DATA PREPARATION SYSTEM FOR FINITE ELEMENT

STRESS ANALYSIS IN THREE DIMENSIONS

by

D T ETELA
B.Sc.(Eng), A.C.G.I

October 1981

A thesis submitted for the degree of Doctor of Philosorhy of the University
of London and for the Diplama of Imperial College

Mechanical Engineering Department
Inmperial College of Science &
Technology

ICNDON  SW7



ABSTRACT

Engineering design of various forms go through an

iterative loop of stress and cost analysis, to arrive at
an optimum solution of the design‘problem. Due to the fast
growth and falling cost of digital computers, numerical methods
for solving stress problems have become very popular for most
problems when an analytical solution is very difficult or
virtually impossible. The finite Element method being the most
popular of these numerical techniques for stress analysis, has
an inherent problem of requiring a large amount of time in

preparing and checking the geometric input data.

Under a Computer Aided Design of steel and concrete
structure with reference to nuclear power stations, data
preparation for structural finite element analysis of two-
dimensional and three-dimensional problems is considered in
this work. The mesh generating package produced is linked to
an existing generai draughting system which has been enhanced
to cope with the requirements of the package. Most of the main
programs have been written in standard Fortran for machine
transferability. The programs are written to interact with,
and guide the user through a problem. With little modification

the package can be used on a mainframe computer in batch mode.
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CHAPTER 1

INTRODUCTION

The successful engineering product is the wake or
result of weeks or months of hard work by one or more design
engineers. From the smallest dentist's drill to the largest
multimillion oil refinery, the design engineer goes through
a standard set of proceduresranging from the initial sketch
to the final design drawings guided by his training, ex-
perience, intuition, and the objective of the design. Another
important factor that must be considered by the engineer apart
from his design criteria is the possibility of producing what
has been designed, since it is of no use in having a fantas-
tic design satisfying all other design criteria, ti=t cannot
be produced practically and economically. From the beginning
to the end of a particular design problem, the acceptability
of the design is certified by series of calculations formu-
lated by the engineer, using the boundary conditions imposed
upon the design by the objective. The formulation, solution,
and analysis of the results of the calculations are integral

parts of the Design Methods, and can be time consuming.

In the past where direct solutions for some design
problems have not been possible, various techniques were used
in obtaining approximate solutions, or models were made when
practical, and tested to their limits. Highly skilled crafts-
men (not very many these days) were employed to produce scaled-

down models of large designs and various tests were performed



on the models to aid the designer predict the behaviour of the
full scale product. Sometimes the formulated problems were
highly simplified and solved, and different criteria were used
in computing safety-factors to offset the simplification. One
of the standard safety-factor computations led to the thick-
ening of stress bearing members in a structure, but this can-
not be accepted in places such as the modern aircraft industries
where weight plays an important role, hence demanding more

realistic and accurate solutions.

Numerical solutions which are fundamentally more tedious
for the designer can be used where analytical solutions fail.
With the advent of the digital computer, the past two and half
decades have seen a tremendous improvement in the solution of
various kinds of problems using numerical methods. A host of
these methods have been developed to a high standard within
this period. The success of Finite Element Method (a numerical
technique) fér the dynamic and static analysis of general
structure and transport problems cannot be overemphasised. For
at present there are numerous computér program packages for
finite element analysis, and unless for'teaching, research,
or specialization purposes, it will be uneconomical to develop'

a finite element program.

The désigner now armed with the digital computer and
speedy solution techniques can now look through his design
methods and usefully employ the machine and all its advantages

in all possible facets of his manifold task.



1.1 DESIGN METHODS

To design means to determine the essential properties
and features of the object in question, and contrive a sol-
ution, for the solution of an engineering problem. The object
in question might have different properties, which may be
classified under different aspects. For instance when a
customer wants to buy a machine, he has in mind some specific
properties of input and output of his machine. The engineer
then describes the function of the machine relying on three
fundamental methods of design, any of which ma& be used in

varying degree on the particular design process.
a) The iterative method

b) The direct designmethod
c) The design selection method

1.1.1 The iterative method

This is the most frequently used method, especially in
the early stages of design. The process consists of eﬁploying
intuition and experience, from which a set of rules, drawn
from experience or direct design, is used to produce a prelim-
inary solution. The resulting design is then analysed to
determine if it meets the specified design requiréments.
Should it fail to do so, it is then modified on the basis of
further information made available from the analysis, and re-
analysed until it either meets the specification or proved

not feasible within the design constraints, Fig 1.
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1.1.2 The direct design method

Whereas the iterative method uses the results of a
design analysis as a basis for re-design decision, the direct
design method uses the design analysis as a method for affect-
ing the design. In other words a design is produced directly
by analysis. This process implies that a design can be de-
fined by a parametric representation, and that the interactions

between parameters are known.

1.1.3 The design selection method

A design process may yield a number of solutions which
all satisfy given constraints. This is applicable to the
situation where the design constraints themselves have cne or
more variables. 1In such'a case the selection of a final
design given the performance characteristics of each design
is largely a matter of human judgement by compromising per-

formance as it is affected by design constraints.

Whatever the design method selected, the whole design
process goes through five stages of: Specification, Strategy,
Solution, Analysis and Application. A detailed description of
these stages of.design can be obtained from Besant [1] . The
use of the digital computer in these separate stages of design

can only be seen as aiding the designer with the machine.



1.2 COMPUTER AIDED DESIGN (CAD)

Whereas most of the work of the designer is concerned
with the production of good quality drawings, schedules and
other documentation geared towards production, the design
requires calculations relating to stress analysis,heat trans-
fer, and costing but to mention a few. In the design process,
these calculations form an- integral part for deciding whether
the design meets the required specifications. These calcu-
lations can prove to be labourous and subject to considerable
error if performed by hand. Large computers have been used
in helping the designer in the calculations, since the
machines were primarily designed for faster calculation. It
was quite desirable to support all the manifold activities of
the designer by the computer and not just the calculations.
Computer graphics was not viable with the early generation
of computers which were simply christened "Number Crunchers”
C21. with the development of digital computers, interactive

computer graphics became feasible in the late 1950's.

The single event that did most to promote interactive
computer graphics as an important new field was the publica-
tion in 1962 of a thesis "SKETCHPAD : A man-machine graphical
communication system" by Sutherland C37]. The thesis proved
to many readers that interactive computer graphics was a
viable, useful and exiting field of research. Computer graphics
has taken a long stride since then. Draughting with the com-
puter is now a common practice with successful large engin-

eering firms.



The computer could then be economically employed to improve
or speed up different aspects of the design functions,
dealing with the more repetitive and tedious types of work in

the design process, hence the birth of CAD.

CAD has developed into a process where man and machine
are blended into a problem solving team, efficiently utili-
zing the best characteristics of each part of the team.
Implying that the computer is not used when the désigner
(man) is more effective suwihn «as intuitién, judgement, ex-
perience and imagination. Similarly not using man when the
machine is more effective Suun o storage and recovery of
detailed information, and tolerance of repetitive work. It
is therefore the complementary marriage of the better charac-
teristics of man and machine which is the most important
aspect of CAD, Fig I.2. The limitation of their problem sol-
ving capacity becomes funtional to that of man, computer, and

their interfacing software and peripheral devices.

1.3 FINITE ELEMENT METHOD (FEM)

The finite element method is now a well established
numerical technique in the static and dynamic analysis of
general structures and the solution of continuum problems.
A detailed approach to the subject can be obtained from

Zienkiewicz [4] .

The theory is based on an elastic structure or contin-

uum being represented by discrete components or elements
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interconnected at a finite number of points situated on the
element boundaries. The displacements of these nodal points

being the basic unknown parameters of the problems.

A set of functions is chosen to uniquely define the
state of displacment within each finite element in terms of
its nodal displacements, thus defining the state of strain
within an element. These strains with any initial strain
and the constituent properties of the material, would then
define the state of stress thoughout the element. A.system
of forces equilibrating the boundary stresses and distributed
loads is determined, resulting in a stiffness relationship

of the form:

: a a a a a

F = (k1 + + .
{F} K {6} {?}p {F}e¢ 1.1
where

{F}? represents the nodal forces on an element ‘a’

CxkJ® is the element stiffness matrix

{§}® the nodal displacement of the element ‘a’

{F}; the nodal forces required to balance any distributed
loads acting on the element

(Fm2

od the nodal forces required to balance any force due

to strains such as may be caused by temperature

change, if nodes are not subject to any displacement

Similarly stresses or internal reactions can be
specified at any point of the element in terms of nodal

displacements:
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to}® = 0sI% (817 + {o}] + (o}, 1.2
where
{o}? represents the nodal stresses of the element ‘a’
Cs1® the stress matrix
and the last two terms are stresses due to dis-
tributed load on the element boundaries, and the

initial stresses respectively when no nodal

displacements occur.

The chdice of a displacement function to satisfy the
requiréements of displacement continuity is not an easy one,
and could invalidate compatibility conditions if not defined
correctly. Concentrating equivalent forces at the nodes can
only satisfy the equilibrium conditions in the overall sense
for the element, but local violation of equilibrium within
each element will always occur. This will at first sight
suggest that the more the number of elements or nodes per
element, the greater the accuracy of the modelling. But then
the greater will ‘be the number of equations to solve, hence ‘:
the cost of the solutions, Somehow a balance has got to be
struck. The choice of element shape and the form of the dis-
placement functioﬁs will generally determine the accuracy of
the finite element model. Elements can take a variety of
forms, the simplest being beams, triangles and quadilaterals.
The type of element in conjunction with the nodal forces and
displacements, determine the stiffness matrix of the element

in equation 1.1.
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There are many computer programs (NASTRAN, ASKA, BERSAFE,
PAFEC, FINEL etc) written to produce the stiffness matrix of
each element, assemble the individual stiffness matrices to
form the overall stiffness matrix, insert the appropriate
boundary condition and solve the resulting system of matrix
equations. Hence obtaining the deflections and stresses
throughout the structure. The solution technique of all the
programs might differ slightly from each other, but common to
all, the input data of fiﬁite element programs consist of
geometric idealization, material properties, and the loading
and boundary conditions. ThHe major problem, and a large
portion of the input data is in the geometric representation

of the structure by suitable mesh, [17J.

The great freedom given to the users of the finite
element method to pursue more fundamental problems is simul-
taneously restricted by the sheer amount of input demanded of
them fbr realistic applications1l.Simply, the amount of time
needed to prepare data for the solution of real problems can
run into weeks, and in certain difficult cases, months.
Manually prepared, these data are~bound to return for correc-
tions of either a minor nature such as mere typing error in
the preparation of input cards, or a major type such as in-
correct geometric coordinate data obtained during calculation.
Some form of automation would be welcome to ease data pre-

paration for the finite element analysis.
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1.4 CAD A TOOL FOR FEM

The idea of automatic mesh generation is neither novel
nor uncommon, for as far back as 1956, mesh generation
programs for simple constant stress triangles were written by
Turner et al C5] , in two dimensional plane. For more compli-
cated two-dimensional shapesg, various methods have been developed
and to mention but one, Crisp [6J in 1969, developed a mesh
generation program to fit triangular elements in a uniform or
non-uniform manner in a primitive block within a structure.
These primitife blocks were then connected at their boundaries

manually.

- One of the éarlier three~dimensional mesh generation
programs was written by Latham [7] for cylindrical shell type
structures with only one element through the thickness, and
cylinder to cylinder,intersecﬁion was analysed by manual pre-
parations, Difficulties in defining complicated three-dimen-
sional shapes to the digital computer remained a problem to
the automatic mesh generation drive. In 1972 Neale £81 used
Hexatredfal super-elements or macroblocks which are in turn
joined at their boundaries. The use of isoparametric mapping
given by Ergatoudis, et al [9] , gave the latter a good found-
ation in modelling curve-surfaced macroblocks, but the limit-
ation of using isoparametric mapping (ie, the inability to

exactly model certain curves like circles) remained.

The developments in CAD have been orientated mainly
towards interactive graphics and simulation. Since it is

possible to produce meaningful drawings with the graphics
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terminal by defining the boundaries of an object in a digital
format, it is only logical to assume that with little effort, .
the geometric coordinates of any point within a given structure
that is drawn can be obtained. The writing of computer
programs to generate the coordinates of mesh nodes, element
connection of the meshes and the topology of the elements have
been popular for fairly trivial cases, mainly in two-dimensional
analysis. For three-dimensional analysis such programs have
been restricted to cylinders and beams of axisymmetric problenms.
There are few commercial packages for three dimensional mesh
generation that are run on large computers which are expensive

to hire or buy and are also expensive to run.

A low cost, and efficient general program for developing
the meshes, computing the coordinates of the nodes and prepar-
ing the topology data file can only be seen in‘the light of
interactive computer graphics, where errors can easily be
detected and corrected by the operator. This is evident be-
cause, visual assimilation of the shapes of objects is far
more efficient and quicker than going through a long list of
numbers representing the geometric coordinates of the boundaries
of the objects. Once the meshesﬁare created, and the shape
thus produced on a visual display unit by the assembly of these
meshes is satisfactory, the coordinates of the nodes on each
element and the topology can be stored in permanent files,
eliminating typing and other minor human errors. Thence it

can be seen what an attractive tool CAD is for FEM.
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CAD has been successfully used in the preparation of data for
complicated plane structures and axisymmetric shapes[10] for
finite e@lement analysis. In some cases the time required to
prepare the data by hand was reduced by more than 90% using
the CAD technique. In the same work [101 , CcAD was also used
in analysing the results obtained in the finite elemeﬁt
solution, displaying nodal deflection and stresses graphic-

ally.

The desirability of CAD as a tool for FEM is thus
multifolded, the time reduction, the graphical representation
as a post and pre-processor, the ease of usage due to its
interactive nature, and the cost reduction if a minicomputer

or a microprocessor is used.
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CHAPTER 2

COMPUTER AIDED DESIGN SYSTEM-HARDWARE

The computer can now be used in a number of ways to
aid the designer in almost all stages of the design process,
and a number of techniques are available for communication
between man and machine, each of which has different charac-
teristics. The technique selected by the designer will depend
on: the design stage, system hardware, system software, and
funds allocated for the design. There are four main levels

of communication between man and machine, Fig 2.l:

a) Batch Mode

The simplest method of computing is the batch mode
where the user prepares data and operating instructions on a
suitable storage medium, reads them into the machine, and
later receives a print out of results and comnments from the
‘machine. The results can be presented by the méchine in the

form of numbers or partially processed as graphs or drawings.

b) Remote Terminal

The use of a éomputer via a G.P.0O, telephone line from
a remote termina; such as simple teletype keyboard and a line
printer or a more complex keybéard with graphic display and
hard copy facilities. 1In this mode of communication, there is
a degree of interaction between the user and the machine.
Data or instruction can be supplied and received to and from

a running program.
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¢} ‘Intelligent Terminal

Normally consists of a small computer (minicomputer or
micro-processor) with one or more peribheral devices, con-
nected via a high speed line to a central large computer.

This kind of terminal has all the advantages of a remote
terminal, and more in the sense that dependéncvy on the main-
frame.computer for minor data handling and arithmetic processes
is eliminated, since the terminal computer can handle such
operations. The terminal can have different peripherals like
digitising table, card reader, magnetic tape units etc connected
to it. With the appropriate supporting system software, the

intelligent terminal can be used in a multiuser environment.

d) On-line mode

In this mode of operation, the user communicates direct-
ly with the computer through its peripheral devices and can use
all available devices to their best advantage. On-line proces-
sing is highly desirable if the degree of interaction required
-is high like in the”control of a processing plant where the
results of analyses are fed back into the computer which in
turn modifies the process to the correct sequence should the

result vary from what is expected [12] .

In the work described in this thesié, the programs are
written to operate in an on-line mode, and with little modifi-
cation the package can operate in any of the other levels of
communication. The choice of this level of communication is
not random but was dictated by the computer hardware (the

equipment) used for the research.
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2.1 COMPUTER HARDWARE

While it is often convenient to use the term computer
to describe the equipment used in processing a program, it is
not a single machine in most modern installations, but a
series of machines performing different specific tasks Ci3d .
Computers vary in size from desk-top machines to large in-
stallations capable of handling many programs and communica-
ting with a large number of remote terminals simultaneously.
From an elementary'point of view, almost every general purpose
digital computer can be described as having the same basic

structure, Fig 2.2.

The Central Processor Unit (CPU) could be described as

the heart of the computer, consisting of three main sections:

a) The Arithmetic Unit which performs various numerical
manipulations specified by the program, constantly com-
municating with the various storage devices. For the
arithmetic unit to successfully perfofm its required

task, it must be told what to do,hence the Controller.

b) The Controller which sequentially examines each in-
struction and directs the action of the computer; The
instructions that will be examined by the Controller,
program data for immediate use, and intermediate results
of mathematical operations from the arithmetic unit
would have to be made available in an easy and fast
recovery depository. This requirement is met by the
final part of the Central Processor known as the Core

Store.
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c) The amount of Core Store hardware easily available to
the user is usually limited, depending on the size of
the computer. The storage can be magnetic cores or
semiconductor memories or a combination of both.
Further storage is made available in the form of
backing or secondary stores, usually magnetic tapes

and discs.

Input devices are used to supply the CPU with data and
instuctions which are stored in the core. The input devices
would differ from machine to machine, starting from a simple
teletype keyboard for a small machine to a fast card reader
in larger installations. Input can also be supplied via
backing storage and paper tapes. Output devices accept or
record results from the computers operations, and errors if
‘any. The record may be permanent as 'hard copy' printout on
a teleprinter or temporary as a 'soft copy' printout on a
visual display terminal. Many of the media used for input
such as paper tapes, punched cards and magnetic .tapes can also
be used for ‘'hard copy' output. All input and output devices

are termed peripherals.

