IS,24H IS SMALLER THAN ZERO//"
IFCPCN, 4, 2).6T JHOLCNIIPIN, 4, 2)=HGLIN)
IFLVERRESCN,LY).NE.B. JOREGA=DNEGA*2.

RETURN

END

6778=#DECK FIXA

4£888=C

GO AGSCMA NI I T T30 D163 06 0696 0696 304 0360 5620696 6D NI IR NN TR ERE R R

&8z8=C
46838=
4B48=
£858=
AB848=
&£978=
4£888=
£8%8=
5£908=
&918=
4928=
A938=
4940=
4958=18@
ARLB=
4978=
4789=28
&£950=
70a8=36
7@48=48
7828=
7838c

SUBROUTINE FIXQREKODE.P . NUMNP, NUMLAY, TINOUT . &, NBAND, §. VERRES)
DIMENSION ACMBAND,NUMNF, NUMLAYD, TINOUTLNUMLAY ). KODETRUMNP )
1, PTHURNP  NURLLAY . 23 DONUMNP » NUFELAY 3 VERRESENUMNP , NURLAY )
DO 48 LY=4,NUFLAY

IFLVERREST 1.1Y1.6T7.8.)60 TO 46

00 38 N=4,NUMNP

IFCKODEENI.NE. 4)G0 TC 38

GCNLYI=—AL S M LY I¥PIN,.LY. 2]

D0 28 3=Z.MBAND

K=N-J+14

IFIK.LT. 4060 TB 48

QN LYI=QCN, LY )-ALT K LY Y%PCR, LY. 2]

K=MN+3~-1

IFCH.GT.MUMNPIGD TQ 28
BON,LYI=QCN, LY )-ACD N LYI*OCK, LY. 2]

EONTENUE

TINOUTELY I=TINGUTCLY I+QIN. LYY

CONTINUE

CONTINUE

AETURN

END

784@=#DECK PRINTQ

7RE0=T

FRADT N0 000 36390006060 U0 DA 00 630 30K 0 S DG 366 006 S D I 00 06 00 00 00 3 0 e K

7879=0
7@f8=
7899=
7 1Ba=
7140=
7428=
743@=
7 448=
7 168=
7 i68=
7478=
74B@=
7198=
72e8=
7218=48
7228=

SUBRDUTINE PRINTOCP ., NUMNP, HUMLAY,ST.DELT.CFLTE, TFLTS, CFLSS . TFLSS.C
{FLLEA,

4TFLLEA.CARRED, TARRED, CSTOR. TSTOR,CENOUT, TINOUT, CFLUN, TFLUN . KODE
4N, TEYS, BSYS . LEAK, ARRED  ACC .0 )

QIMENSION PONUNNP, NUMLAY. 23, KODETNUZING 3, UNENURNP 3, TSYSCNUNNP 2. S8YS
ACNUNNP .

ANUMLAY ), EAKCNURNP , NURLAY 1, ARREDCNUPINP , RUMLAY ), ACCUNURNP , NURLAY D . &
4CNUNNP NURLAY D,

| CFLSSCNUMLAY D, TFLSSINUMLAY ), CFLLEALNUMLAY )

4, TELLEA{NUNLAY ), CARREQ(RUM

4LAY ), TARREDGCNURLAY ), CSTORINURMLAY 3. TSTRRINUML AY 3. CINDUTINURLAY Y. TIN
A0UTCNUMLAY Y

FRINT 48.51

FORMAT(///5@H HEAD AND TERMS OF WATERBALANCE PER NODE PER LAYER.//
i

7268=28

74287446
7438= 158
7648=
7458=

4.84 AT TINME,FAS.3.49H IN M AND Mwx3/DAYS.//)
PRINT 28

FORMAT{SEH LAYER NODE KODE HEAD FLOWUN
1,39H LEAKAGE ARRED STORAGE LAT FLOU)
B0 38 LY=4,NUNLAY

PRINT 2P

FORMATL/ /)

00 25 M=, NURNP, &

TFLLY.ED.4IPRINT 48,LY.N,HODECND .PIN-LY. 2D UNCND, TBYSEN] . S5YSIN, 43
. LEAKIN,

443, ARREDIN. 42, ACCIN, 11.0{N, 1)

IFCLY NE. 13PRINT S@.LY.N. KODEEHY PONLY -1, SEYSIN, LY. LEAKIN, LY
41, ARREDCN LY 1, ACCIN LY), QUN.LY)

FLOWTS FLIWISS

CONTINUE

CONTTNUE

FORMATCILS, BF 48,31

FOARAT(IIS,F18.3, 28X, 5F 18.3)

PRINT 48

FORMATC//S7H TERAS OF WATERBAILANCE PER LAYER DURING LASY TIMESTEP
4RND . /7.

