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ABSTRACT

An 1nter£\}1ve computer package for generat1ng a f1n1te
element mesh has been developed as a preprocessor for two
and three-dimensional aquifer models. This scyeme has the
capability to generate triangular and_quadrilgtéral elementé
En two4dimens}on5'and,tetrahedral and parallelepiped A
elgments in three-dimensions. It is based on the E
Isoparametric mapping of QUadrilaterals and can be gsed on
flow Boﬁa}ns'that are described:by both regular and
irregqlaf boundaries. The éystem is completely user
‘interactiQé:Hutiliiing a diéi?fzing tablet and é colour
graphics'terminal to involve the Qsér\in all bhases of the
mesh generation, and also decrease the time and effort that
“is Jinvolved in more ﬁraditional methods of mesh '
construction. There are facilities to incorporate

pre—positionéd pumping wells,and observation wells into the

mesh, as well as constant head nodes, boundary “fluxes and

leakance elements. Output from the. package is stored in a
file in a format that is easily adaptable to most popular
.finite element codes. Some features of the code igclude: the
ability to produéé a hard coéy of thé.mesh in any size

‘ witﬁ?n the limitations cf(tﬂe‘plotting hardware, and an

: _ optimization aigorithm that renumbérs nodes so as to

- increase computational efficiency. In addition to a

\ description of the code, guidelines and hints are given for

| dealing with unUsual‘shaﬁed domains and for improving mesh

Lo Adésign, and examples of the application of the package to a



variety of problems
P

s
\

, are presented.
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3 1. INTRODUCTION

Finite element methods for solving groundwater flow

v

problems Tequire the discretization of the flow domain,

.

~

which involves\thehparuationing of the system under
consideration into a grid or a mesh. TypicaIly‘Ehe‘nesh is.
constructed by hand through drawxng a gr1d ove; the ‘flow
domain and manually enter1ng ‘the mesh parameters into a data’

Kl ’

set'. This procedure, espec1ally when one encounters more
conplex flow systems is.very tedious, time.consum}ng and

: suhject.to errors (Klienstreurer ‘1980)/ A ‘U

| The need to automate this. proces& is therefore apparent

’(Nara51mhan and wltherspoon, 1980, and Kllenstreurer, 1980).

. “
\'\LA

Technlques hased on point dlgltlzers have proven ‘useful 1in
reduc1ng the time for data entry of a manually preparedl
grid. However there has been relatlvely llttle work 1n{
adaptlng fully automatic methods used for example 1n’
Astructural englneerlng to hydrogeologlc problems.,These
schemes have heen uidely used, because‘theyAprovrﬁe the
" ability to gquickly and accuratelyrchanée the‘densjty ofﬂthe
mesh to_provide an optimal solution‘to a given prohlem. |
In the fields of structural and'automotive’enginee;ing

the problem—of automatic mesh generation‘appears somewhat

less complex than for hydrogeological applications because

B s -

6f‘regular external and internal geometrles. IQ ! -

hydrogeologlc appllcatlons, mesh generat1on 1s compllcated

‘by the 1rregular geometry of the flow domain. Spec;f1cally'

LY

o deal w1th




‘ .
- -complex internal geometries, where it is necessary to

model the boundaries of lithologic units; ..

' \
-complex external ‘geometries, as for example in the case

of buried channels; _ -
-providing specific locations for observation and
pumping wells +hat must correspond to nodal locations;

and /
. LY 3 ! " - ‘b
-the necessity of compressing the grid around a pumping

we to increase the mathematical accuracy in an area
where the hydraulic head may be changing quite markedly.
Such constraifts on the mesh to be generated are

usually not considered ih.the‘schemes presently available

’

.today. Existing techniques»applied to grounddéter modelling

~

have been largely problem or program specific
(Klienstreurer, 1980). These schemes generally involve
fitting the flow domain to an idealized grid of regularly

positioned elements. This kind of constraint usually makes

-~

it difficult to accurately model an irregular flow domaﬁn.
" A more gerjeral procedu:e for mesh géhera,ion in .a
pre-processor form has been developed by Sarzori et al.
‘(1982). The meshes illggxrated in gheir work a,oear to be

accurate and well conditioned. Thfé scheme fits a regularly

' positioned grid upon an irregular geometry such that

.

elemental boundaries do not necessarily correspond to
_transmissivity boundaries.
Thus, there is still a need in hydrogeological

3

applications to extend existing procedures for mesh

-



~.

generation. The proven techn&ques in the field of struétural
‘engineering provide xhe'logical starting point.‘Althoﬁgh
many schemes exist for 'sh generation, they are genegally
based on the folloWidé basié philoéophies: | |

~

1. tHe}mesh‘pattern is established by the cdmpuﬁer from a

minimal amount of information supplied in digital form;
and

2. the positioning of the mesh is established by

4+ graphical-computer interaction using plotting tables or

direct light pen displays (Zienkiewicz and Phillips,

7 q971).
The goal of.my work is to extend theée.basic

ﬁhflosophies of meshdgeneration to hydgbgeologiCal»problems.
Spécific objéétives arevs (1)'Eo‘de9eldp a mesh generator,
‘capable of conétructing a network of elements in two- or
three-dimensions a level oﬁ.complexity‘apprépriate for most
problems encountered in aquifer hydfaulics, (2)jto
demonsirate the usefulness of this approach in,solvihé'
p;aétical probleuws, and (3) to dehonstraée how grid design

4

can improve finite el?mént simulations.’

" The scheme for mésh generqtion hsed‘in this work is
discussed in Chapter 2. It is-based'on an isoparametric..-
-mqthod developed by Zienkiéwicz'and Phillips (1971).‘The
system is designed“for'maximuq“flexibility, user
interaction, and is capable of—gené}ating triéngular and

qugdrilaterél shaped elements in a plane and. projecting
- 7

these elemepts in the third dimension to‘producé:tetrahédral



and paralleleplped (brick type) elements. The mesh can be -
layered and . hence can account for the patterns of geologlc\
layering with relative ease.

)

The demonstration of the mesh oeheration SCheme
provided in Chapter 2 involves the simulation'of hydraulic
head distributions for.both a two-‘ahd three-dimensional
problem. The mesh for the two—dimensional.case is prepared
both manually and wlth the mesh generatlon program. The
results of these~two 51mulat10nsuare compared to verify the
automatic procedure and to‘demonstrate its utility-. The
three- dlmen51onal 51mulatlon is a more- complex case de51gned‘

to show how the mesh generation procedure can be applled to

layered geologlcal systems. . C .

-



\ R
2, DESIGN AND IMPLEMENTATION OF A FINITE ELEMENT MESH

GENERATQR

2. 1 EXISTING METHODS‘

Technlques for: automatlc mesh generatiaon have been in
Existence in thelr most ba51c form-51nce the late 1960° s.
Thwacker (1980) provides an exhaustive review of these mesh
generation techniques, “including an outllne of the ba51c |
theory, and an analysis of the drawbacks of each scheme
Current mesh generators employ one or a combination of two

i t

of the following schemes:
. 1. . automatic triangulation;
\ \\;/2. coordinate transfotmations{‘ : . —

4. blending functions (Yerry and Shephard, 1983).