2.,1.1 Mainframe Based System

A main frame based CAD system will naturally consist of
a large computer communicating with man via its various
péripherals. Main frame based systems turn out to be expen-
sive to run in fully interactive nature due to the slow reac-

tions of man as compared to that of the machine,.
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Mini based systems on the other hand, cannot achieve the
ultimate goal of CAD yet, since the modern powerful solution
techniques require large core store far too great for the
mini computers. Thus a compromise is reached by interacting
mini and main frame systems at one point where all slow and
interactive processes towards the solution of a problem such
as mesh generation and other forms of data preparation are
performed on a mini based system, and the data transferred
via a suitable medium to the main frame system for the solu-
tion of the problem. Result obtained from the main computer
could be transferred to the mini for analysis. The SAMG
system is a minicomputer based system, an extrapolate of the
CADMAC-11 system, [20] (Besant et al 1972 Vol. 4 Journal of

CAD).

2,2 THE SAMG SYSTEM HARDWARE

The systeém is built around a Digital Equipment
Corporation's (DEC) PDP 11/45 mini computer of 32 K, 16.bit .
word core capacity, capable of handling multitask operation
requiring upto 124 K words of addressable memory space, with
the aid of a memory management unit (MMU) - an integral part
of the Central Processor. A Floating Point Processor (FPP)
is also mounted integrally into the Central Processor,Fig 2.3.
All the Central processor units are connected through hardware
registers to a high speed bus called the UNIBUS, which provides
the communication path for address, data, and control inform-

ation for all devices on the bus,Fig 2.4.
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All devices on the unibus except memory, can dynamically
request the UNIBUS to transfer information to another using a
scheme based on real and simulated core locations. A detailed
description of the architecture of the PDP 11/45 can be ob-
tained from DEC [14] . The computer is interfaced to the

peripherals ‘via different control modules.

A DEC Disc Controller is connecfed to the UNIBUs;
interfacing two 1.2 million word moving head disks (RK@5),
providing fast secondary store. The disk cartridges are re-
movable, so that each user on a single user system is able to
remove the disk after usuage, hence maintaining security over
the user’s data and programs. For multiuser purposes a second
disk controller for two 2.6 million word discs (RL@l) is also
connected to the UNIBUS. A third DEC Controller for two
magnetic tape drives, one seven track and the other nine track,

is also connected to the bus.

The system console is a DEC writerLA-30 and it is
controlled by a DEC DL-11 interface. The console is capable
of printing thirty characters per second. A high speed paper
tape reader and punch capable of reading three hundred charac-
ters per second and punching fifty characters per second is
aléo connected to the UNIBUS, using an appropriate DEC
Controller. This is very useful for intermachine input/output
(I/0) operations. A Data Recording Instruments Component

Ltd parallel line printer model 6330 with a maximum speed of
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a hundred and fifty characters per second is the most essential
listing device on the bus. Two other important interfacesfor
1/0 devices in the system are CAMAC and QUADRASYNC.

C1s]

CAMAC was originally developed to provide a common
standard interface (CAMAC DATAWAY) into which hardware handling
modules can be plugged in. The dataway controller will vary
from one computer to another, while the hardware handling
modules are independent of the.compﬁter. Since the controller
and modules are in the form of printed circuit boards plugged
into the CAMAC crate, the computer dependency of the controller
is nd serious handicap. The CAMAC crate normally has space
for twenty-four boards, and using the CAMAC interface offers
great flexibility for interfacing non-DEC devices, and will
permit expansion of the systém at a minimal cost. Modules
currently attached to the CAMAC crate are: a D-Mac digitizing
table, a Tektronics 611 storage tube visual display unit, and
the line printer. The SAMG system was originally developed
to run with the D-Mac digitizer as the main input unit, but
later modified with little effort to use a Talos digitizer
which will be discussed later.

[16]

QuadrAsync provides an interface between the PDP-11
UNIBUS and four asynchronous serial communication channels.

It has been used in the system forlinterfacing: Tektronic 4014

terminal, Talos Digitizer, PERKIN ELMER 550 Terminal and a
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Flat bed plotter recently developed in this department Cied.

A detailed description of the D-Mac Digitising Table

has been covered by Hamlyn [121] .

1. TEKTRONICS 611

| The Tektronics 611 storage tube is driven By SEN* xactor
and character generators mounted in the CAMAC crate, and this
provides a visual display unit. There are three levels of
intensity, and by correct setting it has been possible to
arrange that_the lowest level is non-storing. The non-storing
mode is used in displaying a tracking cursor which continu-
ously monitors the position of the digitising pen without
leaving a stored image of the cross on the screen. The display
area is 21 x 16.2 cm, containing 1024 points on every line
. across the screen in the horizontal direction, and 723 point
in the vertical direction. The position of any beam displayed
is controlled by start (X,Y¥) and end (X,Y) coordinates, and
a pen code (on or off) for the vector generator to produce
the necessary increment or decrement pulse for the display

driver to produce a straight line.

2. TALOS 660 DIGITISING TABLE

Unlike the early generation D-Mac digitising table,
this is a noise-free solid state digitising table, converting
the physical position of the pen or cursor on an active

digitiser surface into digital output. With an appropriate

* S.E.N. Electronics Limited
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software designed for this unit, the digital output is pro-
cessed and converted into a format suitable for the Quadra-
sync interface. This software has reduced the resolution of
the digitiser to ten points per millimetre instead of the
manufacturers maximum of forty points per millimetre. There
is an absolute origin on the digitiser surface fiom which all
points are mapped. The basic input device is a twelve button
cursor with a twelve-foot long cable. Two outputs are pro-
duced by the digitiser, one to a visual readout unit, an
integral part of the digitiser and the other to the driving
software. The visual readout is in octal, and this is very
useful since it can be used in obtaining the coordinates of
point on a drawing place on the digitiser without a supporting
software. The digitiser surface is 127 x 93 cm. 1In the
system, the control program used for bringing application
programs into core for execution, is operated by the use of
"Menu Commands" from a menu area on the digitisingAtable,
hence the reservation of such an area on the digitising
surface. The menu area is divided into a number of squares,
each identified by a number or a name. Fig. 2.5 shows the

digitising table and the menu.
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3. PERKIN-ELMER MODEL 550 TERMINAL

This 1/0 device is a "soft copy" interactive teletype-
writer, which communicates with the computer via the QuadrAsync
interface in a serial asynchronous mode. Data transmission
rates, parity section, stop bit and half and full duplex
transmission modes are all switch selectable. The screen has
a diagonal size of 25 cm and horizontal size of 20 cm capable
of holding or displaying eighty characters per line and twenty
four lines on the screen. When the screen is full, there is
no automatic erasure, but the last line typed is entered at
the bottom line of the screen, and every line being shifted
ué by one, thus eliminating the first line on top of the full
screen before the new entry. Because it is a refresh display

terminal, erasures are gquite clean and visible.

4, FLAT BED PLOTTER

This is primarily used in the system as a "hard copy"
outpué device which was designed and recently constructed ét
Imperial College L[181 . It is driven by stepper motors via
steel belts, and controlled by three microprocessors. It is
provided with a First-In-First-Out (FIFO) buffer to store:
the pen number, the pen code, and the coordinatesof the pen
prior to plotting. There are two codes for pen up or pen
down, and four pen holdersinto which different coloured pens

can be installed.

Other facilities are: an off/on line plotting mode

(where it can virtually be used as a digitiser when on off-
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line), an absolute origin and switch for setting paper size
from A@ to A4. Paper is held into the surface of the plotter
by suction mechanism, acting through tiny holes evenly spaced

on the surface.

The plotter has a working area of 120 x 90 cm and a
resolution of twenty points per millimetre. The driving
software for this plotter as part of the system was designed
by the author. The QuadrAsync interface provides the commun-
ication channel between the computer UNIBUS and the plotter.
The average piotting speed for short vectors is about one inch
per second and that of long vectors is about five inches per
second, whereas the maximum speed of the plotter is ten inches.

per second.

5. TEKTRONICS 4014

The Tektronics 4014 computer display terminal is a
'soft copy' interactive tele-typewriter as well as a graphics
terminal, which can communicate directly with the computer via
an appropriate interface (in this case the QuadrAsync). Tt
- can also be connected via Telephone wires and a hook-up con-
sisting of a modulating and demodulating units (MODEM), before bin
interfaced with the computer ie, a remote control terminal.
The terminal can also communicate with various peripheral
units and act as a link between these peripherals and the
computer - an intelligent terminal. It can be fitted with a

separate hard copy unit to produce graphics or characters
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on the screen, on a light sensitive paper. It is hoped at

the time of writing that this will be the main graphic display
terminal when the multiuser graphics package currently being
developed is fully operational. A dossier of the structure
and operations of this terminal is beyond the scope of this

thesis, and can be obtained from the manufacturers.
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CHAPTER 3

CAD SYSTEM SOFTWARE

3. INTRODUCTION

In general, the design of a CAD software package tends
to depend on the hardware available, although this dependency
could be avoided in certain sections of the system software
by using standard high level languages that are not machine
dependent. This in effect introduces another cruc¢ial factor
for any CAD system, for if the operating system on the machine
does not support the standard high level language, machine
dependency cannot be avoided. Another important factor in the
development of any CAD system is the specific demand or the
scope of the system, The hardware facilities available have

been described in the last chapter.

3.1.1 The operating System

An operating system must fulfil the following functions:

1. Organise a collection of hardware into a consistent
and coherent whole so that it can be used for
development and running of programs.

2., Assist users and their programs to make maximum use
of the hardware with minimal programming effort by
providing software to supplement and enhance the -
hardware facilities available.

3. Perform the above functions with' the most efficient

use of resources esgpecially memory, maximum speed

and maximum ease of use.
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The operating system used for this work is the standard

DEC* Disk Operating system called DOS/BATCH, version 10 MONITOR.

The DOS/BATCH Monitor carries out the functions described

above in three main areas of activities:

l.

Two groups of services to run programs

a) Handling of input and output which is the .
primary function of the monitor, «\lowing the
user to request as much or as little assistance.
as he needs. Normally the user need not con-
sider the devices the program will actually
use when it is executed.

b) Providing utility routines for various services.
These include loading the program, assisting
in data manipulation within the program, and

supplying system information.

Storing and retrieving sets of data on magnetic
media. DOS/BATCH uses a system of named files;
a single user can minipulate sets of data easily
and conveniently, or several users may store data

on one medium without conflict.

Memory Management. The Monitor, efficiently
handles the competing demands of program, data

buffer and Monitor routines for space in memory.

A detailed description of how the Monitor performs these tasks

can be obtained from DEC C17] .

* DEC DIGITAL EQUIPMENT CORPORATION
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Out of the 32K words of core store available as

described in the previous chapter (section 2.2), the first

4K words of memory are used by the operating system Monitor

in providing core space for trap vectors, system communication
words, iﬁterrupt vectors, buffer space, system input and out-
put handlers, system stack, a small region for resident systen
subroutines and common blocks, and finally the resident systen
program. The Monitor also uses the top most 4K words of core
store for the status and buffer addresses of all the ?eripheral
devices connected to the computer. The remaining 24K words of
core store are available for the development and running of

the CAD system,Fig 3.1.
Apart from the standard utility programs provided, the
version 10 Monitor supports Macro 1l assembler and Fortran 4

compiler.

3.1.2 Scope of SAMG

The aim for the development of SAMG (a Stress Analysis
Mesh Generation package) was to enhance an already existing
low-cost CAD draughting system to.generate numerical data for
Finite Element Analysis programs used in the solution of three-
dimensional stress analysis problems. The original graphics
package was primarily developed for structural draughting,
mainly generating vectors and transferring drawing from the
digitising table to disc for storage. From the disc, the
drawings:ican be displayed on the VDU or reproduced on the

flat bed plotter.
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General editing and modification of drawings was made very
simple by the system. To generate meshes for three-dimensional
structures, the new system is required to provide a means of
defining these structures in a way that will be easy for the
user, and would be clear to the computer. The meshing of
these defined structures, computing the coordinates of the
nodes created, and creating the coordinate data file and
topology data file for all the elements were the main theme
of the new system. In addition, the system must be easy to
operate, guiding the user via interactive instructions on any
of the output peripheral devicé. The cost of running the
system should be small compared to other packages developed
for generating three-dimensional mesh data. The system like
its predecessor should be open-ended for further development
in such a way as to preserve the modularity of the system by
making new modules compatible with existing ones. The most
important new modules added to the old graphics package, and
the enhancement routines, all resulting into SAMG will be seen
mainly in chapters4 and 5. In due course the mesh generation
modules will be made available on a multiuser graphics system
currently being developed in this department. It is hoped
that SAMG on fﬁrther development could be used also as a post-

processor for analysing the results of Finite Element solutions.

3.2 THE GRAPHICS SYSTEM

the
Due to small core store available for the graphics

system, an overlaying technique is used in running the system.



35

This technique involves the dividing of the available core
store into a resident and an overlay areas, Fig 3.1. The
resident area contains a small executive, some commonly used
subroutines, named common blocks used for storin§ intermediate
results, and buffers for three disc resident files called
work spaces. This area of core store is made as small as
possible, allowing the maximum amount of core space for the
overlays. The fast overlaying technique implemented in the
system is.different from the one provided by DOS/BATCH, and

it was developed at Imperial College by Hamlyn [12] . The
load module of each program written as an overlay is assigned
a number in addition to its name, and written into a library
of a contiguous random access file SMGLIB.OVL on the system
disc by a stand-alone overlay building program OVAL. The first
two blocks of the library contains a directory of all the
overlays, including a name, number, start record numbers, and
length for each overlay. Making it possible for any overlay
in the library to be called by software and some by hardware.
By software, any overlay can call another into core, overlay-
ing itself, but if the results from the overlay called, stored
in the resident common blocks, are important to the calling
overlay, we would want it back in core, and to do this with
speed advantage, a FILO (First-in-last-out) stack like the
PDP-11 stack is created in the general software for stacking
overlays, Fig 3.2. This provides two ways of calling an over-
lay into core by software,either by a direét called using the
overlay loading program OVLINK or by first putting the overlay

in the stack and calling a return from the current overlay
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in core. The hardware call is the means by which the user
controls the system and calls overlays into core from the

digitising table by use of "menu" commands.

3.2.1 The Menu

The active area of the digitising table is divided
in to two: a drawing area and the menu area. The "menu" is
a 10 x 30 matrix of 20 mm square occupying the left most part
of the active area and ninety millimetres above the lowest
horizontal line active. Whenever any of the twelve buttons
of the digitisier pen is pressed durihg operation of the
system, either of two things will haépen: the point is outside
the active area and a light on the digitiser panel will in-
@icate it, or the point will be accepted by the system execu-
tive, If the coordinates of the point accepted is within the
menu area, the system executive recognises this as a menu
command and calls a subroutine MENAN to decipher which of the
three hundred squares above which theipen was pressed. By
sending this number to another subroutine (which in fact is a
software menu) MENMAP, the number of the overlay corresponding
to the square is obtained and the overlay is loaded into core
for execution. 1In this way the user can issue "menu commands"

without turning to the system terminalycontinuOusly.

Should the pen be pressed over the drawing area of the
table, the coordinates of the point are accepted and used as
required, depending on the number of button press. The
functions of the button number will be seen when we consider

the system modules.
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3.2.2. System Modules

The graphics system is made up of a set of modules and
utilities, some of which are overlays and others subroutines
which are transparent to the user, In fact some of the over-
lays are also transparent to the user, like the SETUP module
which on first entry of the system is called into core by the

resident executive.

1., SETUP is used by the system executive to initial-
ize the system parameters,ény of which can be reset later by
menu command. These parameters are: the table origin, the
drawing origin, the input and output scales, the skew defin-
ing-the angle between drawing and table axes, the grid factor
for defined step increase, and the -alphanumeric size. It also
initializes the input and output pointerson all three random
access working files (see DATA STORAGE AND FILE HANDLING) .
Thereafter control is given to DIGOV the User Operating Monitor

UOM, by SETUP overlaying itself with the UOM.

2. DIGOV is the digitising module or overlay and
the heart of the system containing the following: Background
loop, @rive mode, interrupt handler, menu command handler and
symbol handler. The background loop is responsible for reading
and converting the table coordinatesto drawing coordinates,
adjusting these coordinates if there is a grid factor and/or
skew factor, detecting the number of the button préssed on the
digitising pen, displaying the coordinates of pen relative to
last point digitised, and a tracking cursor representing the

current position of the pen on the screen. In drive mode,
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the cursor is driven from the last point digitised in dis-
crete intervals in cartesian coordinates, and this : enables
accurate insertion of exact dimensions. The movemént and
position of the cursor and the value of the drawing coordin-~
ates are controlled from a 90 mm square at the bottom left

hand corner of the digitising table.

When the operator presses any of the buttons of the
digitising pen and it is detected by tﬁe background loop,
control is passed to the interrupt handler. The effect of
pressing button 1 is either to load on overlay into core if
the button is pressed in the menu area, or to get the coord-
inates of a pdint in the drawing area. Button 2 breaks the
continuous plotting of line from the previous digitiseipoint
to the current point. Button 4 transfers control to the
"WINDOW" overlay while button 8 is used to switch in and out
of drive mode. Button 7 is the Find Mode with which a
previous point can be accurately digitised when the pen is

pressed near the required point.

As said earlier if button 1 is pressed in the menu
area, control is passed to the menu handler which identifies
the particular overlay number that shoﬁld be called if the
system is in line mode. On the other:hand, if the system is
not in line mode a CALL OVRETN is executed and the next
stacked overlay will be called. The command area of the menu
is arbitrérily divided into two sections: System Command area

and user Command area; and in order that the position of
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particular command squares may be rearranged at will without
having to change many programs, a mapping system is used.

This 1s shown schematically in Fig 3.3.

Symbols are used to describe graphical data items of
easy geomatric definition such as circles, rectangles etc.,
which are fregently used in the system. Special routines have
been written to generate them with a minimum number of input
points; to describe dimension specification, and position

within the workspace.