4744 AND SINCE BEGINNING IN Mx#*3/DAY

1 M3

1/41

PRINY 78, FFLUN,CFLUN

FORMATLABH FLOW TO UNSATURATED ZONE SRFA2.37)
PRINT 88, FFLTS,CFLTS

FORAATLATH FLOW TO TERTIARY SYSTEM S2FA2.5H7)
DO 456 LY=1,NURLAY

PRINT 78,LY

FORMATL/9H LAYER N0, [48/)

PRINT 408, IFLGSOLYY.CFLSSELY)

FORMATEASH FLOW TO SECONDARY SYSTER S2F42.27)
PRINT 4140, 1FLLEALLY ). CFLLEACLY)

FORMATI4SH FLDW TO ADJACENT LAYERFS) S 2RAR.3/)

PRINT 128, TARREQLLY ), CARREDLLY)

FORMATL45H ARTIFICIAL FLOW AND PRESCRIBED BOUNDARY FLUMW, 2F42.37)
PRINT 138, TSTORLUILY V. CGTORELY)
FORMATLATSH ACCUMULATION TERAS
PRINT 448, TINOUTCLY ) CINDULCLY )
FORHATLARH LATERAL FLOW THROUGH PRESCR. HEAD DOUNDARY . 2F42.37)
CONTINLUE

RETURN

ENE

JPFA2.370)
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APPEMDIX B: EXAMPLE OF CUTPUT

HEAD aND TERMS OF WATERAALANCE PER NODE PER LAYER

AT TIME 260 IN M AND Mux3/DAYS

LAYER NODE KODE HEAD FLOUUN FLOWTS FLOWSS LEAKAGE ARRED STORAGE LAT FLOW
1 1 1 125.0809 2.888 #.080 9.028 -.Bas B.anag e.ens . 864
4 7 2 12G.eda a.00a A.628 f.08m -.908 @.804 -800 a.a0a
1 13 2 125.962 a.808 a.e68 08.880 -.ARa @.808 .8p0 0.808
1 19 2 12%.2088 a.a60 A.a8a 6.088 -.40e A.000 .08d A.808
4 25 2 125.000 .88 9.009 B.62d -.888 &.6808 .8pa a.e08
4 34 2 {25.0080 4.808 a.020 B.b2R -.0008 a.a8pq -aoe @.n2a
4 37 2 125.4688 2._gag 8.808 [T ~-.080 2.809 .a80 B.82n
1 43 S 125.208 0,060 f.aeB A.980 ¢2.808 a.008 .08 b.088
2 4 i 125.888 @B.8pa .808 6.009 «2A% 2.800
2 7 2 4125.460 a.a6d ~.084 B.0ao 881 4.qaa
2 13 2 125.602 a.808 -.8e87 0.088 -8a7 2._208
2 19 2 4125.864 8.808 -.023 B.bea -823 .800
2 25 2 4125.8006 B.808 -.Bze p.pe0 -828 9.88a
2 24 2 425 .068 a.pee -~.Bag @.888 .889 f.008
4 37 2 125.804 a.868 -.883 2.802 .a83 A.Aen
2 43 9 125 .088 a.aa8 B.B6AB é.a800 -8@3 B.pea

3 4 1 125.0904 0.A8R -.808 2.0680 8.0008 a.088
3 7 2 4i25.008 8.008 .084 a.8a8 .182 8.8e8
2 13 2 4124.9%8 @a.8en 887 a.008 1,982 8.80A ~
3 i9 2 424.972 A.pEp -823 @.0688 3.867 8.080
3 25 2 124.8%5 B.pas .2ze n.Bpep 1.4674 .ABe
3 34 2 124.787 B.beA .8a7 A.pap 449 A.aea
3 37 2 124 . 647 9.008 .83 8.883 -878 a._ngea
3 43 s 124.358 9.868 @.888 5B.804 -844 a.628

TEAMS (OF WATERBALANCE PER LAYER DURIMG LAST TIMESTEP AND

AND SINCE BEGINNING IN Mxx3/DAY Mxwd

FLOW TO UNSATURATED ZONE 8.ap8 B. 008

FLOW TO TERTIARY SYSTER 0.0088 8.808

LAYER KD 1

FLOW TO SECONDARY SYSTERM .08 8.0R8

FLOW TD ADJACENT LAYERCS) -.8@8 -.p80

ARTIFICIAL FLOW AND PRESCRIBED BOUNDARY FLOM a.bas .58

ACCUMULATION TERMS .B88 . 08B

LATERAL FLOW THROUGH PRESCR. HEAD BOUNDARY .bap .eaa

LAYER NO 2 |
FLOW TO SECDNDARY SYSTEM B.880 8.800 A
FLOW TO ADJACENT LAYERCS) -.378. -.85%

ARTIFICIAL FLODW AND PRESCRIBED BOUNDARY FLGW B, 008 2.880

ACCUMULATION TERMS .384 .856

LATERAL FLOW THROUGH PREGCR. HEAD BOUNDARY .88 o.809

LAYER NO 3

FLOW TO SECDNDARY SYSTEM 0.8088 o.0an

FLOW TG ADIACENT LAYER(S? .378 .855

ARTIFICIAL FLOW AND PRESCRIBED BOUNDARY FLOW 56.808 - 42.979

ACCUMULATION TERHS 49.376 12,999

LATERAL FLDW THROUGH PRESCR. HEAD BOUNDARY 9.808 a.808