3. smoothing procedures; or

‘The-eutonatfc‘triangq}ation techniqué, a scheme
’demonstrated~inbthe works of\Cavendish7(?974),‘Sadeck
(1980), and Suhara and Fukuda K1972), allows the greatest
flexibility in modelling a very generél region. Cavendish
{1974) uses a random number generator to fill the i
computatlonal domain with nodes to some spec1f1ed den51ty
-From this population of nodes, nodes are. selected to form/
dlements in a well conditioned mesh. Nodes'that are not,f
selected are extraneous and ignored. | ,/

Sadeck (1980) takes this approach a step further.
Instead of randomly generatlng the - coordlnates of the nodes;>

!

the nodes are located on the basis of the position of



o

regularly spaced nodes around the boundary of the region iB
which the mesh is being conatructed to form a well
conditioned mesh. This procedure eliminates the need to
generate the nodes first and then sort.through them to
produce.the best conditioned element from the,distribution
of nodes.

;.The method used b§ Sadeck (1980) works well for regular
geometric shapes,”or simple forms with irreqular geometry.

For regions with complex geonetry, which are discretized

\usir irilateralfelements, this method tends to form

\ :
poor, ~nditioned elements especially where the boundary

forms_an aCUte-angle. My experience with this method has

. 7 ]
shown that, although relatively simple to program it does

require a substantial number o aupport subroutines to B
handle complex shapes. Yerry and hephard (1983) state that
although the triangulation algorithps have been developed

that WIll work for géneral two-dimen 'onal shapes, they have

~not proven popular because they occasi; nally produce

ill-conditioned meshes and in many cakes requ1re»substantial
user interaction. | \ |
Coordinate transformations are ueed to map
geometrlcally complex figures- to a regular gr1d in the
transformed domain. Hav1ng deflned the tra sformatlon the

\
inverse transformation can be used to revert to the eriginal

domain. A disadvantage of thls technlque is that although

the mesh is apparently well conditioned, depending on the

coordinate transformation the mesh in reality may be very
A N _
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distogted. As well, another disadvantage of this scheme is?
fhat the coordinate transformatioﬁ‘must be provided\before
the computation cah.begin. This requireméntfis anhlagods to
constructing an irregular grid (Thwackgr,1980). |
Isoparametric methods (Zienkiewicz and Phillips, 1971)
or, smoéthing procedures as Yerry énd Shephard. (1983) |
describe them, involve the smooth distribution of nodes
within the computational domain. The positioning of the
interior nodes is determined by the mean of the coordinates
of its neighbours. This condition is equivalent to an
optimal grid, which corresponds to the equilibrium condition
of a system of'springs connecting the nodal points
(Thwacker,'1980). This scheme requires that'opposite
boundaries of the domain have the same number.dfvelements.
This constraint is a disadvantage because the user can not

easily change the density‘of the elements within the domain.



2.2 DESIGN OF A FINITE ELEMENT' MESH GENERATORlFOR TWO- AND

THREE-DIMENSIONAL PROBLEMS

My. design for an automatic mesh generator for
three- dlmen51onal groundwater floQ groblems is based upon
the work of Zienk1ew1cz and Phllllps\(1971), which involves °
the application of isop@rametric‘cooédinates, or smoothing
procedures as Yerry and Shephard (1983) had described them
in the previous section. The work by Zienkiewicz and
Phillips (1971) deals mainly with twqfdiménsioqal meshes,
.and indicates. that the method can be eésily adapted to
three-dimensional problems;

The code that I have developed has the.capability of
éeneratlng finite element meshes in both two- and
three-dimensions. It discretizes a domain using either
quadrilateral or triangular elements in two-dimensions, and
paralleleplped or tetrahedral elements in three- dlmen;zons

To facilitate both the rapid and 51mple entry of data
into the code, a menu oriented approach.haé’been implemented
using'é Summagraphics Corp. ID series tablet digitizer to
" input rhé bulk of the digital information.‘This approach
greatly simplifies\digital input-of coordinate ihformation,
and provides the user with flexibility .n controlling the

pattern of mesh generation.

Coupled to the digitizer is an Ad. nc actronics
'Desigh AED512 colour graphics terminal tr-t . .letely
supports the graphics packages necessary to “i 2v ana

manipulate the networks that are generated. The . - ted



Graphics (Davis, ¥977) system is‘a library of
FORTRAN-callable subroutines for performing graphics
operations. These systems are all gupported by the Amdahl
5860 mainframe at the University of Alberta.

With this hardware, the amount of data that must be
input manually can bé greatiy miniﬁized to générate a mesh
consistent with the following criteria:

1. the éeometry“of the boundaries,;whethér singly or
multiplj connected, must be accﬁrétely described;

2. a facility Eg?'describing the ;patial yariébility‘ih the

hydraulic properties of the geologic,material, wherever

theée OCCUTLy;

3. a facility forcgrading the mesh so as to achieve -
different kinds of mesh comprégsion in sﬁecific
sub-areas of the domain;

4. an achievement of shapes which are approximately
'equidimensional;and‘do not lead to numerical
ill—condition.ing.; \ | ’ o .

5. a renumbering system which results in-the best
computational efficiency (Zienkiewicz and,Phillips,

71; Collins, 19?3f.

oundary ofit%e domain or sub-domain in any plan

view can b 'adequately described by.,digitizing points around

this boundary. Zones of differing transmissivities are.
digitized s/parateiy, with the prdgram establishing the
required continuity ‘in the mesh geometry along boundaries.

The manner in which the cother three criteria are. implemented



10

' R . : .
in the procedure for mesh generation will become apparent 1in

the following sections.

|

The mesh generating scheme is based on the

isoparametric mapping of quadrilatérals.uFor any shaped

domain the coordinates of the interior nodes can be

described by the following equations (Zienkiewicz and

Phillips, 1971):

where: N;

Xx; = x-coordinate

. being mapped

y, = y-coordinate
being mapped

z, = z-coordinate
being mapped

of a
onto

of a
onto

of a
onto

L.

[8)

the shape factor determining the placement
the nodes around the domain boundary.

regularly spaced node

the computational domain.

reguiarly spaced node

the computational domain.

regularly spaced node

the computational domain.

The shape factor N, is described in terms of a

coordinate transformation based upcon the geometry of the

domain boundary. In the field of hydrogeology, the geometry

of the fléw.domain is not easily described as a simple

equation.
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The approach taken in this theis involves %efining the
‘boundaries of the figure by a series o{'regularly spaced
nodes. The spacing of these nodes is based on the desired
distribution of elements within the figure. In |
three- d1men51ons the nodes are regularly spaced along the
twelve edges or folds-rof the figure.' B A

. To obtain a regular spacing aldng an irregular
'boundary, a method based on Lagrange polynomials (Hornbeck,
1975) is incorporated into the code. Essentially this
Lagrangian technique produces polynomials that are "tied'
down" (Hornbeck 1975) at the data p01nts glven in the .
dlgltlzatlon and 1nterpolates positions in between. In the
code,»boundarles of the domain or sub- domaln are represented
by equatlons of up to a third order polynomlal whlch can
represent most geometries that may be encogntered. ‘

The-Lagrangian method interpolates evenly spaced points
from an irregular distribution of sample points. For tnis
methbd, consider a series of points described by a funetien
“f£(x,) where tne X, are in general not evenly spaced and i
can take on integer values 0 te n Kmeaning there are n+1
_data points). To fit a polynemial interpolation between the
's is to fit a polynomiel of degree n to fhesevn+1 points.
* The- mechanics of this method in this eode is a moving
average approach{threugh the data points as a constantly
changing polynomial That is, utilizing four data p01nts at .
a.time; the code calculates evenly spaced p01nts within a

range represented by these points. As’'the point generatlon



N - | - ' 12
. \

progresses, tne\sample points change to keep the generated

points within the\range'represented represented by rhe four
data points. " r\f\ !
Becauselthis séneme is based on the mapping of
quadrilaterals, it is necéssary to designate four ‘corner
points (1n\three d1mens1ons, eight corner points) of the
irregular flgure to obtain an egual number of regularly
spaced nodes on opp051te 51des of the figure. With the