3.2.3 Data Storage and File Handling

The term 'data storage' is defined as the process by
which information is placed on a medium in machine-retrievable
form for subsequent use on the same or another system. The
first requirement of any storage medium is reliability. Other

desirable characteristics are:

1. High speed of access and transfer
2. High capacity

3. Portability

4. Low cost

The DOS/BATCH system supports four magnetic media:
disc (both fixed and interchangable), DECtape, standard mag-
netic tapes and cassettes. Paper tape input and output devices
may also be used for data storage, . [17]. The relative .
strengths of each medium are shown in the following table, in

which the devices are ranked from 1 (fastest access time) to
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5 in respect of each characteristic.

TABLE 3.1
DISC | DECtape | Magtape | Cassette | Papertape
Access speed 1 2 3
Transfer rate 1 2 3
Capacity 2

For reasons of speed the only type of file the system uses
directly are three random access files on a contiguous region
on the moving head disc unit, as working files, and other
random access files as mass storage files. A total of sixteen
files may be defined, and for two disc units the files could
be arbitrarily spread between them. In the system, the three
working files SMGDAT.RAl, SMGDAT.RA2 and SMGDAT.RA3 are
created on disc unit zero the system disk, and these files
correspond to three named resident common block which are
used as their buffers. At the start of the system, these
random access files and their resident common buffers are
initialised by the SETUP module which looks up all the files
to check their validity and length, and sets a record pointer
(NREC) , and data point (IDP) for each file to zero. For each
point digitised as a coordinate, the data is written and
stored in the appropriate resident buffer by a statement:
CALL SETR (IFN, ICODE, £ (COOR))
and read by a statement:

CALL GETR (IFN, ICODE, £ (COOR))



43

where:
IFN - 1s the random access file number
ICODE - is the pen code of function code (Table 3.2)
£f(COOR) =~ 1s the coordinatesof the point
X, ¥ for two-dimensional work space, and

X, ¥, Z for three dimensional work space.

For each call to either of the above subroutines,
there is an automatic increment of IDP £he data pointer by
one. All the workspace buffers are each one block or 256
words in size, thus there can only be thirty-six three-
dimenéional data and four words to spare since each data
consists of seven words One for the code and two each for
the three coordinates. For 2D data there can only be fifty-
one and one word to spare per full buffer. When any of these
buffers is full or cannot possibly accommodate anyincoming
data in the available space, the content of the buffer is
written to the corresponding working file on the disc by

a statement:

CALL RAWRIT (IFN, IREC, ARR, NW)
and read by

CALL RAREAD: (IFN, IREC, ARR, NW)
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where:
IFN ~ as before, the random access file number

IREC is the record number to be written or read

ARR - 1s the array in core from which data is to
to be read or written

NwW - is the number of words for transfer.

Since there are 256 words in each buffer, if the number of
variables for transfer is not specified then 256 words
(128 single precision real or inte#ger variables) will be
transferred by default. Again for each call to the above

subroutines, the record pointer (IREC) is incremented by one.

The file handler allows data transfer between work
files and mass storage files. SAMG uses only one random
~access file for mass storage and two working files, one for
2D and the other for 3D. The third working file, which
can be access directly, is mainly used by the system for
storin;?;erspective view of the 3D working file. SMGDAT.MS1
is used to hold a set of 128 storage files. The five main
operations carried out by the file handler aré: transfer of
data between the buffers‘and the working files, addition of
data to a working file, transfer of data between working and
storage files, display of files and deletion of files. Any

of the working files could be stored on another disc or

magnetic tape for future display or modification.
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1CODE FUNCTION £ (COOR)

0] END OF DATA NOT SPECIFIED IN CALL

1 PEN UP

COORDINATE X,Y and/or Z

2 PEN DOWN FROM PREVIOUS POINT ’s

3 START MACRO OR SYMBOL MACRO NUMBER

4 END MACRO OR SYMBOL 3

15 NULL DATA NOT SPECIFIED IN CALL
TABLE 3.2

For crash recovery a separate overlay RECOVR has been
built to recover the whole data on the working filesin the
evernt of a system breakdown. This recovery overlay is distinct
from that used in recovering a previously stored working file

or picture.

3.2.4 Displaying, Plotting and Windowing the Workspace.

The modules for displaying on the Tektronics 4014 and
plotting on the new flatbed plotter were developed by the author
to replace the previous modules written to drive the Tektronics
611 VDU and a DC plotter wvia the CAMAC crate. These new
modules are written to drive the units employing a QuadrAsync
interface mentioned in Chapter 2. These modules are responsible
for displaying and plotting of data in the working files, and
for display purposes in the 3D work, data is arranged in three

separate random access high speed transfer files. These are
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known as FILE 1, FILE 2 and FILE 3. FILE 1 contains the true
3D data describing the object, and this data can be viewed as
a wire frame structure by a suitable projection produced by a
JOYSTICK program (which will be discussed later) and stored in
FILE 2. The data structure of FILE 1 and FILE 2 are identical
in sequence but the latter has its X and Y coordinates in terms
of the screen value and the Z coordinate in terms of the
actual spacial depth produced by the perspective transforma-
tion. FILE 3 is the 2D file containing the coordinates of the
actual points digitised, in other words the actual blue ..

print of the digitised artwork.

The display of each file is controlled by a value
specified in the workspace display or plot routine, designated
a value ND., The program DISALL display on the VDU while PLTALL

plots on the flatbed plotter and in both cases:

"ND = 1 converts and produces file 1
ND = 2 displays or plots FILE 2
ND = 3 displays or plots FILE 3

While displaying or plotting, the presence of any symbol or
macro in the data calls in the appropriate symbol overlay to

generate the symbol for display or plotting.

The scale of the display and plot is determined by
parameters. set in the windowing module. Setting a left-hand

window and a right hand window will enlarge the rectangular
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area described by these points to £ill the whole screen. 1In
the event of a situation ‘where there are vectors outside

the window area the operation of producing the drawing within
the window area is sped up by a clippingprocess. A negative
window or a decrease in the size of a drawing for displaying
or plotting purposes is achieved by using the SETUP module to
decrease the output scale or increase the input scale, both

of these operations giving the same effect.

3.3 APPLICATION PROGRAMS

The last section described forms the foundation of a
general purpose graphics package on which a host of applica-
tion programs may be built. An application program is in
general a module or a group of modules designed to perform a
specific task, for instance; draughting, animation, printed
circuit board and pipe routing, mesh generétion and a lot
more. The development of each application program is tailored
by the specific needs of the application and the compatibility
of the module developed with the existing modules of the
graphics package. The application programmer only needs to
know the basic data storage and file handling routines,and the
program communication arrangements. When application pfograms
are built into overlays, the application programmer must re-
member that any time an overlay is called and loaded into core,
the previous contents of the overlay area are destroyed. 1In
order to communicate between overlays, three methods are
employed:

1. The storing of information in the resident common
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area.

2, The storing of information on disc file which is
later accessed by another overlay.

3. The storing of information on the overlay execution

stack.

In all or most application programs all the modules
describedin section 3.2 will be found necessary while in certain
applications there will be extra basic modules added to the
nucleus of the graphics package. A brief summary of two of
the existing packages that have sprung from the basic system

will be discussed.

3.3.1 The use of.the system for draughting

The inputs to the system for draughting take place in
one of a number of symbols, generally selected by menu command
except in the case of line mode which although can be set by
menu command is the default setting on first entry to the
system. The symbols provided include: Line mode, Arc mode,
Circle mode, Alpharnumeric mode, Dimensioning mode and Rec-
tangle mode. With these modes any figure can be digitised and
labelled. There are utility routines to edit points, lines

and whole sections of drawing (symbols and macros).

Two extra modules for handling macros and levels are
provided and with their usage, drawingscan be split into
different levels and later joined, or parts of drawings con-

sisting of several symbols arranged in any order could be
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stored as macros. These macros could be scaled, rotated and
translated to any position in the working space to form parts

of a drawing being developed.as shown in Fig 3.4a and 3.4b.

Miscellaneous facilities for continuous digitising,
debugging of the working files, curve fitting and perspective
and isometric viewing of the workspace have been developed
in the system for draughting. A detailed description of the

use of the system for draughting can be obtained from Hamlyn

L1217,

3.3.2 The use of the system for animation

A two dimensional general animation graphiCS system

was developed, based on the original graphics package by Yi[lgj
Although some of the original graphics facilities for data
manipulation were incorporated, many of the input and output
facilities were found inadequate for handling large amounts of
pictorial information needed in the case of animation. A
number of special graphics input facilities were added to
facilitate the construction of pictures. The output stages in
turn were made more efficient by using faster algorithms to
generate at a high rate and accept picture input parameters in

animation terms.

This particular application software included a suite
of special'functions used for the manihulation of pictures using
a hierarchical structure of data to facilitate the manipulation

of pictures expresséd in terms of pictorial primitivies, (Fig 3.5).
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POINT ( the basic element)

LINE (4 types)

SYMBOL (standard or user defined)

WMFD (in one file - can be made up of symbols)

COMPONENT  (one or more files - each corresponding.
to a different cel level)

FRAME (more than one file made up of
' components and background)

Fig 3.5 Picture hierarchy
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These pictorial primitives were used singly or combined to
create pictures of increasing complexity. The animation
package was successfully used in producing films and a detailed
description of the package and its capabilities can be

obtained from vi E19d |

Finally most of the software that will be described
in the next two chapters are application programs developed
or modified by the author for the generation of meshes,
computing the coordinates of the nodes and preparing the
topology data for finite element analyses. The programs
were all developed and incorporated into the basic graphics
package to form a Stress Analysis Meéh Generation package

(5AaMG) .
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CHAPTER 4

AUTOMATIC MESH GENERATION FOR 2D AND AXISYMMETRIC SHAPES

For the finite element analysis of simple plane strain
structural problems, most users are involved in the writing of
special programs to generate the mesh for each particular problem.
When the shape of the model is complicated, it is nearly im-
possible to develop an efficient program to generate the mesh
required for the analysis. Generally, the generation of meshes
within simple geometric shapes such as quadrilaterals, triangles
and circles is trivial, thus the basic building blocks of any
complex goemetric shape could be taken as any of the three
simple shapes or a combination thereof. It can ‘then be sééﬁ‘
’eagily'tﬁaﬁ, the use of CAD techniques in the generation of
meshes for complicated shapes depends on the ability of the
user, to successfully divide the shape into series of quadri-
laterals and part circles within the Boundaries of the structure.
Once this is accomplished, the input of allthe necessary para- |
meters of any of the quadrilaterals for generation of meshes
and the joining of all the quadrib&erais and part circles into
producing the initial shape, will be carried out interactively
by man and machine. For any quadrilateral, once ‘it has been
defined by digitising the four corners in a clockwise or anti-
clockwise direction; the enclosed area may be divided into any
number of smaller gquadrangles or triangles, depending on the
number of elements required. Fig 4.1 shows a quadrilateral

divided into sixteen gquadrilateral elements.
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4.1 Theory
A quadrilateral with four sides of different lengths as

shown in Fig 4.2e is generated through successive modifications,
starting from a unit square, Fig 4.2a. If the global coordinates
of a typical node shown in Fig 4.3a are Xi and Yi, then the new
values of these coordinates in the quadrilateral ABCD in Fig 4.3b,
after the first modification xi and yi are obtained from the

following equations:-

I

xi = L (4.1)
(d - xi » tanB - xi * tana)* Yi + xi + tana (4.2)

xi
yi

where d and L are the depth and length respectively of the quad-
rilateral ABCD, and a and B are the angles of the'lines AD and
BC respectively, to the horizontal as shown in Fig 4.3b. These
angles are computed internally by the mesh generating program

using the four corners of the quadrilateral supplied by the user.

Consider a general case where nx is the number of nodal
points per lengthwise row and Ny the number of nodal points
depthwise column, the total number of nodes will be nx*ny. The
total number of triangular elements will be 2(nx-1l) (riy-1) and
that of quadrilateral elements will be (nx-1l) (ny-1). Let ix
and iy be used in counting the nodes in the increasing directions

of the length and depth respectively where

-

N IN
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If the numbering of the nodal polnts is such that it starts from
Q= 0 and goes along the length before starting on a higher row
(ie. increasing in depth) then the number of a typical nodal
point i1 can be derived from the corresponding values of the

counters - [21].

i = (iy—l)unx + ix

Assuming that the mesh has unit overall dimension on all
sides and the origin of the global coordinates is at the bottom
left hand corner of the guadrilateral, then the global coordinates

of a typical node in the uniform mesh shown in Fig 4.4 will be

C217 .

X1 = ix -1 and Yi = iy -1

The next modification towards getting the actual shape of
guadrilateral will be, to account for the angle of inclination of
the line CD in Fig 4.2d. To find the new position of each node
on line CD, consider Fig 4.5 where CD is replaced by line 3-4,

It is necessary to determining the horizontal distance between
each new node and the previous corresponding node. Let BB be the
horizontal distance between any nodal point on line 3-4 and its
previous position on line 3-5. The value of BB for node P can

be obtained by solving the triangle ABC in Fig 4.6 as follows
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where Yy, can in general be the y value of each node when it is

generated inside the quadrilateral 1235 Fig 4.5.

DB = m Cosy
DC = m Siny
DA = DC Tan (e + y)
AB = DA + DB
m iCosY + Siny + tan (o + yg
BB = AB Siny

(vy - v,) Siny {Cosy + Siny + tan(a +v)]

Each nodal point on line 3-4 is at a horizontal distance E from

line 1-2 and E can be derived from the following equation
E = K - BB

where K is the horizontal distance between the first and third
corners of the quadrilateral.

To obtain the X - coordinate of each node xi, E for the node will
be mulitplied by a factor representing the global coordinatesof
the node.

xi = E ix -1

The Y - coordinate of each nodal point yi will be obtained from

yi = Yi - § tana (4.5)
where 8 = Xi - xi
X& = the X - coordinate of the node when the modifica-

tion stage has reached Fig 4.5 gquadrilateral 1235

Yi = the Y - coordinate of the node in Fig 4.5
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For example when i = 8 Xé and Yé are the coordinates of node
number eight in Fig 4.7a. The new coordinates of node number
eight will be x; and Y3 after applying the above modification.

The resulting position is shown in Fig 4.7b.

The final modification will be the application of a
shift to line 1-5 in Fig 4.8a while the coordinates of the nodal
points on lines 1-4 and 3-4 remain unchanged. Graphically, by
drawing lines "parallel’. to the X axis from all the nodal points
on line 1-5 and 5-3, the intersection of these lines with line
1-2 and 2-3 respectively will give the new nodal positions for
the gquadrilateral 1234 as shown in Fig 4.8b. Effectively there
will only be a shift ‘or = modification on the X coordinates of
all the nodal points involved while all the Y coordinates remain
unchanged. The new value of the X - coordinate for each nodal

point will be obtained as follows

X1 = SD + DI ix -1
nx - 1 (4.6)
where SD = y tans
DI = x - SD
X = the previous value of xi in Fig 4.7b
Yy = vyi, the value of the Y coordinate

The theory so far discussed was extensively used by
Ghassemi [10] in the development of MESHGE -~ a two dimensional
mesh generation program. Following similar modifications to

arrive at a suitable technique for three dimensional meshing
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was impractical due to the sheer size of the program, since
MESHGE alone occupied 55 blocks or 13,75 kilo words of memory at
run time. It became necessary to develop or formulate a simpler

algorithm to generate the two dimensional mesh for two reasons:

a. To make the program as small as possible, since the space
occupied at run time is the same to that in the overlay
library. By so doing there will be enough room in the
overlay library for new overlays to be inserted - those for
three dimensional meshing.

b. The development of a similar program for three dimensional
meshing can easily be derived from that of the two dimen-

sional meshing program.

4.1.1 Coordinate Geometric Algorithm

Consider the quadrilateral in Fig 4.9, all we need to
know are the coordinates of the four corners of the quadrilateral
and the number of nodal points along line AD and AB. Four lengths

are then defined:

XB = CX(D) - CX(A)
XT = CX(C) - CX(B)
YL = CY(B) - CY(A)
YR = CY(C) - CY(D)

where CX(N) is the value of the X - coordinate at corner N

and CY(N) is the value of the ¥ - coordinate at corner N
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Like the previous algorithm the numbering of the nodal
points is from left to right starting from the bottom left hand
corner and progressing to the top. Thus the typical node number

is obtained from the equation

I = (IY - 1) NX + IX
where 1l sIX ¢ NX

1l <1y g NY

IX and 1Y are the tounters as before
NX and NY are the total number of nodes along AD and AB res-

pectively.

In our example I goes from 1 to 4 along line AD, It can easily
be shown that when I is 3
X(3) = CX(A) + 2 XB (4.7)
3
where X(3) is the value of the X coordinate at node number three.
Rewriting equation (4.7) in a general form for every nodal point

on line AD, we obtain the following equation

X(I) = CX(A) + I - 1 % XB (4.8)
NX = I
and
Y(I) = CcY(a) + I -13x {cym - cra)l (4.9)
NX - 1

where X(I) and Y(I) are the X and Y coordinates of the node I on

the line AD, I going from 1 to 4.
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Since the ratios (I~1)/(NX-1) and (I-1)/(NY-1l) appear in
the computation of every single node for which these ratios have

different values, they are defined as follows

XIR = I -1
NXL (4.10)
YIR = I -~ 1
NYL (4.11)
where NXL. = NX - 1
and NYLL = NY - 1

From equation (4.8) it can easily be seen that for any nodal
point along the line AD, all we need to know in order to find the
coordinates of the point are: the coordinates of the point A,
those of the point D, and the ratio of the node's position along

the line AD.

Considering any nodal point within the guadrilateral ABCD,
for example the node numbered 10, its:X = coordinate will be one
third of the horizontal length between node numbers 9 and 12,
added to the X - coordinate'of node number 9, The Y - coordinate
will be two thirds of the vertical length from node 3 to node 15,

added to the Y - coordinate of node number 3.