S

. digitized figure d1sp1ayed on the griphlcs term1nal " the ,i
user, . by pos1t10n1ng the cursor defines the four (or eight)
corners’of the figure. In dealing with irregular geometries,
corner points are not immediately obvious but mnst be
designated_in a manner to orovide an ev%gﬁd}strioution of
elements as illustrated’in Fignre‘1. e ‘ / -
‘Withzﬁhe boundary nodes evenly spaced around the
boundary of the domaln under consaderatlon, the boundarles
are completely deflned but not in the equatlon form as in
the work of Zienkiewicz and Phillips (1971). The 'v |
dlstrlbutlon of the interior nodes becomes based on’ the
distribution of the boundary nodes and may be described by

the followlng set of equations:-

' i

Nx=(x,-x2)/NELM,
" N,=(y,-y2)/NELM,

N,=(z,-z,) /NELM, | | (2)
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where: N, = the factor determining the distribution

of

the nodes in the x-direction.

N, = the factor determlnlng the distribution

_of

of

X, & X2

on

/ yi & X,
o . on
zZ, & 2z,

© ‘on

NELM, =

in

NELM,. =

the nodes in the y-direction.

N, = the factor determining the distribution

the nodes in the z-direction.

-

= correspondlng x coordinates of nodes
opp051te sides of the domain. ‘

= correspondlng y—coordlnates of nodes
opposite sides of the domain.

= correspondlng z- coordlnates of nodes
opp051te sides of the domain,. oo

the number of elements to be generated
the x- dlrectlon

the number of elements to be generated

generated in the«y dlrectlon.

NELMz
in

the. number of elements to be generated
the z- dlrectlon.

\

\

"As the nodes are being generatkd, the elemental incidences
. N . B { \

are being Fquribed simultanegusly.

o

2.3 DESCRIPTION OF THE PRCGRAM

The' mesh geheration program consists of 13 parts: the

14

main program and 12 subroutines: §gQOTH DSTRB, NODE, ELMNT,

SETUP, OPTNUM, NDEGEN, INTANG ASKPL? CNCTQ, CNCTT1

"CNCTTZ, as well ‘as the Integrated Graphlcs L1brary

|
Subroutlnes. The program is presently dlmen51oned to

generate 5000 nodes and 3000 elements, which shguldfbe'ﬁﬁre

than sufficient for most problems.

!
|

!

o
&
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Figure 3.
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MENU

~ Generate a Mesh(after digitizing)

\
Output Data for Later Use

~ Input Boundary Fluxes

- Future Use

Digitize a Transmissivity Bohndary

Digitize an Observation Well
‘Digitize a Pumping Well

“Pic” Constant Head Nodes
"Pic” Leakance élemen‘t
Rer. ve Last Transmi.ésivity Zone' Generated
reinove Last Point Digitized
Stop/Begin Again

Re-display Menu

‘Menu illustrating options available to a user to generate a mesh.
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_The MAIN program initializes all the 1nd1ces used in
the entire program, reads in the title of the 51mulat10n and
interactively sets the basic options of the program. These

woptlons determlne‘ whether one is worklng in Engllsh or
metrlc unlté the scale; whether it 1s to be a

i :
two -dimensional or three- dlmen51ona1 51mulatlon' type of

eiements required; and 1f in three-dimensions whether a V
steady state or. tran51ent 51mulat10n is to be performed. The
MAIN program also contalns the Menu from which any of the
other subroutines will be called. This is implemented as a
series of 13 switches that may be accessed at any t1me
during the construction of the mesh in a manner outllned in
the flow chart, Figure 4. The 13 switches allow the user to
perform a varlety of tasks to synthe51ze a mesh

Switch No. 1 simply re-displays the menu. Thls feature
wae incorporated into the design of the program to prov1de
the user w1th an easy way to recall all of the optlons. 4
Carrying most of the operating instructions w1th thevprogram
eliminates the need for a paper copy of the menu that could
" be misplaced. | .
| Switch No. 2 abtivates’a built-in procedure to restart
or terminate the program The instructions outllned in the
oser s guide in Appendix A explains how to start the
program. However because the user has optiogs throughout the

entire program that may never be ‘used, an on/off switch is

provided to terminate the program.
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Switch No. 3 deletes the previously digitized point.
This feature is incorporated so that one could take care of
such hardware probléms such as a faulty.digitizer ééitch,
stat;; on the line and human error.

’ 'Switch No. 4 allows one to remove the mesh éeneréted %i
for‘theblést transqjssivity zone incorporated into the main
mesh. This feature avoids repeating large amounts of daﬁa
entry in the case whére a mistake in the digitizing process
goes unnoticed. .

Switch No. 5 allows the user to define’leakance
elements, .(ie: reéharge associatled with a river). This
feature only works in two-dimensions, usihg a graphic
routine to pick out particﬁlar elements ("Pic" routine) wifh
the. program prompting‘a numerical value of leakance.

" "Switch No. 6 defines constant head nodes in‘
two—dimengions through a "Pic" routine and in
three-dimensions constant head bfundary faces. The user

l

three-dimensions with this program bec¢ause the "Pic" routine

.cannot define individual constant head nodes in

cannot easily . define the z-coordinate. v
Switch No. 7 defines the location of a pumping well in

the x-y plane. As well the program prompts the user to input

three-dimensions is continuous throughout all layers

subsequent to its initial nodal -definition.
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Switch No. 8 defines the location of an obSerVation

well in a similiar manner to the pumping well.

Switch No. 9 allows the user to define the boundaries
of a transmissivity zone with the program prdmpting for
values of storativity and transmissivity (in

three-dimensions, elemental hydraulic conductivities in x-

P

,y- and z-directions).

Switch No. 10 is de51gnated for future use. It was

!:y

orlglnally used to renumber the nodes to reduce bandwldth of
the mesh, but this feature was subsequently incorporated.

into Switch No. 12. | . .
' 4

Switch No. 11 de51gnates boundary fluxes across the
entire face of a mesh. It was felt that a boundary flux
feature was needed in the mesh generation scheme, but to

"pic" out individual elements\would be too costly and time
consuming. | -/

Switch No. 12 renumbers-the nodes of the mesh tq reduce

" bandwidth (Collins, 1973) aﬁg outputs the iﬁformation in a

format/thét is compatible w1th the Verge- Frlnd (Verge, 1972)
two- dlmen51onal code deallng with transient 51mulatlons for
confined equifers. In three-dimensions, a format compatlble
with Verge‘é (1975) three-dimensional groundwater flow model
with minor_changes.in the input. The numerical informetion

is output to?device 7 end the plottiﬁg information to device

9, The workings of Collins' (1973) renumbering. scheme will

be digcussed in Section}4.

.
i
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Switch No. 13 activates the mesh generation“procedure.
This procedure is interactive with the user,_allow1ng him to
define the conflguratlon of’ the mesh and the elemental
density. Ifﬁathpumping wells *fare preseht, the program will
concentrate elements arouna the well and smooth the
disrribution before it is displayed on the terminal{.Having

displayed the mesh on the terminal, the user can rotate it

" to better visualize its faces and plot it on' a hardcopy

_plotter. ]

' The individual subroutines used in the code correspond
to no particular switch discussed previously. A switch may
have as many as five subroutines associated with it or it

may have none. For this reason, the function of each <

subroutine will, be discussed briefly.

Subroutine'§MOOTH, used in conjunction with subroutines
CNCTQ, or CNCTT1, or CNCTTZ concentrates elements around
pumprng wells and smooths the distribution of elements in
the v1c1n1ty of the wells. Subroutlne CNCTQ applles to
quaérilateral and "brick type" elements around wells;
whereas CNCTT1 and CNCTT?2 apply to triangular and
tetrahedral elements.

‘The concentratlng subroutines>CNCTQ, CNCTT1, or CNCTT2
partition.the previously generated eiements around a pumping
well into smaller elements. The smaller elements are

o T .
numbered and the incidences defined. The incidences of the

elements around these partitioned llements also have their

3

incidences redefined. A large part of these subroutines can ..
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be ttought of as being largely devoted to boqkeeping duties
'in .the storage of elemental incidences.

‘Subroutine SMOOTH takes the-coordinetes of the newly
‘generated nodes in CNCTQ, CNCTT!1, or CNCTT2 and repositions
them using an avetaging teehniqﬁefbased on the position of
the surrounding nodes. This provides for a smooth
distribution of elements in the,vicinitylof the.pumping
well, |

Subroutine DSTRB re-distributes the digitized points
afouﬁd a perimeter of'the transmissivity zone using the
Lagrange intetpolation routine (Hernbeck 1975)

Subroutine NODE uses the reé/gtrlbuted nodes' p051tlons'/
to produce nodes within the 1nte?10r of the transmlss1v1ty
zone, with the elemental 1nc1fences being descrlbed by calls

to subroutine ELMNT.

Subroutine SETUBVEnd OPTNUM are based on algorithms
/
developed by‘Collihs (1973)

and modified for:use in this
program. SET P,/ée the ,name implies, sets up afrays that
describe the 1nterconnect1 n relatlonsh1p of each node. The
purpose of these arrays is to make 1t ea51er for the |
renumberlng_fputlne to..know-which nodes'are 1nterconnected,
heﬁce the differences in umberihq these nodes should b
small. OPTNUM takes the results flom SETUP end requmgg;j*tgk
nodes>in the mesh based on each node's connection with its
neighbours so that the bandwidth |is reduced.

' Subroutines INTANG/and NDEGéﬁ are used in eonjunctipn

!

with the subroutines fﬂt mesh compression. INTANG calculates

/

I ' /
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the interior angle formed by the pos1t1on1ng of three

specified nodes. NDEGEN uses.the angle dgtermlned in INTANé
and a specified rédial distance defines a node in
rectangular coordinates from polar coordinates.

Subroutine ASKPLT provides the user. with the capablllty
tovgenerateva hardcopy plot. ASKPLT also allows the user to
change the size of the plot. The default size {$ the same

size that is:-viewed ¢n the screen,.

- ' 4



3. APPLICATIONS OF THE FINITE ELEMENT MESH GENERATION
PROERAM
|

3.1 TWO-DIMENSIONAL MESH GENERATION

To illustrate the operation and ease of use of this
pfogram, the,follow1ng sample problem is 1n.luded. Flgurg 2
depicts the two-dimensional domain of intérﬁst; The
grounﬁwater system consists of a confined aduifer enclosed
on all sides by no flow bounda;ies, with a river providing a
source for indﬁced infiltration. There is one pumpiné well.
and three observation wells és'ghown on Flgure 2. The
transmissivity of the aqulfer east of the rlver is 4.0x10°
m?/s, while west of the river it is 2.Qx10 z/s. ‘The
pumping well is assumed to be pumped at a constant rate of
6.32x10‘“ m®/s. The leakance rate from the river is 1.0x10°°¢
m/s. This is the basic information that is reQuireé to
prodUcé a mesh. |

Once execution of the program has begﬁn usiné the run
-command iﬁ Appendi# A, the first prompt willAbe to enter: 1)
a title; 2) the units one is”working in, (ie: English or
métric);73) the scale of the figure f:om'which one%will be
producing the mesh; 4) whether one is working in two- or
three—dimensions; 5) and~whether one desires quadrilateral
(brick type) or tfianéular (tefrahedral) fype elements.

Next, the user is requested to clear ;he digitizer,‘and
digitize.the lowef ieft, lower right, and upper left corners

of the page of the figure that is to be digitiied. The

24
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. \.'
purpose of this step is to scale the figure for display on
- the graphics terminal. | '
The menu is now displayed on the screen and the user
follows the steps outlined in thé flow chart, Figure 4.?
The first step is to digitize the boundaries of a given .
transmissivity zone, and fixing the transmissivity value of
'all the nodes in this zone. Once the transmissivity boundary
is defined, the user would then re-display the menu by
digitizing Switch No. 1. Before moving to thé next
transmissivity zone, it 1s necessary to define all
observation and pumping wells. For the ‘problem depicted in
Figure 2, the first transmissivity zone contains two‘
qpservation wells andsone pumpin% well. By selecting Switch
No. 7, thé user can éﬁter the pumping information (ie: start
.and finish times of the simulation, number of time Stéps and
pumping rates) as requested, and.digitiz; the pumpiné well
location. Observation well lpcations are input using Switch
No. 8. With this information, the userliétable to génerate a
mesh for this transmissivity zone by selecfing Switch. No.
13. The Oﬁtline of the transmissivity zone is displayed onto
thé screen. Because this scheme is based 6n the mapping of
quadrilaterals, the user is prompted to indicate with the
cursor the four corners of the figure (even if ohe desires
triangulér elements). . | , o 
Once the four corners are-indicated, the program

generates boundary nodes using a method of interpolation y

through Lagrange polynomials (Hornbeck, 1975). The prbmpts



26

[
3

request the four corners of the‘figyre, (see Figure 1), and:
request.the number of elements in boﬁh the x and y
direétions.

An important feature of this program is that
observation and pumping wells are digitized prior to the
_mesh generation so that nodes can be placed ak these
locations and incbrporated in the mesh. | .

If the transmissiyity‘zone~cohtains any pumping wells,
the mesh is smoothed. This smoothing routineladjusts the

positions of each of the interior nodes to make sure’ that

each of the eléménts are wellwconditioned. Also; elements

are concentrated 'around pumping lls (see Section 4)' to

i Ty, . ‘ .
mathematically handle the large changes 1n hydraulic head

encountered here. The resultant mesh is then displayed on

&
o

the screen with the qbery "PLOT?". Because we have not
coﬁpleted our mesh.generation.propess the respthe'would be
,"no", and the menu would then be redisplayed on the séreen;
The next area of interest would be the river because
the boundaries of eiements must cogrespond'to the boundaries
of the river for the purposeS»pf.defining leakance eléments.

. ‘ .
Selecting Switch No. 9 again, we enter the boundaries of the

river as a separate‘tranSAissivity zone, and generate a mesh
as before. Leakance elements-are'defined by selecting S;itch.
No. 5, which the user does by indicéting, with the-cursor,
the leakapce elements and the value of iéakance. This
routine éan be ‘rather tedious, but ‘does alléw one to define

leakénce elements anywhere on the mesh..