For node 10

Iy = 3
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I = (IY - 1)* NX + IX
= 8 + 2
XIR = (2 -1)/3 = 1/3
IR = (3 -1)/3 = 2/3
X(10) = X(9) + 1 [X(12) - X(9)] - (4.12)
also X(1l0) = X(2) + é Cx(14) - x(2)] (4.13)

To rewrite equation 4.12 or 4.13 in a more general form
for any nodal point within the quadrilateral we need to find a
relation between the three nodes involved, the ratios defined,
and the total number of nodes in the lengthwise and depthwise
rows. Hence considering the equation 4.13 we obtain the

following relationship:

For X(l0) , I =10
Ix = 2
(NY - 1)=xNXL + IX = Ip = 14

By using the above relationship equation 4.13 can be rewritten
as

X(I) = X(IX) + YIR [X(IP) - X(IX)] (4.14)
But from equation 4.8,

X(IX) = CX(@A) + IX -1+ XB . (4.15)
NX -1

From equation 4.10

IX =1 = XIR (4.16)
NX - 1 '
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By: rewriting X(IP) of equation 4.14 in terms of CX(B) and
CX(C), substituting 4.15 and 4.16 into 4.14 and simplifying

we obtain:

X(I) = CX(A) + XIR * XB + gCX(B) + XIR * XT - XIR * XB -
cx(a) § YIR (4.17)
Similarly
Y(I) = CY(A) + YIR * YL +{CY(D) + YIR % YR - YIR # YL -

cY(a)} XIr (4.18)

Equations 4.17 and 4.18 are general for every nodal point
whether it is on the boundary or within the quadrilateral, and
for programming purposes only thirteen lines of coding are
necessary to generate the coordinates of any node using the
definition of the corners and the node number from which the
ratios are célculated and hence the coordinates. Listing 4.1
in Appendix C shows the program section' that generates the

coordinates.

4.1.2 Mesh Concentration

Equations 4.17 and 4.18 used in the automatic generation
of the coordinates of any nodal point within the quadrilateral,
are based on uniformly distributed nodes on each side of the
quadrilateral. There will be cases, where the necessity to
concentrate the meshes in certain areas of the model as a
result of stress concentration, would be inevitable, thereby
creating finer meshes at these regions of stress concentration,

and coarse meshes further away from them.
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A mesh concentration factor in both X and Y directions may be
specified to permit the concentration of meshes along any
boundary of the quadrilateral. Fig 4.10 shows a quadrilateral
in which the elements of the mesh are concentrated in two
directions by utilizing a concentration factor Cx in the X -

direction and Cy in the Y - direction.

The values responsible for the even distribution of
the nodes in equation 4.17 and 4.18 are the ratios XIR and
YIR. These parameters must be redefined to accommodate the

change required for concentrating the meshes. They become:

XIR, = cx(I¥-D_ 4

cdNxX-0_ 4 | (4.19)
YIR, = cy *¥ M _

cy ¥¥-1_ (4.20)

where Cx 1s the mesh concentration factor in the X direction
Cy is the concentration factor in the Y direction
and the suffix C in XIRC and YIR, is uséd to differentiate these

ratios from those of equations 4.10 and 4.11.

By inspecting the last two equations it can easily be
seen that when Cx or Cy become unity the value of XIRe or YIR,
respectively will remain unchanged whatever the value of IX or
IY as the case may be. Thus limits are set for Cx and Cy as

follows:
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O < Cx <1l or Cx > 1

O < Cy <1l or Cy>1

Replacing XIR and YIR with XIR, and YIR, respectively in
equation 4.17 and 4.18 will produce the equations necessary
for generating the concentrated meshes. To avoid the meaning-
less situation when any of the mesh concentration factors is
unity, the program uses the definition of XIR and YIR in
equations 4.10 and 4.11 when this condition arises. Some
typical meshes with various concentration factors are shown

in Fig 4.11. A'listing of the program section used for
generating the coordinates for both evenly distributed and

concentrated meshes is shown in List 4.2.

Using this new algorithm, an overlay called MESH2D has
been developed to produce both evenly distributed and concen-
trated meshes. A flow chart of MESH2D is shown in Fig A 1.1

Appendix A.

4.2 JOINING THE QUADRILATERALS

Using the overlay MESH2D any quadrilateral can be
created and subdivided into a mesh by having all its sides or
part of its sides joined to existing quadrilaterals to produce
a unique mesh. The ability to find points on the existing
part of the model and uniquely defining the nodal points that
are common to the new quadrilateral being created and the
existing drawing, are achieved both by hardware and software.

With the aid of the digitising pen and the visual display unit,
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Fig 4.12 Wrong Specification of number of elements in
adjacent quadrilaterals
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Fig 4.13 Accurately joined quadrilaterials
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the user is capable of digitising a point within a maximum
distance of five millimetres of an existing point using button
7 of the digitising pen. Then the Find. Mode in the basic
system software would obtain the exact coordinates of the re-
quired point by trapping the nearest point in the workspace

to that digitised.

When the full length of any particular side of the
quadrilateral is made common to an existing model, the number
of nodal points or elements on that side is dictated by that
of the existing model. It becomes the responsibility of the
user to make sure that he is not creéting different number of
elements on the side of the new quadrilateral from that of the
existing side common.to the model and the new quadrilateral,
as in Fig 4.12 where the new quadrilateral AEFB has five nodes
on line AB which on the previously generated quadrilateral
ABCD has only four_nodes. Again, when part of a side of the
new quadrilateral is being created as common to the existing
model, the user should input the number of elements on this
side concerned such that the coordinates of the common nodal

points will not be doubly defined.

It is also imPOrtant for the user to know the numbering
of the nodal points sequence in any quadrilateral mesh while
joining it to an existing figure. The numbering sequence of
the nodal points depend on the direction of digitising the
four corners of the quadrilateral (clockwise or anticlockwise),

and the first node number supplied by the user.
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On meshing a new quadrilateral, the nodal points are tempor-
arily numbered from one to NX * NY (where NX and NY are as
defined in section 4.1.1); starting from the first corner
digitised along the line jcining the first and last corners
digitised. This line, no matter its direction,is called the

X -~ line and the line between the first and second points
digitised is called the Y ~ line. The first node number on
the permanent numbering of the nodes, will be supplied by the
user and it is usually taken as the last node number in the
previous mesh, incremented by one. Since it is possible to
have any side of the new quadrilateral from existing lines in
the work space, it is essential to know the temporary numbers
of the nodes generated on the new quadrilateral that will lie
on the boundary common to the figure already produced in the
work space. These node numbers will be specified by the user,
so that the subroutine responsible for producing the final node
numbering will not renumber them after the first node number is
specified. It is very convenient to digitise a new quadril-
ateral being joined to another in such a way that the X - line
coincldes with the common boundary, for by so doing, the

common nodes will be:

Specifying these nodes as common is é lot easier for the user
since the input is performed manually using the buttons of the
digitising pen. Should the user digitise the corners such

that the Y -line lies on the common boundary then the common
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nodes will be:
1, NX+1, 28X +1, . . . . . , (NY-1) NX + 1

For the line opposite the X - line lying on the boundary, the

common nodes are

(NY - 1)* NX + 1, (NY - 1)+ NX + 2, (NY - 1)* NX + 3

« « « « o NX.NY

Finally for the line opposite the Y - line lying on the

boundary, .the common nodes are
NX, 2NX, 3NX, . . . . . . (NY - 1)NX, NX.NY

To assist the user identify the particular line on the boundary,
the line on which' the numbering starts (the X - line) will be

shown on the VDU.

Since MESH2D is a general program for generating meshes
in quadrilaterals, its defined stepé of operation are fixed and
the user is asked for common nodes even on the first quadri-
lateral digitised, and inputting zero at these points will
advance the sequence of operation, which is another input re-
quired by the program, the first node number. The program
will then give all the nodes but the ones specified as common,
a new node number starting from the first node number, and

creates a coordinate data file if required by the user.
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The interactive nature of the program requires the user to
specify a file number for the coordinate data file, and the
user must specify a file number that has not been created al-
ready. This 1s very important since specifying a file number
that has been created will cause a crash of the system,
besides the complete joining of all the quadrilaterals to

form the desired shape takes place in two stages: the graphic
stage that has just been described above, and the file mani-
pulation stage in which all the separate data files are joined

to form the data file of the complete model.

4,3 MESH DATA STORAGE AND FILE MANIPULATION

Two specific methods are usually available for pres-
enting numerical data to any finite element program. The
first involves the use of text cards in the form of punched
cards and this is currently the most popular and widely used
method. The second method involves the extraction of the
numerical data from a magnetic tape in binary format, where
the data on magnetic tape is usually generated from a prepro-
cessor provided by the user-such as SAMG. Primarily SAMG will
generate numerical data such as nodal points coordinates,
element connections, boundarybconditions, material properties
and applied loads for 2D finite element programs. The
numerical data is stored on disk as formatted card images in
permanent files, thus facilitating the production of punched
cards form these numerical data. The permanent files can be
varied in size and number and are only restricted by the size

of the disk. These files must all be numbered and named for
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identification purposes, and no two files can be given the
same name and number. The naming of the permanent files is
transparent to the user and it is done automatically by
'calling either of two subroutines: CONECT or STORE, using the

following Fortran statements.

CALL CONECT (IFILE)

CALL STORE (IFILE)

where IFILE is the file number to be opened for an input/
output operation and resident on disk.
The subroutine CONECT will create the element connection file:
C IFILE.DA&
and STORE will create the coordinates data file
M IFILE.DAT
where in both.cases C, M and the extention DAT are unchanged
arguments of the file names and
1 ¢ IFILE g 32767
As an example, the statement CALL STORE (50) will create a file
named 'M50.DAT' on the system disk. Similérly the statement
CALL CONECT (10) will createa filé named 'ClO.DAT'. These files can
be accessed by standared Fortran READ/WRITE statements or by
the use of a Fortran subroutine 'SETFIL' which overides default

values for a logical unit at run time.

The coordinate data files are universal and can be used
by any finite element program since it contains the nodal

points numbers and the corresponding coordinates.
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By simply inserting the appropriate control cards this data

can be used by every known finite element program. Unlike the
coordinate data files, all the element connection files have
been written for use with ASKAFygkd transferability will
require a slight change in software. This is caused by the
specific orientation of numbering the nodes of each element
clockwise or anticlockwise, by different finite element
programs. Since there are only two options the problem is -

not -serious for 2D element connection data.

The user is able to edit these permanent files by using
the standard DOS/BATCH EDITOR or by using an overlay 'MOVPT'.
The latter will move the position of any nodal point and re-~
place the previous coordinates of the point in the permanent
file with the new coordinates. The user may also delete these
permanent files by using the standard DOS/BATCH peripheral
interchange program(PIP) or directly from the digitising table,
simply by menu command and specifying the file number. For
instance the Fortran statement CALL DELF (500) will delete the
permanent f£ile named 'M500.DAT' on the system disk while CALL
DELFCN (1000) will delete the file named 'ClO00.DAT'. These
two Fortran call statements are transparent to the user, but
are used by the system software when the user deletes any file
by menu command. The user is guided by instruction on the
visual display unit to input the file number he wants to
delete and to specify whether it is coordinate file, element

connection f£ile or both.
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Storing the coordinates of the nodal points and the
element connections of each quadrilateral in separate permanent
files on disk might at first sight seem an inefficient use of
secondary storage, and time consuming. But this method of
data storage has considerable advantagesin that the user may
have access to each individual data file for editing. Moreover
the data in the permanent files will remain intact when the
operation of the system is terminated deliberately or acciden-
tally. When the user is satisfied with all the separate quad-
rilateralsin a model, the overlay "JOIN" can be used in conca-
tentating these separate data files into one coordinate data
file and one element connection file. The o&erlay "JOIN" will
request from the user, - by displaying " a message on the visual
display unit, the file numbers in the order in which they are
to be connected to one another, after which the user is again
asked for a new number to identify the concatenated file con-
taining the coordinateé of all the elements or element connec-

tion of the whole model.

At each stage of the data preparation the user is able
to transfer some or all of the permanent files from the system
disk to any one of the other peripheral devices such as the
Tektronics 611 (DS), the line printer (LP), the teletype key-
board (KB), the paper tape (PP), the magnetic tapes (MT@ and
MT1l) , and the data disk (DK1l). This can be done mainly for
the purpose of saving the permanent files or checking their
contents. While the first three devices mentioned above are
mainly for checking the contents of the files, the last three

are used for saving purposes, thereby allowing the user to



80

delete some or all of the data files on the system disk to
create space for the creation of more files, or for general

usage on the system disk.

4,4 2D-MESH EDITING AND AUTOMATIC RENUMBERING OF NODES

In general, there are two methods that can be used in
the description of a mesh, and they are Top down and Botton up.
The method described in the automatic mesh generation equations
is a Top down method with respect to the individual building
blocks - the quadrangles. .There will be instances when the
graphical shape of the model does not facilitate the use of
the automatic mesh generation system. Clearly this will
happen when the structure cannot be effectively subdivided
into series of quadrilaterals, and in such cases elements can
be added, deleted and nodal position adjusted manually - the
Bottom up approach. Manual input facilities complementary to
the automatic mesh generation technique, are provided to permit

the rapid generation of meshes for difficult shapes.

4.4,1 Add Element

The manual input of additional elements is performed
by displaying the model on the wvisual display unit and contin-
uously adding elements to the model until theé desired
mesh is complete. For example, a triangular mesh would be
added by digitising two fixed points on the screen using the
FIND mode, and the third point of the triangle would be moved
relative to the movement of the digitising pen until the pen

is pressed at the required point for the vertex.
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The overlay 'ADDELM' responsible for this operation will then
find the connection of this new element, and add its connection
pattern to the existing data file, also adding the coordinates
and number of the node to the coordinate file. It is possible
to create new elements using one, two, three or four existing
point or points of the model, a maximum of three for triangular
elements and four for gquadrilateral elements. The user is not
permitted to create an additional element that is not connected
to at least one existing node in the workspace. The code for
the overlay ADDELM is written in such a way as to be in a
continuous loop for the addition of as many elements as the
user may require and can only be terminated at the request of
the user. A flow chart of ADDELM can be seen in Fig A 2.1

of Appendix A.

4,4.2 Delete Element

Sometimes it might be easier to enclose an area with
automatic mesh generation and delete some of the elements not
required in the shape of the model. For example if a hole is
inserted in a plate, it will be easier to generate the mesh
for the plate automatically, delete the elements in the region
of the hole and rearrange or move the nodes around the hole to
lie on the circumference. To delete an element the user is
directed by the program to use the FIND mode to input all the
nodes of the element to be deleted, which will subsequently be
displayed on the VDU for acceptance or rejection by the user.
Should the user accept to delete the displayed element, the

program deletes the element and instructs the user to input the
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corners of the next element he wants to delete or exit. When
the user requestsfor exit, the program does some housekeeping
and tidying up of the data files in a mode transparent to the
user before relinquishing control to the User Operating Monitor

'DIGOV’ .

4.4.3 Adjust Position of Node

The movement of the position of a node or nodes and
hence the position of an element without changing the element
connection nor the total number of elements and nodes is
essential as can be seen from the example of a plate with a
hole. This editing facility is also available in the system
for the user to digitise the node to be moved using the FIND
mode, whénce the movement of the node will be controlled by
that of the digitising pen and its new position entered by
pressing button One on the digitising pen. The old coordinates
of the node are replaced by the new coordinates in the co-

ordinates’ data file.

4,4.4 Automatic Renumbering

For the solution of sets of linear simultaneous
equation, the most commonly used techniques are the direct
Gaussian elimination and the iterative Gauss-Seidel methods
which have the advantage of speed and minimum computer core
requirement. For Finite Element Methods, the matrix equations
are symmetrical and all the non-zero coefficients are confined
within a band whose width is calculated as the maximum

difference between any two related nodes,incremented by one
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for the diagonal terms, To take the fullest advantage of the
benefits of the above solution methods, the programmer must
make sure that the matrix bandwidth is as narrow as possible.
Automatic node renumbering to reduce the bandwidth can reduce
both the storage requirements and solution time for a set of
linear simultaneous equation whose form is a function of the
interconnection of the nodes in a structural frame work.
Although there are many different programs used in the re-
duction of bandwidth, the overlay 'OPBAND' uses an algorithm
based on Collins 7 algorithm, and modified by; Ghassemi D'Q-'l.
A detailed description of the program OPBAND and the algorithm

can be obtained from Ghassemi LiO],

4.5 DOUBLE AND ROTATE

The production of meshes for axisymmetric shapes is
achieved by the use of two main techniques: Double and Rotate.
In either case a full 2D mesh is first created and stored as
described earlier in the chapter. For Double, once a planar
mesh is generated, it could be projected as many times as
required into other planes parallel to the first, thus
producing a three dimensional kind of mesh by joining the
corresponding points on any two adjacent planes of projection.
The size of the new plane projected can differ from that of
the original plane. For Rotate, the original mesh is rotated
about an axis parallel to the Y axis, and the number of planes
can be specified by the user to control the number‘of 3-D
elements produced. Both methods produce 8-Node brick elements

or six node wedge elements.
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4.5.1 Theoxy
a) Double

The first plane containing the 2-D mesh is usually the
X - ¥ plane, and any subsequent projection will be parallel
to the first controlled by three variables: Ax, Ay and Az
such that if Xi,Y¥i and Z1i are the coordinates of a point on the
old plane being projected and xi, yi and zi are the coordinates

of the corresponding point on the projection plane, then

xi = Xi + Ax
yi = Yi + Ay
zi = Zi + Az (4.21)

Equation 4.21 can only give projection plane equal in all
respects to the projected plane, only shifting the coordinates
as determined by the shift variables Ax, Ay and Az. To change
the size of the projection plane a fourth control variable
(the projection factor F) is required. For repeating the pro-
jections a fifth variable (the number of projections N) is

needed.

Define the following:

Xc = The mean X coordinate or the X - coordinate
of the centre of figure
Yc = The mean Y coordinate

To account for the projection factor F,

Define:

i
I

| Xi - Xc| * F (4.22)

Y =] .¥i-ve| *F (4.23)
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For Xi greater than Xc

xi = Xc + X + Ax.n (4.24)
For Xi less than Xc

xi = Xc - X+tAx.n ' (4.25)

Rewriting equation 4.24 and 4.25 as a single equation

we have
xi = Xc + |Xi - Xc|[*F + Ax#*n (4.26)
similarly yi = Yc + |[Yi = Yc|*F + Ay#*n (4.27)
and zl = (Zi + Az)#*n

where 1< ng N, n being the projection plane number
and in equations 4.26 and 4.27 the positive sign prevails

when

Xi 2 X¢ and Yi = Yc

and the negative sign for Xi < Xc and Yi < Yc

b) Rotate

Again the first plane that contains the 2-D mesh is
the X - Y plane, and all subsequent rotatiom planes are
produced such that they are at defined angles from the first
plane about the axis of rotation. The definition of the angles
'depend on the number of rotation planes such that the angle
between the two adjacent planes will be the same. Let the
number of planes of rotation be N. Then the angle between the

two successive planes AA is given by the following equation
AA =

2n
N

Again let the coordinates of a nodal point in the first plane
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be X1, ¥Yi and Zi and those of the corresponding point on any
plane of rotation be xi, vi, zi, Since the mesh to be rotated
is in the X - Y plane and subsequent plane of rotation are
about the Y axis, it is easily seen that the Y - coordinates
of all the rotated points will not change, and only the X and
Z coordinate are affected by such a rotation. Furthermore
since the axis of rotation is on the XY plane some of the
planes will have negative Z coordinates, and to avoid that we
défine a point to the right of the figure to give the Z co-
ordinate of the centreline.. In the ZX plane the centreline
can be represented by a point. Let the coordinates of this

point be Xc, Zc.

Define the following constants

X = Xc - Xi
Z = Zc - 2i

From Fig 4.14 it

can be seen that

by simple rotational
matrix equation

xi

21

XCosb=-2Sin6+Xc
XSinf8+ZCose+Zc

and since the Y
coordinate doesn't
change

Yi = Yi

where 6 = AAx*n

Y
>

and n is the number
of the plane of

Fi . - .
rotation ig 4.14 2-D Rotation

lsnsgN
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4.5.2 Nodal Point Coordinates and Element Connection for .
2%D Files

As stated earlier in the chapter the 2D files from
which the axisymmetric shapes are constructed are stored in
permanaent files on the system disc. These files are modified
for three dimensional mesh data by simply adding the co-
ordinates and node numbers of the projection or rotation nodes,
to the permanent files to represent a three dimensional
structure using Fortran READ/WRITE statements. The numbering
sequence of the projection planes will be similar to that of
the first plane. Each nodal point number on the projection
plane will be equal to its corresponding number in the first
plane, plus the total number of nodes generated in all the
previous planes. Mathematically, the last statement can be

thus presented:

I = Ixy + n«NX*NY
where I is the new node number in the nth plane

Ixy is the number of the node in the corresponding
position in the XY plane

n 1is the projection plane number
NX 1is the number of nodes on the X - line
NY the total number of nodes on the Y-line
Tﬁerefore if the numbering sequence of the nodes in the X - Y

plane is as follows

1, 2, 3, . . . . , NX.NY
the numbering in the first projection or rotation plane will

be
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1 + 1.NX.NY, 2 + 1.NX.NY, 3 + 1.NX.NY ...., 2NX.NT
on the second plane
1 + 2NX.NY, 2 + 2NX.NY, 3 + 2NX.NY ...., 3NX.NY

and so on.

A separate overlay is created to generate the element
connection file of this three dimensional structure created. by
using 2%D technique. The overlay ST3D was originally written

by Ghassemi and has been considerably modified by the author.
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CHAPTER 5

3-D SHAPE DESCRIPTION AND MESH GENERATION

In 2-D mesh generation described in the previous chapter,
little or no problem is encountered in the definition of the
2D shapes, since the basic input device, the digitising table
can convert any point digitised into X and Y coordinateé. Three
different methods of using the conventional digitiser to input
three dimensional data to the computer, are fully described by
Yi et al [25] . The first method is based on digitising two
or more orthogonal projections which are subsequently assembled
within the computer to give the required three dimensional
shape. The second method consists of digitising contours in
two dimensionswith the third dimension normal to the surface,
being added numerically, after which a surface 'patch technique
is utilized to interpolate the contour data, in order to produce
data of sufficient quality for the graphical representation.
Finally, the third method is based on photogrammetric technique
where two perspective drawings or photographs are digitised and

the data converted into a three dimensional format.

These three methods briefly outlined above, are all
very useful if the model under consideration is relatively
simple or the storage -capacity of the core of the computer is
very large. For more complicated shapes and models to be
fully represented using a mini computer, a slight modification

of the first method is considered in this work, where the model
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is divided into basic building blocks and assembled later. The
use of building blocks which are later assembled to produce
the required shape might seem tedious and time consuming from
the shape description point of view, but when considered from
a mesh generation point of view, it is the most efficient mode
when using a computer of small core store. Each building block
can be subdivided into a mesh, and the data thus generated
stored in separate files that can be edited. Unlike 2~D mesh
generation, different types of building blocks are designed

to produce different types of elements, and the method of in-
put for each building block is specifically defined and must

be strictly adhered to.

5.1 Input Methods and the MACROBLOCKS

There are six different types of input shapes designed
to generate four different types of building blocks called
MACROBLOCKS. All inputs are handled and serviced by an inter-
active overlay called 3D MESH. When this overlay is loaded
into core by digitiSing above the appropriate square on the
menu table, the system requests for the number of input points,
for the different types of input shapes are recognised by the
difference in the number of input points. Therefore it is
important for the user to know the type of input required and
the number of input points for fhe desired input shape. The
order in which the points of the input shape are digitised is
also rigidly defined and on providing the number of input
points, '3D MESH' will procede to guide user to digitise one

numbered input point after the other in either the X - Y
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plane or the ZX plane. Due to the difficulty in representing
a three-~dimensional object on a plane surface, each 3-D point
is defined by two points on the digitising surface: the first
point in the X ~ Y plane and the second in either the Z - X
plane or the ¥ - Z plane. From these two points the cartesian
X, Y and Z coordinates of the three dimensional point are

derived by a subroutine called 'CONVRT'.

Since the points on any input shape are specifically
numbered, the program using overlay 3D MESH is capable of
directing the user to input point number 'N' in the X - Y
plane and Z - X plane, 'N' starting from unity to the specified
number of input points, in steps of one. After accepting the
last input point,'the program enters an editor mode when the
user is permitted to change the coordinates of any of the input
points. The user is requested to specify the number of the
input point he wants to change, énd is directed to digitise
the points in the planes as the program will accept. The
rigid definition of the order of entry of the points in any
of the six input shapes, compels us to consider the six input

shaped individually.

a. Straight edged block with uniform thickness.
In this case only five input points are required
to fully define the shape although there are
eight corners. The problem of digitising two

planar points to represent one 3-D point encourages
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cuts in the number of

input points where the

cut will not affect the

accuracy in the overall
definition of the shape.

This input shape is used

-—_— - — - -

. T by the first two types

Z 1 4 of building blocks:

MACROBLOCK 1 and

MACROBLOCK 2. These
Fig 5.1 building blocks are
used in generating 8 -
NODE brick elements and 20-NODE isoparametric elements res-
pectively. The first parameter supplied to the overlay 3D
MESH is 5 for this input shape, and,6 the second parameter ,
the macroblock’ number must be 1 or 2, for the program to load

the appropriate meshing overlay into core.

b. The second type of input shape is one in which a planar
view has curved edges, but with uniform thickness,Fig 5.2.
b4 ' In this case the ortho-
! graphic views of the
structure will be taken
such that the surface with

the curved edge must be

digitised in the X - Y .

plane. Only nine input

X points are necessary for

full definition of the
Fig 5.2
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shape, 'and must. be digitised in the order shown in Fig 5.2. Again
this type of input shape is only useful for the first two types
of building block, but in practice it is better utilised by the
second type of building block which maintains a better approxi-

mation to the curve along the edges.

c. The third type of input is in all respect but ong,like the
first. The difference is only in the number of input points.
Instead of five, eight input points are required for this
irregular block with straight edges. Theoretically,input shape
(a) is a special case of this type of input where only one depth
or thickness is required
by the program to compute
2 the coordinates ofi?ixth,
seventh and eighth corners.

The node numbering routines

N

are responsible for obtain-

- X! ing and using these coord-
Fig 5.3 inates of the box. They
| will be seen later.
d. The fourth type of input shape with twenty points is used

as the second type of input shape (b), the latter being a

Y
)

Fig 5.4
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special case of this type of input. '3DMESH' will guide the
user by requesting for specific input number first in the X - ¥
plane and then the ZX plane. It must be emphasized again, that
due to the complexity of the nature of the routines involved

in the generation of the node numbering of the elements nodes,
preparing the shape function parameters of the node, and
finally generating the nodal point coordinates, the order of
input should strictly be followed to avoid spurious results.
This input shape can be used by the first two building blocks

but 1s more useful for MACROBLOCK 2.

e, For solids of revolution whose cross sectionshave straight
edges, the fifth input shape is designed. Six input points are
necessary to give a complete definition of such figures. The
first two points define the
centre line and the last four
pointsdefine the section to
be revolved about the centre
line, The relative positions
of the first two points are
not critical as long as

they lie on the path of the

centre line as in Fig 5.5,

Fig 5.5

the second point can be at
2 or 2'. The centre line can have a three-dimensional skew,
and the three direction cosines are computed internally by the
‘mesh generating routine. This type of input shape is used by

and
the thirdAfourth building blocks: MACROBLOCK 3 and MACROBLOCK 4,
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These building blocks are used in generating 8-Node and 20 Node

cylindrical elements respectively.

‘f. The last input shape so far is also designed for solids of
revolution, and only differs from the last on by having ten

3-D input points. The first six points are like those defined
in the last input shape, which take care of the definition of
the centre line and the four corners of the shape to be re-

| volved. The last four points
define the mid points on the
boundary lines of the shape of
revolution. Thus introducing

a parametric curve on the lines

of the shape to be revolved.

Like that of the last input

shape, the revolution is done

Fig 5.6

in accordance with the right
hand cork screw rule with the direction of the centre line .
from point 1 to point 2. This input block is most suitable

for MACROBLOCK 4 although it can be used by MACROBLOCK 3.

So far only two groups of input have been discussed
first the numerical input of the number of the input poéints to
be digitised, and secondly the actual points digitised on the
table. Once the number of 3-D points digitisedon the table,
is equal to that specified by the user the program jumps out
of the digitiser input loop and request the user to certify

the acceptability of these stored points. If any of the points
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arenot -acceptable to the user, for instance when the program
requested for point number three in the XY plane and the user
digitised what should be point number five in the particular
input shape, the program jumps into an editor phase, guiding
the user to correct the point which has been digitised in eérror.
At this stage, all the input pointgcan be changed and if the
initial number of input points specified is less than that re=-
quired, more points could beadded. The program can only get
out of the editor mode when the user requests for a null point
to be edited. Once the user is satisfied with the input points,
the program requests for the macroblock number, to call the right

overlay into core for the building block required by the user.

Before loading the appropriate service overlay for the
required building block into core 3DMESH stacks its third entry
point on the overlay stack, so that control of the system is
returned to itafter the mesh is developed by the service routine.
All the routines used for the generation of meshes witﬁin the
separate building blocks are written in such a way that if the
number of input points specified at first entry to 3DMESH is
not compatible with the routine, control is automatically
handed over to 3DMESH at the second entry point where the user
can correctly input the required macroblock. The user can exit
from 3DMESH by supplying a macroblock number of six - a dummy
macroblock number used for exit purposes. When a mesh genera-
ting routine is successfully executed and control handed over
to 3DMESH, the element connection generating routine is loaded

only if a coordinate file is stored on the system disk, After
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the element connections are generated and a file created, or

if there is no coordinate file 3DMESH will ask the user for more
macroblocks or an exit from the program. If the addition of
more building blocks to the workspace is requested, 3DMESH
places 1its first entry point on the overlay stackvand calls the
overlay responsible for displaying the three orthogonal views
'DVIEW'. After displaying the three orthogonal views, '3DMESH!'
is loaded into core and the first request from the program
'NUMBER OF INPUT POINTS' appears on the VDU. Fig A3.] in

Appendix A shows a flow chart of 3DMESH.

The use of the overlay 3DMESH as a coordinating program
for the whole 3-D mesh generation cannot be overemphasised. It
is responsible for loading and coordinating four separate mesh
generation overlays, an element connection data generating

overlay, and last but most important itself.

5.2 MESHING THEORIES

There are three separate theories involved in the

meshing of the four kinds of building blocks:

a. Coordinate geometric scheme
b. Isoparametric mapping

¢. Matrix transformation

The three schemes are either used separately or combined to

produce the required mesh in the different macroblocks.
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5.2.1 Coordinate Geometry Algorithm 3-D

In the previous chapter, section 4.1, it was discussed
that the desire to change the commonly used technique of mesh
modification from that of a unit square, was to make it easier
to develop a similar three dimensional theory. Thus by knowing
the eight sets of coordinates for the cornersof a box we should
be able to extrapolate some of the equations in Chapter 4, and
arrive at a suitable~set of equations to do the same thing in

three dimensions.

Consider the box 1-2-3-4-5-6~7-8 in Fig 5.7, which is
divided into four smaller brick elemehts. Line 1-4, no matter
its direction is termed the X line, line 1=2 is the Y line and
line 1-5 is the Z line. The numbering of the nodal points is
such that it starts from corner 1 to corner 4 before the next
row on the surface 1-2-3-4, where all the nodes are numbered
before the numbering starts on the next plane of nodes in the
increasing direction of the Z line. Each plane (actually
surface) of nodes is numbered in exactly the same order as the
two dimensional numbering sequence in Chapter 4. Thus if we
define 1IX, IY¥Y and IZ as counters along the primary lines, the

typical node number can be derived from the following equation:

I = (IZ - 1) NY*NX + (IY - 1)NX + IX (5.1)

where I is the number of the nodé

H = e
NN I

= H H
Mok N
m N

2 2 2
MoK N
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Fig 5.7 Actual Block
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Fig 5.8 Scaled block
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NZ is the total number of nodes on the 2 line
NY is the total number of nodes on the Y line

and NX 1s the total number of nodes on the X line

Similar to the two dimensional case, let XIR, YIR and
Z1R be the ratio of the nodal point position in the three
principal directions. Then these ratios for each nodal point

are obtained from the following equations:

XIR = (IX - 1)/ NXL
YIR = (1Y - 1)/ NYL (5.2)
ZIR = (1Z - 1)/ NzZL

where NXL = NX-1 (The number of elements along the X line)

NYL = NY-1 (The number of elements along the Y line)

and NZL NZ-1 (The number of elements along the Z line)

Consider the nodal point I in Fig 5.7

IX 1y = 12 = 2

X(I) X(P) + {X(T)- X(P)l* YIR (5.3)

where X(N) is the X coordinate of point N

From equation 4.16 X(P) can be expressed in terms of XIR, ZIR
and the X coordinates of the points 1,4,8 and 5. Similarly X(T)
can be expressed in terms of the two ratios above and the X

coordinates of points 2,3,7 and 6.
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X(T)
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X(1)+XIR{X (4) =X (1) }+ {X(5)+xIR [x(8)-x(5)] - [X (1) +XIR(

X(0)-x(1)]} « zIr

(5.4)

X(2)+XIR{g(3)-x(28 + EX(6)+XIR [x(7)-x(6)] - [x(2)+xIR(

Let

and

X(1l) + XIR%XB

X(2) + XIR#*XC

HEBERB

XG

X(4) -
X(3) -
X(2) -
X(5) -
X(8) -
X(7) -
X(6) -

Similarly by defining

and

Y (L)
Y (R)

Y (I)

¥YB
YC
YD
YE
YF
YG
YH

il

Y(4)
Y (3)
¥ (2)
Y (5)
Y (8)
¥ (7)
Y (6)

- Y(1)
- ¥Y(2)
- Y (1)
- Y(1)
- Y (5)
- Y(6)
- ¥Y(2)

X(1)
X(2)
X(1)
X(1)
X(5)
X(6)
X(2)

x(3)-x(29j} * ZIR

+ ZIR*XE + XIR*#ZIR(XF =~ XB)

+ ZIR * XH + XIR*ZIR(XG - XC)

Y(1) + YIR*YD + ZIR*YE + YIR*ZIR(YH - ¥D)

Y(4) + YIR*YC + ZIR*YF + YIR*#ZIR(YG - ¥YC)

() + {¥@® - Y(L)} % XIR

(5.5)

(5.6)
(5.7)

(5.8)
(5.9)
(5.10)
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The Z coordinate of the point I can be obtained from either of

two equations:

Z2(I)
or Z(I)

z(L) + {Z(R) - 2(L)} * XIR (5.11)
Z(P) + {Z(T) - Z(P)} % YIR (5.12)

By expressing Z (L), 2(R), Z(P) and Z(T) in terms of the 2Z
coordinates of the eight corner, and fully expanding the last

two equations, the same result is obtained for Z(I).

For programming purposes the constant values XB, XC, etc,
¥YB, ¥C etc and ZB, 2C etc are defined outside the coordinates
generating loop within which we calculate: the node number I,
the ratios XIR, YIR and ZIR, and the six surface coordinates
X(®), X(T), Y(L), Y(R), Z2(L), and Z(R). B§ substituting the
last six values into equations 5.3, 5.10 and 5.11 respectively,

we generate the X,Y and Z coordinates of any node.

This algorithm is simple and straight forward for
generating 8-node brick elements and it is used in the overlay
"BLK8BND", which is loaded into core for production of the mesh
when the user requestsfor MACROBLOCK 1. This was the first
meshing algorithm developed by the author, but the inadequacy
of this method in dealing with building blocks having curved

surfaces gave rise to the use of isoparametric mapping techniquea

5.2.2 Isoparametric Mapping

The basic scheme is the use of parametric curvilinear
mapping of quadrilaterag?in two dimensions and hexahedrals in
three dimensions. The scheme, initially developed by Ergatoudis
et al 1968E93“for derivation of special element forms, allows

the unique coordinate mapping of curvilinear and cartesian
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coordinates. Isoparametric transformations. are assumed,

relating the actual geometry of a building block to a scaled
block. From the unique mapping of the actual cartesian coord-
inates to the scaled coordinates obtained from these transform-
ations, and the number of elements required in the building
block, an interpolation is carried out on the scaled block and
related to the actual building block to determine the nodal
geometr&. To illustrate the method, consider the three di-
mensional mesh of Fig 5.7 where all the coordinates of the
eight corners are given. The transformation of the (X,Y¥,2)

cartesian coordinates to the scaled coordinates of(a,n};)of.
Fig 5.8 can be written in the general form (as shown by

Ergatoudis et al).