¢
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'The user could continue the mesh generation process -
with the area west of the river. ‘

With the mésh completely drawn, the user can choose to
have }t plotted by sendinguéhe plot data into a file on
~output device 9 for the ‘hard Sopy,plotég;. :',»Lf

By selecting Switch No. 12, thevﬁoéal points are
réﬂumbefed‘to reduce Bandwidth’(Coilins;f1973), and outputi
inﬁé'a file attached to device 7 in a format that is
compatible withlthe Verge-F;ind (verge, 1952)
two—dimensioﬁ;lLAfgnite element program'fbr confined aquifer
simulations. : : . o

The mesh generafed using this procedure is shown in
Figure 5. It can be compared with the,hand—drawn version

illustrated in Figuré 6. The haﬁd-drawn mesh has 104 nodes,

177 elements, with a bandwidth of‘23,'whgreas the computer

' generated mesh has i60 nodes, 272 elements with a band&&dﬁh

~

of 21. The hand drawn version requfre@ approximately 6 hours
to draw, number, ‘enter t he dataAfile and check for errors.

‘The computer generated mesh required~a§§roxima§gly.6_seconds

~

of processing time on'ah Amdahl 5860 mainframe to\ppoduce,

and approximately 20 minutes. at the terminal to“entef'thq

. ~
necessary data.

N \\ " . " .
Ther simulated hydraulic head distribution due to seven
- days of pumping, based.on the computrr generated mesh, is
presented in Appendix C. By comparing these&resulté with

those simulated using the'hapdfgener ted mesh, it is

possible'to'see that the results are very similiar. The

/

e

"~
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original purpose of this excercise was to determine whether
it would be worthwhile to go to the expense of installing

-

observation well number 3. According to the results of the

simulations we can see that in both instanceg‘one would héve
;‘.to guestion the expense, for Ehe drawdown indicateéfat this

'po;nt‘would only be 0.03 m for the hand-drawn version, with

a ;imiliar value of 0.02 m for the computer.generated

version. The yalues of the hydraulic head diﬁferzfrom less

than 0.01 ft in the area of &Eservation well 3 to 3 ft. Uy
around the pumping well. The discrepancies Eetween the two
simulations are approximately in the order of 10%. The
source of this- discrepancy is not iﬁmediately apparent, but
may be due to several sources. The sources could be
accounted for in diffe;ences in.mesh density, computational
efficiency, and inherent inaccuracies within the simuiatioﬁ
algorithm.

Variations in mesh density could account for a certain
amount of this gﬁscrepancythThe'ﬁigher'density may have been
better able to cover the cﬁgnges in flu¥. This feature will
be more fully discussed in the ﬁgllowing chapter. As well,

there may be inherent problems within the simulation program
L]

itself. In my experi®nce, as much variation as i$ seen

- a 0 » V\
between these two simulations can be seen when viewing many:

hand drawn .versions. ‘ -
To further illustrate theypapabilitfes of my algorithm,
additional two-dimensional examples are included in this

section. Figures 11a, 11b.and 11c illustrate how easy it is,
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Qith an automaiic meéh generator, to increase the nodal
density wfthin‘a‘single rectanéular domain. The facility to
alter the density of the noaes within a domain is
represented by a prompt within thé mesh generation routine
actessed through Switch No.- 13. This prompt requests that
the user indicate the number of’elements desired in the x
and'y directions and, if working in three-dimensions, the
z-direction. It is therefore the duty of the user to insure
that the resultant elements are as well conditioned as
féstib}e. : : . ‘

Figﬁfes‘a through 14 are included to show what meshes
actually.look like whéh the,dpmainé take on a.somewhat more
complexréhape. Figure 13 represéﬁfs\a'shape-that ﬁay be
encountered.if one were to model a buried channel situation.
The four corners were placed as shown with an "X". Figures
13 aﬁd 14 show how important the initial placement of four
corners iﬁ in'controlling the character of the grid. With é
»triangular shabed region, it can Be seen that the mesh in
Figure 14 represents a gmooth distribution of elements from
the apex té the oppo;ite side; In Figure 14, with the corner
nodes placed as shown, there is a stretching of the
elements, producing éome ill-conditioned elements at the
lower boundary; This last figure illustrates how it is

4

possible to alter the mesh density along a given boundéry'by

altering what would be ag\obvious placement of corner nodes

¢

to one that would alter the distribution of nodes along a

L)

given boundary. In this way any adjaéent zones would not be



Figure 8.

&

One layer computer generated 3-D mesh.

33
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constrained to a set mesh density.

3.2 THREE-DIMENSIONAL MESH 'GENERATION

P

To illustrate the capabilities of the- code in
three-dimensional applicissons, cpnsiderrphélfollowing'
hypothetical problem of assessing ?he influence of an open
pit mihe.on groundwater levels. The ﬁap illustrating the
layout of the simulatien is shown in Figure 7.*For this
problem the system ;grdisdnetized into eight t;ahsmissivity
zones represenfing a layered sedimentary sequence‘striking
apprbximately eastjweét and dipping southward. Layers E,G

and H are assumed to outcrop at the surface. The

.ﬁi?tagtological parameters are outlined in Table 1.

w

TABLE 1.

. , 4
SUMMARY OF BASIC DATA FOR INDIVIDUAL LAYERS IN THE MODEL

Layer Predominant Thickness Hydraulic Trans.
No. Lithology (m) Cond. (m/s) (m?2/s)
" H limestone 125 C1x10°°¢ 1.25x10°°

G limestone 30 1x1077 3.0x10°°®
F- " shale 20 1x10° 8 2.0x10°7
B - shale 15 . 5x10°7 '7.5%x10°°
D ore zone _ 15 1x10-¢ 1.5x10° "%
C shale ' 20 -, 1x10°7 - 2.0x10"°®
B shale _ 30 1x10°° - 3.0x10°°8
A shale 50 . 5x10°% 2.5x10" ¢

The storativity is assumed to be constant
“throughqut at a value of 0.0001.

@ : ) ) \

.For the purposes of defining the flow dgmain, the

" rivers bounding the three sides of the system are
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repeesented by a series‘of constant head nodes at the
surface. The'50uth, bottom and top sides of the sys;emvare
‘defined as no- flow boundarles The simulation of dewatering
the open pit mine was accompllshed by defining constant head
nodes that repreSent drawdown to the base of the mine. It is
‘assumed that there is no recharge to the system and that the
1n1t1al ‘head dlstrlbutlon is con51stent everywhere within
the domaln.

To carry eut this 51mulat10n, Verge's . (1975) algorlthm
for modelllng three-dimensional transient g:oundwaper flow
was used. The simulation was cerried out over a pefiod of 15
years usiné a‘fime—stegfof 5 years. ’

The mesh'éeherated“fo: the simulation is illuétrated'in
Figure 8. The layer shown illustrates the ge;eral.
confiéuration of the first of eight layers of the mesh; each
layer having 672 nodes, 580 elements and Qumbered to heVe a.
half-bandwidth of 89. | T |

The mesh density was determined more on.the basis of
the memeryvrequifements of the Verge (1975) algoritem when
used on the Amdahl 5860 mainframe than on the basis of |
computational efficiency or detailing the solution.