U = oy 032 £ + a3 n+ay T + o5 En + ag ng + azzé
+ ag Eng
where U is the displacement component (X, Y or 2) (5.13)

By substituting in the equation 5.13 the actual values of U and
the corresponding scaled coordinates at the eight corners, the

coefficients a can be found and the equation written in another

general form:

= ' Y1
U [w,,N, ..., Ng] B
Ug (5.14)
8
or U = Ni Ui

i=1
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where Ni is called shape funcfion and is associated with each
node and defined in terms of the curvi-linear coordinate system
E,n and ¢ each of which has a value ranging from -1 to 1 on the
opposite sides. Typical shape functions are given in.general
form fof a variety of elements by Zienkiewicz et.al [26]. 1In

our example there are eight shape functions.

N1 ¥ (L -¢&)(1 - n)(1 - ¢)

¥ (L - &)(1 + n)(l - ) etc.

N,

Rewriting equation 5.14 only for the X coordinates, the general
form will be
X]..

x = [N1,Np ... ]
X

. (5.15)

where X is the X coordinate at corner n
and Ni = Ni (&£,n,z)

Equation 5.15 gives a unique mapping of the actual
building block to the scaled block, and the coordinates of Y
and Z can be similarly described. Quite obviously, we need to
know the £,n and ¢ coordinates of every nodal point on the
scaled block to obtain the actual coordinates by substituting
the values of (g&,n,z) into equation 5.15. These scaled coord-
inates values are computed by the node numbering routine which
will be seen later. A separate subroutine is then used to
compute the values of the shape functions using the scaled

coordinate values and finally the actual coordinates are
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calculated using the shape functions. This method so far des-
cribed has been used in generating the mesh in, MACROBLOCK 1
and MACROBLOCK 2, both building blocks using the same shape
funtion generating routine. This explains why the input points
for the twenty-point input shape should be such that the first
eight points are the corners of the isoparametric box in the

same order as the irregular block of input shape (C).

5.2.2.1 Node numbering and Computing Scaled coordinates

To produce 8-node brick elements the node numbering is
the same as discussed in section 5.2.1 symbolized in equation

5.1,

I = (IZz - 1) (NY) (NX) + (IY - 1)NX + IX (5.15a)

In general the scale coordinates can be obtained from the
following equation

Ui = 2Ri -1 (5.16)

where Ri is the nodal position ratio in the particular direction

hence

Ei = 2.XIR-1
ni = 2.YIR-1 (5.16a)
zi = 2.ZIR-1

where XIR, YIR and ZIR are as defined in Equation 5.2
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By examining equation 5.16a for the first nodal point at corner

1 of the hexahedron

gy = -1
ng = -1
and z; = =1

These values of the scaled coordinates correspond to those in

Fig- 5.8.

For numbering the nodal point on MACROBLOCK 2, a dif-
ferent strategy has to be employed since the number of nodes
along any mid point row or column is different from that of
the next which forms an edge of any element, along the row or
column. To illustrate the above statement, consider Fig 5.9
where there are five nodal points on the line AB but the next
row rcontaining the mid points of the first two elements in the
plane ABCD,has only three mnodes.  In fact a single equation
cannot be used in obtaining the scaled coordinates. Three sets
of equations were derived to produce a unigque numbering systeﬁ to

obtain. = the scaled coordinates.

Considering Fig 5.9 the line AB, no matter its direction,
is called the X line, AC the Y line and AE the Z line. Using
the defined values of IX, IY, IZ, NXL,NYL,NZL the numbering
of the nodal points was divided into three groups. The first
group consists of all the nodes that form corners of the elements,

all mid point nodes that lie on lines parallel to the X line in
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a scaled mesh. The second group consists of all mid point
nodes that lie on lines parallel to the ¥ line in a scaled

" mesh while the third group consist of all the mid point nodes
lying on linesparallel to the Z line in a scaled mesh. For

instance in Fig 5.9 the following nodes are in the first group

1,2,3,4,5,9,10,11,12,13, ,17,18,19,20,21

31,32,33,34,35, ,39,40 etc.

By considering the pattern of_the node numbers on the first
plane ABCD and the next plane at the boundary of the first set
of elements in our example,there is a fixed difference between
the number of adjacent nodes fran one plane to the next. This
number is the sum of the total number of nodes on plane ABCD
and the number of mid point nodes between the two planes. To

simplify the derivation define six quantities:

NXM = ©NXL-1 The number of mid point nodeson the X line
NYM = NYL-1 The number of mid point nodeson the y line
NZM = NZL-1 The number of mid point nodeson the 7 line
NXP = 2. NXL+1 The number of nodes on the X line
NYP = 2.NYL+1 The number of nddes on the Y line
NZP = 2.NZL+l The numbér of nodes on thé Z line

The number of nodes on plane ABCD (NPP) is given by the following

equation

NPP = NXP(NYL + 1) + NXM.NYL (5.17)

The number of nodes on the mid point plane adjacent to ABCD is
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given by

MP = (XL + 1) (NYL + 1) (5.18)
Adding the last two equations and simplifyingwe obtain

NDIFFZ

NYL (4 .NXL 4 3) 4+ 3 NXL + 2 (5.19)
NPP + MP

Similarly there is a fixeddifference between the number of the
nodes on line AB and the adjacent ones on line MN and this

number is:

NDIFFY = NXP + NXM (5.20)

It is obvious from the numbering pattern that NDIFFZis the
difference in node numbering when we go from one plane pérpen-
dicular to the Z line to a second plane two Z points away. At
node 1,12 = 1, at node 22, IZ = 2, at node 31, IZ = 3, thus

our first group of nodes that are numbered are in unit increment
of IX but double increments of IY and IZ. The equation that

describes the first group of nodes is as follows:

I = NDIFFz (12 - 1)/2 + NDIFFY (IY - 1)/2 + IX (5.21)
when I1Z = 1, 3, 5-...c..... 2NZL-1
IY = l’ 3’ 5 --------- 2NYL—1
IX = 1, 2, 3 ....0e0.. 2NXL+1

For the set of nodal points whose numbering is produced by the
above equation the scaled coordinates can be obtained using an

equation similar to equation 5.16, the only difference being the
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definition of Ri

Il

Ui 2Rui - 1

(IX-1)/ (NXP-1)
(IX-1)/2NXL

where Rxi

The ratios for the y and z directions can be similarly described.

For the second and third group of nodes only the

equation of node numbering and scaled coordinates are presented

Group 2
I = NDIFFZ .(I2-1)/2 + (3NXL+2) IY + IX - NXM (5.22)
where 12 = 1,3,5 ....... 2NZL-1
Iy = 1,2,3 .icenen NYP
IX = 1,2,3 ...0un NXM
g; = [2(Ix-1)/8N%L] - 1.0
ni = [(2%IYy-1)/NYL] - 1.0 (5.23)
gy = [(I2-1)/NZL] - 1.0
Group 3
I = IDZ(1z) + 1DZ22(1X-1l) + NXM(Iv-1) + 1X (5.24)
where 12 = 1,2, (.i..c... NZL
IY = 1,2, ciivenn. NYM
IX = 1,2, cievenaen NXM
IDZ = NXPANYM + NXM#NYL
IDZ2 = NXM#NYM
£, = [2(Ix-1)/NYL] - 1
n, = [2(Iy-1)/nvL] - 1 (5.25)
zi = [(2*Iz-1)/Nz2L] - 1
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By using isoparametric mapping, the use of twenty-point
building blocksfor the production of eight-node brick elements
was possible. The twenty point input building block can fit
nearly all curves encountered in engineeringdesign, but the
limitation of using isoparametric mapping is that certain curves,
for example a circle, cannot be modelled exactly. In the
majority of cases the errors produced will be negligible but
for small solids of revolution, a simple technique can be used
to generate a planar mesh in a plane and revolve this mesh
round an axis to produce the required shape without errors in
the nodal positions. In the previous chapter this was achieved
in a limited form by producing a mesh in the X-Y plane and
revolving the mesh about the Y axis, by the use of a two di-

mensional rotation matrix.

5.2.3 Matrix Transformations

A transformation is normally expressed as a single
entity, the transformation matrix, of which there are three

main primitive types:

a. Scaling
b. Translation
and c¢. Rotation

Complex transformations can be expressed as a sequence of
primitive transformations, or a concatenated expression yielding
a single transformation matrix that has the same effect as the

sequence of the primitives.
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5.2.3.1 Scaling

A scaling transformation is used to scale dimensions in

any of the three directions of a point X,Y,2 to a new point X',

Y', 2'. Such a transformation is given by the following equation

[xt,v',2'] = [x,v,z;4 [sx o 0 o
O Sy 0 O
0O 0 8z O
o o o 1]

5.2.3.2 Translation

The transformation which translates a point x,vy,z to a

new position X', Y¥Y', Z!' is

[xr v 2'] = [»yz1] [T]

where [T] is the translation matrix

1 0 0 O
r = |0 1 00
O 01 o
T T T_ 1
X 'y "z

5.2.3.3 Rotation

Three dimensional rotation transformations have more
complexity than two-dimensional rotation transformations. We
must define a three dimensional axis in space about which to
rotate, and if this axis is not aligned with any of the coord-

inate axis, we must concatenate five transformations,
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The first translates any fixed point on the line to the
origin.

The second performs the appropriate rotations about the
X and Y axes of this coordinate system so that the unit vector
of the direction cosines is mapped into the unit vector along
the 2 axis. The third transformation performs the desired ro-
tation 6 about the Z axis of the new coordinate system. The
last two transformations are the inverse of ‘the. second and first
respectively and they are performed to return the object to its
original coordinate system. The coordinate systems created by
steps 1 and 2 are used only as intermediate steps in the pro-
cess. The complete transformation representing the five steps
is

-1 1 1 _
T RijRoR6 R, R; T (5.26)

Let a, b, ¢ be the direction cosines of the axis of rotation
Let v = (b2 + cz)%, and (x,y,z) the coordinates of a point
through the axis of rotation.

The matrices in equation 5.26 are:

1 0 0 O
r = |9 1 00 (5.27)
o 0 1 o
-x -y -z 1]
[1 0 0 O]
¢, b
R = |9 /0O (5.28)
O /v /v 0O
o 0 0o 1]
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v O a o
R, = |© 1 00 (5.29)
-a 0 v O
|0 0 0 1
[Cose -Sine O O
R = Sine Cos8 O O (5.30)
o) o) 1 0
e o) o 1

A subroutine "TRANSM" written on the basis of the above
formulation is used in rotating any point in space about any
specified axis. But this is only part of the whole ro=’
tation program because the productidn of a twenty-node element
form an isoparametric eight node surface elément requires a
sorting process where all the corner nodes are rotated twice:
once for the generation of the mid point nodes on the edges and
the second time to generate the other corner nodes. For the
first rotation, half the required angle is used. The last two
building blocks MACROBLOCK 3 and MACROBLOCK 4 use this rotation
technique in generating 8-NODE and 20-NODE element around solids
of revolution. For solids of revolution with curved sections,
the isoparametric mapping technique is first used in meshing

the section, before rotating the mesh about the given axis,
Fig 5.10.

*

5.3 JOINING BUILDING BLOCKS

The production of a unique mesh by joining one or two
surfacegsof a building block to that of an existing model is

a much more complicated affair when compared to joining one
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quadrilateral to a planar model. For quadrilaterals the

numbers of the nodes on the new quadrilateral are specified
manually as shown in the last chapter. To do the same for a
three-dimensional mesh is a very imperspicous task, for there

is no easy means for the operator to know the temporary numbers
of the nodes on the surface or surfaces of the new building
block that will be made common to an existing structure. For
instance only for a two by two mesh on the surface ABDC of

Fig 5.9, there are twenty-one nodal points, and this surface

is the easiest of all six surfaces for node number specification
purposes, since the node number starts from one and ends in
twenty-one in increments of unity. To specify these node
numbers manually is a highly repetitive process and the aim of
CAD is to transfer such a process to the realm of machine
functions. It was expedient for the user to specify a surface
or surfaces on the new building block that should be joined to
the existing model, and the computer to sort out the temporary
node numbers on the specified surfaces and recognise these nodes

as common nodes.

Thus it was necessary to define the surfaces of the
building block with numbers. In any building block there are

six surfaces and they are thus defined:

FACE I - The value of the counter IX for brick ele-
ments is 1

FACE 2 - The value of the counter IX or IR is the
total number of node on the X line or R line
NX
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FACE 3 =~ The counter 1Y is 1
FACE 4 - IY = NY
FACE 5 = The counter IZ =1
FACE 6 - 17z = NZ

By fixing the values of the counters in equations 5.15a or 5.21,
5.22 and 5.24 the nodal points numbers on any of the six

surface can be computed. A subroutine 'COMSOT' wd8 written to
sort out all the common nodes on any specified surface, and mask

these nodes from being renumbered.

For displaying and plotting purposes, masking the common
nodes to stop them from being numbered again is not_of much
importance. The common nodes must have the same coordinates as
those on the existing model, to produice a unique mesh. A second
subroutine 'FNDCOM' was written to inspect the masked nodal
points on the new building block and compare them to those on
the existing model, and to regularize any anomalies, by giving
the coordinates of the existing nodes to the new nodes on the

common face.

Ali the six surfaces of the new building block can be
joined ‘to an existing model by'specifying all six surfaces as
common. THe routine is written in such a way that numbers
greater than six or less than one are ignored and such numbers,
usually zero is used in ending the specification of common
faces. The disadvantage of specifying face numbers instead of

node numbers is that the user is not free to join part of a
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surface to an existing model, unlike that of two~dimensional
joining where part of a line can be joined to an existing
figure. The advantages of specifying only the surface number
for the program to extract and normalize the nodes involved,
and the time saved by the user heavily outweigh the disadvantage.
The program is capable of reporting to the user if there are no
nodes on the existing structure, close to the surface specified
common. When the joining of a larger subdivision is more
desirable to a smaller existing part of a structure; the former
must be further subdivided in such a way as to make the new
common surface equal to, or smaller in size than the existing
part. This might seem complicated but in practice it is quite
simple. Figures 5.11, 5.12 and 5.13 show a gradual build up of

an engineering component.
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Fig 5.11 First set of macroblocks

Fig 5.12 Six more macroblock added

' Fig 5,13 Mesh approaching final shape
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CHAPTER 6

DATA HANDLING FOR GRAPHICS AND 3-D MESH

Earlier in Chapter 3 a general account of data storage
and file handling is briefly outlined as part of the general
system software. Also in the fourth chapter a section deals
with mesh data storage and file handling. The current chapter
is in a lot of ways complementary to the two mentioned abové,
but with reference to three dimensional data. For every two
dimensional point digitised on the table the subroutine CAMRTB
is called transparent to the user by the digitising overlay or
any other overlay that required coordinates of points from the
digitising table. The function of CAMRTB is to decode the co-
ordinates of the point and send them to the calling program in
tenths of a millimetre. These points can either be displayed,
stored or plotted. For two dimensional graphics, the coordinates
are both stored and displayed by calling the subroutines SETR
(see chapter 3 page 42) and PLOTSC respectively. The input of
three dimensional data cannot be displayed like that of two-
dimensional data, as it is stated in the last chapter that two
planar points are required to produce a three dimensional point.
Thus the basic digitising overlay for the system is not suitable
for three dimensional graphics input. DIGOV has been success-
fully modified for three dimensional data input by Thompson[23].
In SAMG, the functions of a three dimensional digitising overlay
are performed by the overlay 3D MESH. The shortcomings of this
overlay are:

a. Although the position of the cursor is echoed on

the VDU successive points digitised are neither
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stored in the workspace nor echoed on the screen.

b. The figure being digitised is not seen until-all
the points for constructing the figure are supplied,
leaving the user in a dark alley until all the points

necessary are supblied.

As a result of the last difficulty the overlay is
supplied, with several editing points where the user can

correct an input mistake.
Once the input is right and the data of interest (mesh
coordinates) is generated, the need to check and verify the

data arises, (CAD).

6.1 DISPLAYING AND PLOTTING 3-D GRAPHICS DATA

3-D graphics data can be displayed on the VDU without
being stored in the workspace, but for plotting the data must
be stored in the workspace or in a separate file oh disk, since -
it is hardly deésirable to plot what we really don't want to
keep. It should be pointed out that it is not impossible to
plot without storage of the data, this can be achieved by
writing stand-alone programs and calling the necessary segment

of the plotter driving routines.

In the second chapter it was stated that the final
display unit would be the Tektronics 4014. The previous VDU,

the TEKTRONICS 611 had a vector generator that required the
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first and last points of the vector supplied. Unlike the 611,
the 4014 had an internal microprocessor that would store the’
last set of coordinates and requires only a new point to be

the second point for a vector, unless it is coded to produce

an invisible vector. As discussed earlier, every three dimen-
sional point can be stored in the workspace or a corresponding
resident common buffer in seven sixteen bit words of I, X, Y
and Z. I, the pen or beam code occupying the first word of the
record, and the X, Y and Z occupying two successive words res-

pectively as long integers in units of tenths of a millimetre.

To display or plot directly from the data stored in
the workspace two sets of driver routines have to be written,
one for the VDU and the other for the plotter. It would have
been desirable to use the same set of routines to drive both
the plotter and the VDU, but this was made impossible by the fact
that the data intake format acceptable for the plotter was
different from that of the TEKTRONICS 40l14. One of the major
problems encountered in the development of these routines was
the basic philosphy of the modularity of the CAD package, where
replacement modules are to be written in such a way as to mini-
mise and if possible eliminate changes in other modules that
use the module being replaced. The display routines were an
indispensible part of the overall CAD package and the new display
routines have been written for total compatibility. The
plotting routines have also been written to be nearer the display
routines in function than‘the previous set of plotting routines.