The mesh required approximately 1.5 hours at the
gq?phics terminal to input the %nformation to construct the
mesh. Approxiﬁately 32 seconds -of CPU time, on the Amdahl
5860 mainframe, is necessary to construct the grid

Approximately half of this computer time was involved with

the renumbering of the mesh to reduce the bandwidth. In

!
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addition, approximately another hour of time,is required to
determine the location of constant head nodes that def{ne
the position of the river and the miné. -
' The drawdown cone, as seen at the surface after 15
years, is illustrated in Figure 9. This dfawdown cone
follows the ouéline of thé mined area and provides a
reasonable representaéion of what one would expect. Tﬁe_

simulation required approximately 45 seconds of CPU time on

tﬂe Amdahl 5860 mainfrahe.
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4, OPTIMIZATION OF THE MESH GENERATION PROCESS

With the avallablllty of the mesh generatlon prochure,

|

the problem still rema;ns as to whether the mesh produced 1is

optimum for the simulation'in question. In the'previous
chapter, the results obtained from the hand drawn mesh and
the computer produced mesh -for’ the same problem were .
'somewhat dlfferent from each other. Where it is not-possible
‘to verlfy numerlcal solutions with analytlcal ‘'solutions for
a given problem,’lt ;s hard to know which 51mulat1on 1s more
accurate. In the example considered, the computer generated
mesh has a h{gher density of nodes and elements than the “
hand drawn version. Houever, the/former-coUld‘be‘considered
computetionally more efficieqt because of the smaller
'helf-bahdwidth. Arguably it could be stated that the |
computer produced mesh has more elements anhd nodes, andv
therefore Should have provided a more exap%‘solution.-The
guestion would then become "did we really need thet many ,
..nodes?". | | ‘

" Bathe andbSussman (1983) state ' .2t a mesh ot
relatively feu elements whose nodal points are'pladed ih
optlmal pos1tlons can match the pred1ct1ve capabllltles of a
coarse mesh whose nodal points are not partlcularlly well
plaCed, As well, the use of hlgher-order isoparametric
elements can improve the solution if the elements were
dlstorted in such a manner that they fit the opt1mal
positions of the nodes. This last point w1llhhot be
con51dered further because the generatlon scheme presented

7

42
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"herein only generates linear elements.

In my.code~two facilities were incorpofated to he}p
optimize the m%sh. There is an inherent advantage in dealing
with pre—positioned‘fluX nodes in dealiﬁg with hydrogeologic
simulatibns. In other woras, because the éourée of the flux
is known, it is possible to compress the mesh to maximize
mathematical accuracy. The maﬁﬁer in which'thiﬁ,gdhpréssion
is ?érformed is illustrated in Figuré 1df!The existing
elements are'repreSented by solia'fines, while the

- partitioning is represented by dashed lines. It can be seen +

)

that the elé%énts,surrounding'g’givén well (or flux node)
are partitidned to form'mqré eiements. The bgrtitidned
vele&ents arqﬁﬁhen "smooﬁhed"'usinq)an averaging techﬁique to
reposifion the nodes so that there is a émoéth transition in
element size away from the flux node. Time constraints did,
not allow me to investigate grid éompression aroung a~flux’g’
node more thoroughly. This wouid have involved optimiéing my
scheme and invesﬁigating other schemes such as that used by
Bathe‘and.Sussﬁan (1983). |

_ As well there is a routine to.optimize the S
coﬁputational,effor£,inéolved with the solution ofythe
finite eiemeﬁt meshinThisx;outine requmberé~the nodes. in
order to reduce bandwidth, but.unlike the aigo:ifhm provided;
by Collins (1973), the routine inCOrporated-into this
procedure renumberS'tﬂé nodes beginning ‘at one corner of the

generated mesh. Collins' (1973) aigorithm provides the

ability to find the'&ptimum-node numbgring scheme by . -
: -
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successive'renumberings, starting with a different node each
time, and comparing the resultant bandwidths. From the

0

solutions provided by Collins (1973), the best schemes begin
numberihg at a corner'ofAthe domain.: It is not known ;Lethgr
this provides the optimal renuﬁbering séheme in every case,
‘but it was,felt that the extra'effort and cost to fina thel -
optimal condition would not result in savings>in.
computational effort within the solution.

Logically, the efficiency of thé renumbering‘scheme may
be due iﬁabart tolﬁhe'éepmetry of the mesh (ie; therevis
alwqys a loﬁg and a short axis). It is assumed thaf the
worst casé éituation would be one where the mesh forms a
large'cube and the bandwidth would be related t7 the length
of a diagonai through the cube. For the‘yast majority of
cases, the renumbered mesh shauld have a smaller bandwidth
than the origfhal.‘

wOrkerS‘in the field of strucfural ehgineering have
come up with séhemeé‘to provide optimu$ meshes for finite
element simulatiéns (Bathe and Suésman, 1983;:Shephard et
al., 1979, 1980). These procedures involve an iterative
approach begining with a érude grid that is optimized when
Ainteracged wigh a finite element solution. In stuctural
engineering this dptimization is accomplished through
modifying the initial mesh until the strain energy of the
solution is maximum or the pdtential enefgy'is minimized
(Bathe énd Sussman, 1983). In hydrogeolégy, this approach

would be analggods to modifying the mesh until the change in



the potential head is m1n1mlzed for each element. A

,“315 problem 1§ that the potential
should be mindmieed netﬂgely with res?ect_to finite element

‘nodal displacements but also with res;ect to.the nodal point
- locations (Bathe and Sussman, 1983). Zefining‘the potedtial
energy by I, and the condltlon that the energy not fluctuate
‘by 8ﬂ=0, gives the follow1pg two eqUatlons.

)
k

[N

31/du; = O A
B1/38, = 0 T (3) )
¢ Y.
/
v //
where: u, = the nodall point displacements
g, = all the‘gggal coordinates that can be changed
: without

hanging the geometry of the domain./

=& 2 o

The effect of-satisfying‘these‘equations is/that ehe-
resulting mesh is contentrated around areas of”greatest ,
flux. In my code there ex1sts a facility to concentrate flux
nodes prior to the 1n1t1al 51mulat10n There?ore; Satlsfxgng
these equations would involve zn iterative approach once thekQ
initiai solution'is*pé’ﬂ:rmef. ‘ |

It is beyond the sccpr « thls v proQide

algorlthms for solutions to these to : Indeed it

is only recently that workers in this area‘have begun to

S
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’

Flgure 13. Triangular shaped flgure dlscretlzed with a mesh of tnangular
elements. Corner points used to generate the mesh are

- \N ~ designated with an “X”.
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deal with this problem (Bathe and Sussman, 1983; Shephard et
al., 1979, 1980).

In my work there has been a modest attempt to provide a

degree of built-in optimization There ex1st some

app”*ximate rules and qu1de11nes for constructing effective
meshes through iterativedprocedures that involve the
pertormance of analysisggThe mesh generation scheme
presented in this work does not easily allow one to use the
approaches outlined‘hy snch authors as Shephard‘et al (1980)

" and Bathe and Sussman (1983). ' ﬂr

It would therefore be advantageous in the synthesis of

the mesh tg,try to bring in a degree of optimiza%ion before

_ the sinplation is attFmpted. Arguably this can cnly‘be, |

Coy

attained through a great deal of experience, but two -
ghideiines are presented with the figures to aid the
uninitiated; ; | |
1. Probably the mosqumporgant point is that in probiems of
'aqu1fer hydraulics, the region of greatest var}ation in
hydraulic head is known. Even though the progrdm has a
,built-in facility.to handle the increased change in
hydraulic head//fhe user is adv1sed that there should be
more elements in an area where greatest changes in
potential occur,‘and less where little change is » \
anticipated and they are not necessary. |
2. Although previously stated 1n the body of this work,

~that in dealing ‘with 1soparametr1c elements it is not

easy to change the den51ty.of the elements, there are a




Figure 1

4. Triangular shaped figure showing results of designating ‘
corner points in a different manner. Gorner points used to
generate this mesh are designated with an “X". .

49
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few techniques involved in the placement of corner nodes
that can be used to change this distribution. This is

.‘llustrated in Figures 13 and 14.