The design of the routines is such that one routine can send a
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drawing to the plotter or the VDU by either calling PLOTA@ or

PLOTSC respectively.

Three main methods are available for the visual repre-
sentation of three dimesional data for displaying or plotting

purposes:
a. Isometric projection
b. Orthographic projection

c. Orthogonal views

Isometric projection

The isometric projection overlay whose routine was
originally written by McClintock L£24J, has been modified by the
author to produce isometric drawingson the VDU and the plotter.
Thus instead of writing two separate routines, one for the VDU
and the other for the flat bed plotter, a single routine has
been written based on the previous routine since the basic
theory of isometric transformation remains unchanged. By de-
fining the origin of the isometric projection as X@g, Y@ the

following equations are used to produce the isometric data

X@ + (X(I) - Y(I)) Cos 30

I

Xi (6.1)

vi Y@ + ((X(I) + Y(I)/2) + 2(I)

where X(I) is the X coordinate value of point I in the work
space

Y(I) the Y coordinate wvalue
Z(I) the 2 coordinate value
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X(I), ¥Y(I) and Z(I) are extracted from the workspace
file on DK@, the system disk. The pen code for every record
is also read and used by the plotting routines. The user
doesn't have to concern himself with the choice of plotting
routine since "DISPLAY ISOMETRIC" and "PLOT ISOMETRIC" are
menu commands for sending the isometric drawing to the VDU and

plotter respectively.

Orthographic projection

For complicated three dimensioral wire frame drawings as
in the case of mesh generation, the visualization of these
figures using isometricszjectkrs can make things difficult
since the angle of projection is fixed. The user might in most
cases understand the drawing better if he can locock at it from
different angles. When an object is rotated, the viewer could
be confused if the new view is not clearly represented, as might
be the case in wire frame drawings where it is difficult to
distinguish between lines representing the front and the rear.
To aid the CAD system user to interpret two dimensional pro-
jections of three dimensional objects, there are several visual

aids available.

Perspective transformation is one of the most valuable
techniques for visualizing wire frame modules. It is usually
employed in the display of three-dimensional data, but can also
be used with two-dimensional data to represent a plane lying
in three dimensional space. The mathematical representation of
perspective transformation can easily be derived since it is

based on elementary optics, and is therefore most suitable for
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computer manipulation.

Consider Fig 6.1 where X, ¥, Z represent the axes
corresponding to the spatial cartesian coordinate. For an
observer with the eye positioned at E (xe, ye, ze), and the
directions of sight at angles (a B y) to the major axes, the
point P (xp, yp, 2zp) in space is mapped onto a projection

plane, at a distance D from the observer, by the following

relations:
X = (S8Sx - Rx) Cosy (Sz = Rz) Cos «
Sin B8 (6.2)
Y = (Sy - Ry)/Sin B8

where [X,Y] are the coordinates of the projected position of
the point P
S [sx, sy, sz] is the point of intersection of the line
of sight on the projection plane
R [Rx, Ry, Rz] the foot of the normal from the
observers eye to the plane.

Ap?endix C contains a detailed mathematical derivation of the
above equatien. Perspective transformation is extensively used
throughout the system and is regarded as the standard way of
viewing graphical output. An advantage of perspective is that,
it is defined by only a few parameters, related to the position
of the observer. Thus a new perspective view can be generated
simply by redefining these parameters, leaving the object uﬁ-

changed.
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Fig 6.1

Projection on plane PP

B

(Xeye,ze)

Ry

Fig 6.2

Eye position in terms of pan and tilt angles
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“\ Once the data concerning location and direction of the
obsevers's eye is defined, a program sets up and positions a
viewing plane, at a given distance from the observer, on which
the perspective view of the object can be projected. The
ability to easily vary the perspective parameters allows a very

convenient solution to a joystick controlled display.

The joystick functions allow the operation of a joy-
stick to be emulated on a patch within the menu region by
pressing the button over the 'JOY-STICK' menu square, the lower
left hand corner of the menu region can be used in controlling
two functions rotation and zoom, by pressing the button again
over the patch. Rotation is performed about the Y axis and an
axis on the X-Z plane determined by the pan and tilt angles

respectively. (6 and ¢ in Fig 6.2).
The eye position is defined by [E, 9, ¢ 1 where
E is the distance from centre of attention
8 is the pan angle

® is the tilt angle

The coordinates of the eye (Xe, Ye, 2e) with respect to the
centre of attention are given by the following equations.

Xe = E Cos ¢ Sin ¢
¥Ye = E Sin d) (6.3)
e = E Cos § Cos o

and the direction cosines
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Cos a = xe/E
Cos B = vye/E (6.4)
Cos vy = z2e/E
Conversely
E = (x?%e+ yle+ zze)!5
=1
8 = tan (xe/ze)
-1
¢ = Sin (ye/E)

The observer is always assumed to be facing the origin
of the coordinate system. For cases where the object position
is out of range, it can be repositioned by using a centralizing
function, which automatically places the object with the centre

of volume at the origin.

It is easier to create the movement of an object by
varying the observer viewpoint than the actual object position.
With the centre of attention “inside the object, the object is
always visible on the screen. The coordinates of the object
in the data file (RA 1 known as the three dimensional workspace
FILE 1) remain unchanged, only the perspective parameters are

updated.

Rotation is obtained by varying the two angles ¢ and 6
in Fig 6.2, and the relationship between these angles and the

direc¢tion cosines Cos a, Cos B and Cos y are given by

YCos4a + Cos?y
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The zoom factor being determined by the ratio between the

distance of the plane of projection and the observer distance

(D/E) .

Armed with a joystick routine which can easily change
the perspectivé transformation parameters, we are capable of
viewing our object from virtually any angle we choose. All the
display and plot routines are written to request for the pers-
pective transformation parameters before display if and only
if we want to display the data in FILE 1. On transformation
the coordinate of the points as displayed on the screen, are
stored in FILE 2. Since the perspective transformation is al-
ways requested before display, and the time involved in the
updating of the parameters is relatively insignificant, the
resultant increase in display time is minimal. For the plotting
there is no change at all in the plotting time since it is
controlled by the speed of the plotter which is very slow

compared to the speed of the computer.

Orthogonal views

This facility projects the data in the three dimensional
workspace FILE 1, on to three major planes which are then un-
folded for presentation on the screen. It is sometimes called
direct viewing and the process is controlled by an overlay
called "DVIEW". Each view is generated by taking the coordinates’
terms in FILE 1 corresponding to the plane being considered.

Thus from an [I, X, Y, Z] record only X, Y are used for the

X - Y plane. The figure thus produced will be identical to a
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FILE 3 data display as it were presented or created along with
FPILE 1. Alternatively an overlay square is provided for gener-
ating FILE 3 from FILE 1 and the transformation from FILE 1 to
FILE 3 is also carried out by the same overlay "DVIEW". To
produce the Z-X and Z - Y planes the overlay use the coordinates
of the Z datum (2X, ZY), the point at which all the three

orthogonal planes meet.

To ploﬁ or display the Z2-Y plane the coordinates of any

point in the [1, X, ¥, 2] record will be [xzy, yzyl

Z2X + 2

where Xgy

¥zy =Y

for x - z plane
Xxz = X

and yxy; = ZY¥ + 2

The overlay responsible for this type of display or
plotting does not need any perspective routine or transformation
only the data stored in FILE 1 and the appropriate shifts to
place each view within its own quadrant. Fig 6.3 shows three

orthodonal views of a mesh.

6.1.1 Plotter Character Generation

Unlike the TEKTRONICS 4014 (the main visual display unit)
which has a hardware character generating set, the plotter

needed a software character génerating routine. Without such
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Fig 6.3 Orthogonal views of mesh generated for a
cooling tower
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a routine, labelling of drawings and generating the node
Humbers of mesh on the plotter were impossible tasks. Under-
standing the data intake format to produce a vector generating
routine was a major task and since every letter,alphabetic or
numerical can be divided into series of vectors, the character
generation program was in sight. The development of such a
program was not as easy as it seemed at first sight and at

the time of writing only upper case character have been supplied

to the bitmap of the character generating set.

6.2 3-D MESH DATA

The displaying and plotting of 3-D mesh data are in
accordance with the 3-D graphical data handling described in
the previous section, as long as the data is sent to the rés—
ponsible routine in the proper sequence. To explain the above
sentence, let us consider the general structure of the 3-D mesh
data. First, the basic building block is»meshed into smaller
blocks or elements and the coordinates of each node is stored
in an unnamed common block within the mesh generating overlay.
The ﬁode numbers at this stage are temporary and are not modi-
fied until it is necessary to create a coordinate data file.
The next action of the mesh generating subroutine is to inquire
from the use if there is a common face (ie if any of the faces
of the biock that has just been meséﬁis to be joined to an
existing figure in the work space). If there is any common
face, a subroutine 'FNDCOM' is called, whose function is to
search the workspace and trap all the coordinates of the nodes

on the exsiting figure, near our new building block. The nodes
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on the common faces are then compared to those of the existing
figure and if there is any difference between the coordinates
of any two nodes that should be coincident, a synchronization
process is carried out by changing the coordinates of the nodes
in the new building block to those of the existing nodes.
'FNDCOM' the common nodes finding routine is very important to
the strategy used in the overall mesh generation module.

Should the user supply the wrong common face number, the
routine 'FNDCOM' is capable of detecting this error and will

flash the following message on the VDU screen 'NO NEAR NODE'.

DISPLAYING MESH

In order to display an eight-node brick element, a total
of sixteen points are supplied to the display routine. For
twenty node isoparametric elements, a total of twenty eight.

For brevity only the eight node brick element is considered,
and for every element the node numbers supplied to the display

routine are calculated as follows:

Node 1 = IX + (IY¥-1)* NXP + (IZ-1)* NXP*NYP
Node 2 = Node 1 + 1
Node 3 = Node 1 + NXP+1
Node 4 = Node 3 -1
Node 5 = Node 1

Node 6 = Node 1 + NPP
Node 7 = Node 2 + NPP
Node 8 = Node 3 + NPP
Node 9 = Node 4 + NPP
Node 10 = Node 6

Node 11 = ©Node 4
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Node 12 = Node 9
Node 13 = Node 3
Node 14 = Node 8
Node 15 = Node 2
Node 16 = Node 7

where IX, IY and IZ are counters in the £, n and ¢ direction

of the scaled macroblock respectively.

NXP, NYP are the total number of nodes in the £ and n
direction respectively and
NPP is the total number of nodes in the first plane.

NPP = NXP*NYP

After defining these nodes a four line loop generates the
figure using the sixteen points in the order from 1 to 16,
making sure that the pen code is 1 (ie, pén up or invisible

vector) when the node number is 1, 11, 13 or 15.

The displaying sequence is the same as £hat of the
storage sequence in the work space. Thus for every element
there are eight more points stored than the number of nodes on
the element. It seems an inefficient way of storing the mesh
data. This can be improved by writing a routine that will
accept only the nodes on the element to generate the figure by
calling a macro generating routine. So far this improvement
has not been carried out, since at the developmeﬁt stage the
bulk bf the programs written were primarily for test purposes.
Such an improvement will cut down the size of store required
by exactly half for eight-node elements, and a 40% savings in

store for twenty-node elements.
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COORDINATE DATA FILE

The coordinate data generated are stored in permanent
files very much like those of 2-D mesh, and for standardisation
purposes, the same kind of name is given to all coordinate
data files in two or three dimensional mesh. Thus a'call to
STORE (IFILE) described in Chapter 4 will create a permanent
file on the system disk for our data. Although the basic
format of the data file is the same for both two dimensionsand
three dimensions,the requirements of the 3-D coordinate data

file generating program is quite different.

In 2-D coordinate data files, the common nodes supplied
by the user on the temporary numbering are simply maskéd out
and the remaining nodes numbered directly from the first node-
number supplied. This is possible and acceptable because the
creation of the element connection files is independent of the
coordinate data file. Since these two inter-related sets of
files are created by different menu commands the supply of
parameters such as number of element or nodes in each direction
of the scaled model is repeated from one set of files to the
other. For 3-D mesh data, the mesh monitor overlay '3D MESH'
loads appropriate overlay and segment in such a way - as to
create the topology data immediately after the coordinate
data. Thus we cannot simply mask out the nodes on the common
face and create a data file without these common nodes.

Instead the nodes on the common faces of the new building block
are masked in such a way that the correspondingvnode numbers

in the previously created coordinate data files are recovered
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and written in the new coordinate data file. Only nodes that
are not common to the existing figure, are numbered’ starting
from the first node number. Before the coordinate data files
of two adjacent building blocks in a figure are joined, the
common nodes on the common surface appear in each data file.
Two subroutines developed by the author 'COMSOT' and 'XCOR'

are called for sorting out the common nodes for masking, and
recovering the node number of the common node in the previous
data files respectively. Effectively if there are 81 nodal
points in the mesh pattern the temporary numbering will start
from 1 to 81, after supplying the common faces and the first .y
node number, there will still be 81 nodal point numbers, but JJ/
some of the number will be less than the first node number,

and the last node number will be less than the first added

unto eighty. If IFT is the first node number and ILT is the
last node number and any of the faces of the building block is

declareqd. common, then

ILT < TIFT + NNP-1

where NNP is the total number of nodal points in the mesh.

TOPOLOGY DATA FILE

Once the creation qf the coordinate data file is complete,
the overlay for creating the topology data file is loaded while
all the parameters common to the coordinate file and the
topology file are stored in a resident common block. One
overlay is used for both twenty-node and eight-node elements

thus the user is required to quide the system when a request
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is made on the issue of the number of nodes per element.

Earlier in Chapter 4, it was stated that the coordinate
data file can be used by nearly all known finite element pro-
grams by supplying the necessary code to every line of the data
file. This statement which is true for 2-D data file is also
true for 3-D coordinate data. But in the case of the topology
data, whereas there are only eight possibilities of listing out
the order of the node numbers within each gquadrilateral élement,
there can be.as many as 20! possibilities for the unrestrained
twenty-node element and 8 x 6! possibilities for the restrained
eight node element. Thus the creation of a topology data file
will in general conform to a‘particular solution program. In
SAMG, topology data files are produced to conform with PAFEEzB]

input data.

For an element whose origin node 1 (as shown in Fig 6.4)
is defined by IX, IY and IZ (which are the counters in the
E, n and ¢ directions of the scaled model), the topology is
defined as the twenty node numbers contained in that element
and presented in the order shown in Fig 6.4

The value of each node is calculated as follows:

NODE 1 = 2%IX-1 +(3NXL+2) (IY¥-1) + (NYL (ANXL+3) + 3NXL+2):
(12-1)

NODE 2 = NODE 1 + 2

NODE 3 = NODE 1 + 3NXL + 2

NODE 4 = NODE 3 + 2

NODE 5 = NODE 1 + NYL(4NXL+3) + 3NXL+2

NODE 6 = NODE 5 + 2

NODE 7 = NODE 5 + 3NXL+2
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NODE 8 = NODE 7 + 2

NODE 9 = NODE 1 + 1

NODE 10 = NODE 9 + 2NXL+1 - IX

NODE 11 = NODE 10 + 1

NODE 12 = NODE 3 + 1

NODE 13 = NODE 1 + 3NXL NYL+2 (NXL+NYL) - (2NXL+1) (IY¥-1)
- IX + 2

NODE 14 = NODE 13 + 1

NODE 15 = NODE 13 + NXL+1

NODE 16 = NODE 15 + 1

NODE 17 = NODE 5 + 1

NODE 18 = NODE 17 + 2NXL + 1 -IX

NODE 1% = NODE 18 + 1

NODE 20 = NODE 7 + 1

Where NXL is the total number of elements along the £ line

and NYL is the total number of elements along the n line

Similarly the value of each node is calculated using eight
separate equations in describing the topology of eight-node

elements.

For six~-ndde wedge  elements.and fifteen-node isopara-
metric wedge elements, the topdlogy data is written on disk
Similar to those of eight-node and twenty-node elements res-
pectively, with some of the nodés repeated Fig 6.5. Repeating
any node number in an element will produce a zero length along
one of the edges of the element. Since most finite elements
programs cannot cope with zero length definition, the topology
description of wedge elements might at first sight seem a
serious handicap to the system. The zero length problem is

solved in the data files joining overlay which will be seen next.
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Fig 6.4 20-Node Isoparametric element

Fig 6.5 6-node wedge element
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To overcome the limitation imposed on the user by the topology
generating routine, it is desirable to produce, a topology
interchange program which can read one topology data file and
convert it to be usedin another finite elements program. At
the time of writing this has not been achieved yet, and it is

hoped” that this can be achieved at the énd of the work.

JOINING DATA FILES

The advantage of creating separate data files for each
building block has already been discussed in Chapter 4, for
2-D data files, and these advantages are still applicable for
3-D data. When the user is satisfied with the data in each file
or after performing the necessary editing task on each data
file, all the files are concatenated into one coordinate data

file and one topology data file by the overlay 'JOIN3D'.

On entry to this overlay the user is asked for the kind
of file to be joined (coordinate data or topology data). And
like the two dimensional file joining, the numbers of the files
to be concatenated are supplied by the operators, (using the
number entry patch in the menu region) in the order in which
they are to be joined. A maximum of twenty files can be
specified for concatenation, and if there is an input error,
the whole process can be started by specifying the negative
sign, 'minus' as a file number. At the end of file number
specification, the supply of a zero file number or pressing

the digitising pen above the 'ENTER' square on the number entry
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patch will advance the program sequence out of the file number
input loop. The file numbers entered so far are stored in a

named common block.