/
/

5. CONCLUSIONS AND RECOMMENDATIONS
In accordance with the objectives set out in this
study, a finite element mesh generator has been successfully

4

devéloped. Thé mesh generation scheme has provén successful
and expedient in modelling finite element groundwatef ff&w
problems présented herein. It is anticipated that éhe
generator will be successful in generating meshes whéretthe\
'}geometry of the,doméin is.hot extrémely complicated, ;
:eQuiring‘only gradual changes in mesh density. It will
accept large contrasts-in hydraulic conductivity, but due to
its inabi;ity t;'prodﬁce>a graaed-mesh, the solution may be
inaccurate. As well, it is anticipated that the écheme will
be succeséful in most-cases where the geometry of the domain
. boundaries do not form very acute angles (ié: generally less
than 10 degree}).

The amount of effort normally required to input data
for a simulation has been reduced considerably through
incorporééing into the design of the system a digitizer and
interactive graphics terminal. The digitizing tablet is used
to specify both numerical information as well as options in
mesh géneration. The colour graphics terminal, used 1oy |

o
conjunction with the Integrated Graphics facilities (Davis,
_3977) avéilable at the University,of»ilberta, allows the
user to iﬁteréct in the mesﬁ generation proéedurg; The
program is.capable of geherating finite elemént meshes in

‘both two- and three-dimensions and’has proven to be capable

of handling problems of the complexity commonly associared

,

-~
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with aquifef hydraulics.

This system operates in a mode that allowe the user to
be able to generate meshes without having previously |
'absorbed volumous user manuals. The prog;am'prompte the user
"with optioﬁs throughout the ehtire,generation process. This
"user friendly" feature should allow fof.the wide use of
this program. : | ' Z

The grapﬁics features displ;y meshes in a series of
eight colours, allowing the user to visualize where he is in
the %ehefat}on process. As well, hard copies can be obtained
.at ahyktime during the mesh generation process.

The rogram, by being uniquely developed for the
- purposes of modelllng aqu1fer hydraulics, has the ablllty t;
incorporate both pumping and observation wells within the
mesh.

A degree of grid optimizatien has been incorporated
into the program. This capability relates to two main areas,
‘namely: in ihp;o#ing mathematical accuracy; and
‘computatidnal efficiency.vTo aid in the ereefof mathematical
accuracy, the code gomp;eSses the mesh around flux nodes to
better approximate rapid changee in hydraulic head around
pumping welis.'Computetional efficiency is aided through the
incorporation of the algorithm provided by Collins (1973) to
decrease bandwidth.

Recommended areas for further study are listed below.

1. The area of grid optimization should be'fuliy

-

investigated. Again, as)ln the area of f1n1te element
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mesh generatioh,'the field of structural engineering
provides the logical starting point due to the material -
already existing on this problem in that field. It is
suggested that the work involve using the information
already suppliednas input to-the program such as
transmissivity, storativity and pumping rates and the
relationships Qf poteﬁtia% energy as provided by Bathe
and Sussman(1983) as a l&éical starting point.

With the advent of the personal computer andlﬁheir

increasing memory capabilities and decreasing costs, it

~would be advantageous to investigate the feasibility of

adapting thfs system for use with these smaller éystéms
so as to readily allo& its use‘by small engineering
companies to aid in the?speedy sblutioﬁ of eve%?day
finite element-simulation problems. Prleems éhvisioned'

in this would be adapting the program's graphics to the

‘éapabilities of the persohal computer's ‘graphics and

decreasing ‘storage requirements for this program.

’
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APPENDIX A User'shGuide

To use the automatic mesh generation program one should -
have at his disposal: a diagram of the figure to be.

modelled, with transmissivity zones, pumping wells,

observatlon wells and areas of leakance and values of
necessary constant head dellneated and hydrogeological qf
parameters., It is also-assumed that the user has the _i

jcomputer hardware or equivalent previously described{ To run

o -

mthe compiled version in MTS .the oommands are: $RUN
: MESH.OBJ+=;=IG 5=#*MSOURCE* 6=+SINKx 7=mh 9==C |
where- MESH OBJ is the complled version of the automatlc
mesh generatlon program.

*IG is ‘the 1ntegrated graphlcs llbrary of subroutlnes

available at the Un1ver51t% pﬁ( lberta. |
5= *MSOURCE* - spec1f1es the 1nput port (or device)’ that
. accepts data from the keyboard and digitizing tablet.
'6—*SI§;* specifies the‘termlnal as the output port ThlS
facxlltates promptlng, querylng and dlsplxglng the.
-resu&ts‘so that tbepuse;;;s ﬁnvolved,w1th all aspects of
. 1//t;e mesh generatdon.‘#SINk* displays everything on the
| | terminal‘screen.% “ o

7=-A this is the port(or device) Where{the»resultant mesh

information is outputted to after the generation is

- completed.

.9=—C this is the port to'which-all plots'requested are sent
. . .,~.v o ’ ‘ ' v&.,.v
for plotting on the CalComp Plotter.. . #'3

2
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t

v".‘pnce the program is loaded the user will be asked to
{ , C
respond to a series of queries. This section is int#ded to
- - L
aid the user as to what to expect to be able to answer as

)
*

the generation routine progresses.

kS g

1. IM-a var1able that determines whether one is using
Engl1sh or metric unlts. IM=0 1nforms the prog¥am that '
the user 1s° worklng 1mengllsh units and the program is
expecting to digitize a map where "1 inth=x feet". If :
IM !, the program. willlconVert all»coordinateé into
méters. The program 1s expectlng to d1g1t1ze a map where
R the scale is deflned as "1‘XXXX'.

2. Scale- when enter1ng ‘the scale the format is F10.0.

Thebefore the user 1s cautioned to remember to 1nput a 3

oy perlod(or ‘a comma when, deallng with 1nteger 1nput) after
. _fthe number is typed .2 cuch as 10. or 10,.
’f3.ﬁjID -a’. ;ar1able that specifies whether one 1s work1ng w1th
. a two—dimen51onal-or three—dlmensronal mesh.m D=0

B

rmplles tha; the mesh to be generated 1s two- dlmen51onal

at

and to be generated in the x-y plane. ID—1 1mp11es the

-mesh to be generated 1s three dlmen51onal " generated in ~

,the X-y plane and‘bro;ected 1n the z-direction.
,&)‘«' ‘71"

ue

tgffﬁeer as to what type of element is

IELEM=0' whlch‘%gplles trIangular elements, or FELEM=1"
. . ,_,;‘ >4, )
for quadrllateral,elements. In three d1men51ons the "H”

shood,

%b] cho1ce would be between IELEM 0 for tetrahedral

elements, or IELEM 1 gor parallelplped (or "brlck type )

S .9 : ALoe . >t }
: !




5.

6.

7.
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~’ :
elements. Note that this mesh generator is only capable

of constructing linear elements. . ' .
1SS-is a prompt only used when one is werking in 3-D.

) ' . N . K *
Where I155=0 implies Steady State and ISS=1 implies

Tran51eht 51mulat10n Thls outputs a. value of 999. fo

s W

the flmﬁ7 nh,ﬁ triggers the steady" state 51mulat10n in
‘ s

“‘D f .
Verge Q?(tQ?S) 3-D Groundwater modef program. S _
This. g@hmpt requests the ﬂ%er E@tlndlcategfhe "LOWER,

LEFT"*"LOWER RIGHT" and "UPPERiRIGHT.’corners of . the map "
on. whlch the flow domaln 1s P;tlned These data are
prov1ded 0 that the’ computei“canvscale the draw1ng for
purposes as dlsplaylng on. the screen, plottlng and for
determ1n1ﬁg whether the map is tilted w1th respect to

Y

‘the axis of the dlgltlzer

t«

The next promptyls_the menu. .The user iS‘provided with
4 i : o - o

11 options .that would control the.program in the manner

8.

. ‘;-i‘_.dA -

values ;s E10,3. After this, the user would be reQuested

outlined in'the flow chart in Flgure 4. The following
prompts will be in the order as followed by thls £ Tow
chartj and a prOgre551on through the mesh synthe51s

o
process. / G S Ay

M R

After selectang Sw1tch No 9, the user would be asked to

enter the storat1v1ty and the transm1351v1ty (1n 3-D the
T ”

hydrau11c conduct1v1t1es) The forméﬁkfor read1ng the

to digitize the perimeter of the transmissivity zone in .

~a counter-clockvise manner' . : e f L

2 e
If any pumplng wellgsare present the user would then
% . R . ag .- s -.‘Q‘ . N

- .;ie - > ’ "‘
. . e
. | - oo



10.

‘the "start time", "Ei

/-

2-D the prompt would be to enter

select Switch No. 7. I

ish time", and the number of time

steps for the simulation, and the pumping :te iun
v // .
L?/sec. The query would then be asked whather ‘here is

-

any more pumping iwxormation.‘This questic ovides the
opportunity to adﬁ more simulatien periods as is
compatible with‘the two-dimensional Verge-Frind (Verge,
1972) transient code for confined aquifers. 'In

three-dimensions the user would be requested to enter

~the simulation period,(the time units are dependent on

B3

’ th

the time units designated in the Verge(1975)
three-dimensional mr-el), initial time step,\

‘ . i
multiplior for the time step, numBer of time steps

changes:- in delta time and the pumplng rate in L? /sec.

) )

The format for entering the start tlme, flnlSh time,

51mulat10n-per10d,,1n1t1al time step, multipliér for the

o

time stép and pumpinc _—ate are all F10.0. The formats ;gﬁ

’@pr;gntering-the number of time steps and the number of
R e . . . . .

time steps between changes-in delta time are I4. g

The next prompt would be encountered after selectlng..

[y

Swltch Ne. 13 for generatlng a mesh The prompt would be

to” deslgnate the four (elght 1n;three dlmen51ons) corner . °

“Boints of the figure displayed on the term;nal. If one

> ) L4

ﬁ%is/working in three-dimensions, 'a prompt .would request.

e elevation of the corner poine’ As well there are

pgompts that request that the usert double check the

p01nts that he has 1nput The next prompt would have the

l

Lo

7



user specify the number of element$ desired ipn the x-,

L 3

y- and z-directions to obtain thesdesired mesh density.
1. Once t£e me;h is drawn,’the user fs'promptgﬁ as to ,
~ whether or not the figurevaisplayed 6h,the sc;een is to
be plotted on the Caltomp Plotter. FEBQ here, the user
has the option of chapging thelsize of the plot, with
\the default being the same size as.that displhged oa pge
_ PS

e Screen.

;ujﬂg?’\Other Prompts include: ', ' L o

,Q%wanterlng the lé%kance values 1in format E10 4.

Entefing the boundary fluxes in format F10.0.

D1mens1on1ng of Progr:m Arrays
é noted in the body of the ﬁext, the arrays are all
dimen51oned suffiCienfly large for most situations. However -
the following is a guidé should there arise E need to'chéngé
the storage requ1rements. |
‘,760MM0N MEMJT(NNODE 32), IN(NEE; 8) IFACE(3500,86), YN(NNODE)
L ZN (NNODE) , CX(NNODE), XN(NNODE) JMEM(NNODE% ,NODE1(8),
| -;NDX(NNODE) NDY(NNODE) NDZ(NNODE) ITYPE (NNODE) ,
NDWEL(20,2,25),LEAK(100),ALEAK(100),XIN(100),
YIN(100),ISAVE(ZS,Z),?POSX(10);PPO§Y(10),PPOSZ(10),
ossx(1o),oasY(10),oasz(195,ND(1éy;NND(16),cox(10)[
_COY(10?,coz(1Q),IFE(S),NpMp(zs),ippN(1o),ICRNR(10,§),
NFACE(6.4),ICNTST(4,2),NBDND(4000) . 'RJ

DIMENSION TIME(10,2),NTIME(10),PMPRTE(T0,10),X1(4),¥1(4),



;z1T4),TITLE(10),BFLUX(10),A(3),B(3),NCEL(10,§),
CHNG(10),ITCHNG(1Q);STOR(10)
‘INTEGER ooL(1o)
 Where: NNODE=estimated number of nodes.
NEhh =estimated number of elements.

Use of arrays in common:®

gEMJT - stores the nodes connected to each node. Used

, Q‘) ';n SETUP and OP'TNUM. "é\é};’; g
IN - array descrlblng incidence of each element.
- array denotlng elements appearlng in each of

IFACE

the six faces of the‘mesh.f Used throughout

(]

the program.

©ZN - array storing x-coordinate of each node.
YN - array sto;inggyréoordinate of each node.
IN - array spdfqhg z- gpofdinate of each node.’
CX f;transm1551vnty of each node. |
Q JMEM - number of nodes connected to each node. Used

in SETUP and OPTNUM.

NBDND - nodes that form the perimeter of each
: transmiési?ity zone.
e NDX.A - the adjacént node ih’the‘positive x-direction.
&§§' kS NDYV - the adjacent node in the p051t1ve ;—direction.
| NDZ j‘the adjacent;qode in the" p051t1ve“z—direction.
'ITY?E.— array denotlng type oéfeagb node,

'vﬂge 0- ZOrmal 3?ﬁ;‘*
1—constant head‘
X - G s

< Y » . o a = N

.2-flux node.

’?fg;N . ; ad



NDWEL

LEAK

ALEAK
XIN

YIN

I SAVE
PPOSX
PPOSY
pPPOSZ
' OBSX

OBSY

OBSZ

.3 ND

NND

COX
coY
coz
IFE

B
NPMP'

- a pumping,né&e,

. 63

defines the node numbers for observation and

pumping wells in 2-D and 3-D. Dimensioned for

20 wells, observation or pumping Qell, and

for each well to occupy 25 nodes in a vertical

sense.

defines an element that aileakance value is

assigned to.

defines the leékance.value for each element.

for inputting x-coordinates-in "pic" routines.
for inputting y-coordinates in "Pic” routines.
defining nodes that surround a pumping well.

x-coordinate of a—pumping well.

*

'y—-coordinate of a pumping well.

z-coordinate of a pumping well.

x-coordinate of an,observation.well.

y-coordinate of an observation well.
z-coordinate ‘of an observation well.
used in the concentration ofselements around

v

used in the cdhcentrafion of elements afound
a pumping node.

hydraulic conductivity;in the x—difectidn;
hydréulic cgnd‘ctiQity in the y-direction.
hydraulic conductivity in £he z-direction.
used asla counter in céﬁjunctién with IFACE.
étores the number o? nodesvassogiated with

each well.



o IPPN -

.64

stores the number of simulation periods

wassociated with each well.

_ICRNR -
NFACE -

ICNTST-

‘NODE1 -

stores the corner points associated with each
transmissivity z%pe.; |

node n .bers with each face of eacﬁ new
transmissivity zone.

étore,common cﬁrﬁeg/pointg.

book keeping array for thé~fo;mation‘§fithe

elements.



APPENDIX B: Program Listing
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