The creation of one file from several separate files
demand the opening of at least two files on the disk for
nearly all times of the concatenation process. A dummy file
M999.DAT or C999.DAT, depending on whether we are joining
coordinates or topology daté file, is opened on logical unit 4
on the system disk; Then the files specified for concatenation
are opened sequentially on logical unit 7 and their contents
transferred to the dummy file. At the end of the transfer
operation these specified files are closed before the next is
opened. Unliké the 2-D data files, the 3-D coordinates files
have repeated node numbers in files of macroblocks that are
joined to each other in the digitising process. Thus if we
simply transfer the contents of the macroblock mesh data file
into the dummy file, some nodes will appear twice or more in
the concatenated file. Again for wedge shaped elements there
are repeated nodes on the element in the topology data files,

and a simple transfer can make the data useless for most finite

element programs.

Therefore, the major task of 'JOIN3D' is not a simple
concatenation of data files. It is more of a tidying up overlay
that joins the files and tidies up all repeated node cases and
produces a final data file for each set of data. Once this
process is complete, all the smaller data files are deleted and

a new number is requested by the system for the concatenated file.
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CHAPTER 7

CASE STUDY

SAMG, a stress analysis mesh generation package has
been successfully used in the generation of mesh data for a
number of problems. Some of the problems cannot be mentioned
in this work due to security reasons. Therefore the case study
that follows is by no means the only successful application of
the package, but provides a practical example for the use of
the system as a preprocessor for a finite elements analysis
package FINEL E29]. The mesh coordinates data, mesh connection
data, load data and boundary condition data for the following
problem were all generated using SAMG within the eight hours of
a working day. These data were written onto a magnetic tape
and transferred to the CDC* main frame computer for use as input

data for the FINEL program.

7.1 PROBLEM SPECIFICATION

The problem for the case study was provided by Rolls-
Royce Ltd, Bristol as a realistic test case for a complicated
three dimensional analysis.Fig 7.1 shows the sketch of a slice
from a rotor disc containing a fir tree slot. The slice re-
presenting 1/26th of the complete rotor and is cut at an angle

of 10° to the axial centre line of the engine.

To generate the mesh, only two drawingsof a cross-
section in the axial-radial plane and a true view up the slot

were supplied, Fig 7.2 and Fig 7.3. Since the fir-tree slot is

* CDC Control Data Corporation
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also broached at an anile of 10° to the axial centre line of the
engine, the axial views on the front and rear faces of the
disc were not identical. A proper engineering drawing of at
least two orthogonal views of plan and front elevation were re-
quired for use in SAMG. Further sketches were provided to
specify the dimensions required to produce the drawings of the
two necessary views., The time required for the drawing was

two and a half hours.

The mesh specification was that it should comprise
twenty-node isoparametric elements. Since FINEL was being
used as the analysis program, a further constraint of the
total number of elements not exceeding five hundred was im-

posed on the mesh.

7.2 SOLUTION

The whole structure was divided into twenty-two macro-
blocks, the first nineteen on the disc and the rest on the
shaft. The first seven, the twentieth and the last macroblocks
were described with twenty input points, while the remaining
thirteen were described by eight points per macroblock. The
points on each macroblock numbered from one to eight or one
to twenty as the case may be were digitised, and the macroblock‘
meshed into a convenient number of twenty-node isoparametric
elements as specified. Earlier in Chapter 5, it was stated
that the routines for producing the topology data were written
to produce the data in a format suitable for the finite element

program PAFEC [28] . Therefore it was necessary to write a
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simple conversion routine between PAFEC and FINEL to rearrange
the coordinates and topology data in a format acceptable to
FINEL. The total time required to produce the mesh data was

five hours.

7.2.1 Use of FINEL

.The following sets of data were required by FINEL for

the solution of a stress problem:

Mesh Coordinates

Mesh Connections

-

Fixed Freedoms
Load Points
Material Properties

A U oW NN
.

. Element Type

The first two requirements were fully supplied by SAMG
after the topology modification. For the coordinates of the
mesh, the node numbers were not required by FINEL since the
program assumes an entry of nodes in increasing order starting
from unity. Secondly the element numbers in the mesh connection
data were not required. Therefore the data generation programs
were slightly modified to mask out these‘unecessary data by
inserting a semi-colon before and éfter the numbers that are
not required. These numbers are still present in the data
file for any other finite element program that might require

them, and the element plotting routine in SAMG.

A new overlay "FIXFDM" was written to generate the fixed
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freedoms or boundary conditions automatically for FINEL, while
another overlay for generating the point loads manually

"LOADAT" was‘also written for use with FINEL. Since the loading
on the specimen is centrifugal and cannot be easily described

as point loads or transformed into equivalent point loads
manually, it was necessary to write a third routine to produce
the equivalenﬁ point loéds at the nodes on the surfaces that

are loaded centrifugally. Although the last routine has been
specifically written for the problem of the case study, it can
easily be developed further to generate the loading data for
uniform and uniformly changing distributed loads. The loading
of the specimen is shown in Fig 7.4b and Table 7.1, and they
both show a distribute load changing from one value on the front
to another at thé rear. Since the surfaces of the tooth that
are loaded are plane and not curved, the element surfaces loaded
are rectangles. The proportion of the total force acting. at the
nodes on the element surface given in Fig 7.5d and Fig 7:5e are
superimposed to give the equivalent point loads. Using the
above formulation and considering the direction cosine of the
pressure load on each surface a routine "LOADRR" was produced

to generate the load data for FINEL.

7.3 RESULTS AND COMMENTS

To test the package SAMG for ‘mesh ageneration, the - -

overall mesh ‘of thHe initial figuie (Fié 7.6), was produced on the fla-

bed plotter from the resulting coordinates of the nodes generated
by SAMG. Fig 7.7 and Fig 7.8 show the mesh at various angles

to test for any discontinuity, and were produced by the plot
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BLADE LOADS FOR DISC MODEL

BLADE CENTRIFUGAL FORCE 250,000 N

BLADE TORQUE

450,000 N mm

TORQUE View Radially

Inwards
-/
Fig 7.4a
FRONT a/ a
'
BACK
h a / a
CF Loading TORQUE
Fig 7.4b

Tooth Normal Loads (N/mm)

Top tooth Middle Tooth Bottom Tooth
Blade |y 609.2 630.0 654.6
CF

ho 799.3 778.5 753.9
Torgue © 90.9 90.9 90.9
708.4 687.6 663.0

Frontj
: 700.1 721.0 745.5

- TOTAL

700.1 721.0 745.5
Rear 708.4 687.6 633.0

Table 7.1
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subroutine in FINEL. The results of stress analysis and the
mesh data are presented in Appendix C. The occurence of the
peak stresses at the bottom of the root of the fir-tree is in

accordance with the results obtained at Rolls-Royce Ltd.

On the whole it has taken two working days in generating
the mesh data and solving the stress analysis problem as
compared to four weeks spent at Rolls-Royce in producing a
specific program to generate the mesh data for the specimen,
and use a finite element package. With due respect, it is not easy
to produce a program to generate such a complicated mesh, and
this will be uneconomical since the program is restricted to
just one problem, and can at best be modified for problems of
the same class. A more general and fléxible package such as
SAMG will be an advantage to most stress analystsusing finite

element methods.
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OVERALL MESH FOR CASE STUDY SPECIMEN
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CHAPTER 8

CONCLUSION AND FUTURE DEVELOPMENT

The work described in this thesis demonstrates the use
of computer aided design (CAD) techniques in the generation of
complicated three dimensional shapes and subdividing these
shapes into meShes for 3D finite element stress analysis. It
‘also demonstrates that shape definition of complicated three
dimensional structures which is normally exclusive to main-~
frame computers, can be handled on a mini computer. The main

objective of CAD techniques are to maximise the accuracy of the

design work and minimise the time required and the drudgery.

The need to obtain more accurate sdlutions on techiiically
sensitive areas such as the modern aircraft industry has expanded
the scope and use of Finite Element Methods. The wider use of
finite element analysis for every day engineering problems has
created the need for input-data handing -packages (pre-processors)
to make the method more attractive and less time consuming. The
work described satisfies the above need, and the system thus
developed can handle any complicated two and three dimensional

shape provided the shape can be drawn.

Although the system is based on a general compﬁter aided
design package devéloped at Imperial College between 1969 and
1973, the mesh generation modules can operate as a satellite to
any existing graphics software package with small modification

to the display routines. Similarly the mesh generation modules
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can also be modified to operate as a stand alone program on

a mainframe computer. The overall system described in the thesis
has been designed for maximum flexibility and a good degree of
generality. The interactive nature of the system gives the user

a fair amount of control over the final idealisation. Although

the operation of the system is mostly self explanatory and should
be easy to master, there should be a short learning period for

every user. The learning period should not be used only to

learn how to operate the system, but to discover its full

potentials and to learn to plan the work in order to exploit

these potentials to the fullest. The system depends on a digitising
table as the main input peripheral. Should a digitiser not be
available then the input routines will need to be rewritten to
acéept data from either the teletype key-board or some other form of
peripheral device. The latter form of input could increase the

time for data preparation due to the interactive nature of the
programs and a slower response from the keyboard as compared to

the digitising table with its menu facility.

The shape definition can be applied to any system since it
is neither hardware dependent nor hardware controlled. Once tﬁe
input coordinates are supplied in the right segquence, the object
of interest or the building block will be properly defined before
proceeding to the mesh generation. The system will enable the
user to generate uniform and non uniform meshes for two
dimensional and three dimensional structures. In the development
care has been taken not to discard previously existing modules

of the parent CAD package. Where necessary,
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1)

modification hasbeen done for better operation by the use of more
efficient algorithms, and by the introduction of new hardware
into the system. Most of the modules for two dimensional mesh
generation ard the graphics data handling were either changed

completely or modified for :greater efficiency.

The use of the system as a pre processor of finite element

methods can be further improved in the following areas:

a. Developing a more efficient plotting routine for the
mesh data, in order to save memory in workspace

b. Developing a full data interchange program that will
convert the basic data generated to be used by any
finite element program

c. Producing a general automatic loading program for
different types of pressure loading, by extension
of the loading routine produced for the case study

d. The introduction of more complex type of building
blocks

e. At present all the graphic input is point based and
by going one step further to a line based input or
two steps to a surface base input, the operation of
the system mightbe more efficient considering the
time required in defining surfaces and objects.

The use of the system as a post processor is only limited
to two dimensional analysis and it will be desirable to extend
this to three dimensional problems. Any development in this
line should preferably be accompanied by the introduction of

more powerful hardware such as a colour graphics terminal.
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Potentially, some of the algorithﬁldeveloped in sorting out the
common nodes of building block surfaces could be further
developed to form the bases of a small hidden~line removal pro-
gram. The same technique of overlaying programs for draughting
and mesh generation can also be employed in the solution using

finite element programs.

Finally,the ultimate in a CAD system such as this,is to
provide a total system, which has a sound graphics base, a complete
mesh data generation module, a solution module and finally a
post processor. It is envisaged that such a system based on a

minicomputer is not something 6f the future but of the present,
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APPENDIX B

PERSPECTIVE

E Fig B.1l

Let O be the origin of the spatial cartesian corrdinate system
Let PP be defines as a projection plane with coordinates X,Y
Let the observers eye be situated at a point E (xe, Ye, ze)

and the line of sight making angles a, B,and y with the spatial

X, v and Z axes respectively.

Let the plane of projection PP be at a distance D from E,
riormal to the line of sight, R [xr,yr,zr] being the normal
from E to the plane Fig Bl

the scalar D is given by the following equation

D= E = E(xe—xr)2 + (ye-yr)2? + (ze—zr)zj.

and the direction cosines

Cos a = (xe-xr)/D
Cos B = (ye-yr)/D
Cos vy = (ze-z2r)/D
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S [xs,ys, zs] is the perspective image of the point P(xp,yp,zp)

in the plane PP with respect to E.

To generate the perspective view of an object defined
by points 1like P, the spatial coordinates (xp, yp, zp) must be

converted to (X,Y) coordinates of plane PP.
Referring to Fig Bl from vector algebra
R=E +D (cos a, cos B, cos v) (1)

From geometry the equation of the straight line ESP is

given by

Xs -~ Xe _ Ys - Yye _ 2Zs = Ze _ g
Xp - Xe Yyp - Ye Zp - Ze (2)

where K is a constant
From 1 ER = R*E = D[cosa, cosB, cosy] (3)

Since S lies a plane PP

ER . RS =0 (4)

but RS = ES-ER

therefore ER . (ES-ER) = O
ER . ES = ER.ER = D2 (5)
ES = [xs- xe, ys - ye, 2zs - ze]

From (3) and (5)
D (cosa, cosB, cosy) [xS - Xe, Ys,Yye, 2Zs -Ze] = D2

therefore (xs -'xe) cosa +(ys - ye) cosB +(zs - ze) cosy =D
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_, k=0/[(xp - xe) cosa + (yp - ye) cosp + (zp - ze) cosy]

(6)

from which K can be calculated since all other terms are

known S can be determined From (2)
§ = E + K(P-E) (7)
Next, express S in terms of the two-dimensional system of
coordinates in PPEX,Y] . The equation of PP is given by (4)
(xs —xr) cosa + (ys - yr) cosg8 + (2s - z2r)y = O (8)

Consider the horizontal plane H ih Fig B2 diven by

y-—yr=20
Y
v pﬁ
H
R -
///// X
7/
/
yd \
—
z Fig B2

The intersection of planes PP and H is taken along the X

Qirection

Equation of PP
Xs cosa + ys COsSB + Zycosy = xr cosa + yrcosB + Zr cosy

(9)
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Equation for H
y —yr =20

Let x,y,z be a point on the line of intersection
Yy = yr

from (9)

X COosa + Z COSY = Xr COSa + 2Zr COSYy (10)

X = xr + (2r - z) cosy

cosa
X = ¥Xr _ Yy - yr _ 2 -~ 2r
cosa cosg cosq

A vector in the X direction is given by [cosy, O,~cosa ]

the unit vector in X direction Ux is given by

Ux = + © cosy 0, -coso. (11)
Cos“4o+Ccos<y cos4a+cos‘y

But cos?a+ cos?y = 1 - cos?B - sin?g

therefore Ux

= + | cosy ~-cosa
| sinB’ sinB |

= X [cos cosa |
| sin 7' sinB

(12)

X being + 1 whose limits will be defined later,

Let the unit vector in the y direction be

Uy = [a,b,c] (13)
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Gy must satisfy the following equation

Ux ﬁy = 0
(Uy)= 1
Uy OR = O
a cosy - c cosa =0 (14)
a2 + b2 +c2 =1 (15)
a cosa + b cosB + ¢ cosy= 0 (16)
From (14) a = c cosa
cosy

substitute in (16)

c cos2a + c cosy = =-b cosB
cosy
b = cos?a + cosZy _ sin?8g
= —C = [ Y @/ it
cosf cosy cosf cosy
Substitute in (15)
X Cainh
CZ cosza + C2 + c sin'B = 1
cos?y cos2Bcos?y

c?2 = cos?Bcos?y
sin<B

c = p COsSBcoOsy

sing

when p = +1

substituting back

a = p cosacosB
sing
b = -p sinB
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= cCosacosf - cosBcosy
Uy = p [_EIHE__ ' sing, ~Sing ] (17)

The values of A and p will both be determined
For A upwards
Uy 3 >0
where j is the unit vector in the y direction
- psing > O
similarly for y downward
p sing < O
sin O<B <mw
O < sing < 1

then p = -1

Ox XUy is normal to plane PP hence parallel to the line of

sight and in the opposite direction

Il

Ux ¥ Uy = - OR/D = - [cosa, cosB, cosy]

= Ap cgsy i+ 03 = cgsa k X
sinB sing

[Cosa cosB i - sinBj + cosBcosy E]

sing sinB (18)

Consider the i term

3 x k cosa Ap = - cesa 1
Ap = =1
A =1

Substituting for the values of X and p in (12) and (17)
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Gy = cosy _ cosa
¥ = |sing ’ sing (19)
5, - |-cosacos8 sinB, cosBcosy
Y | “sing Sing
Components of S in terms of the new axes will be
X = RS Ux = ((xs—xr) cosy -(2s-2r) cosa) /sin (20)
Y = RS Uy = - (xs-xr) cosocosB ys-yrsinB - (zs-2r) cosycosg
sinB sinB
(21)
From (8)
(Xs=xr) cosa +(2s-2r) cosy = =(ys-yr) cos8
which gives Y = (ys-yr)/sinsg (22)
Reémembering the following
Eye position E [xe,yeze ]
direction of sight [o,8,Y]
distance from PP =D
coordinate of P [xp,yp,zp
Compute:
Xr = Xe + Dcos
yr = vye + Dcos
Zr = ze + Dcos
K = D/E(xp—xa) cosa + (yp-ye)cosB + (zp-ze) cosyj
Xs = Xe + K(xp - xe)
ys = ye + K(yp - ve)

z2s = ze + K(zp - ze)
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"
i

(xs = %xr) cosy - (zs = 2zr) cosa )/sins8

Y = (ys = yr)/sinB

The above equations are acceptable in any perspective case
except when sin B=0 ie., B=0O, m when the last two equations
degenerate. The line of sight is vertical and the above
transformation cannot be used. PP coincides with the plane

y - yr = O, For such cases the X axis can be defined by the
intersection of PP and z - zr = O for which the singular trans-

formation can be used (Fig B3):

X = Xs -~ Xrx
Y = (z2r - zZs) cosB
\y
R x
l /
\ /
YT T /s
1
< X
z (a) B =0
A
\y
/) 4y 5
------ w4
/
/
YR //X
>
‘b)) B =1

Fig B3 Similar Transformations
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APPENDIX C

C INFUT THE NUMEER OF ELEMENTS ON EACH SICE

23z CALL BUTHUMC ELEMENTZ IN W7, NkL, LMD
CALL BUTNUMO ELEMENTS IN Y7, NYL, M2
NNF= ML+ (NYL+1 2

C #+CHECK THE INFUT DATA SUFFLIED BY THE USER:##
IFCHE. LE. @ Or. MYL. LE. @050 T 23X

IF (NNP. BT, 256260 TO

b

C #+DEFINE THE FOUR MAJOR LEMGHT S
WE=CH (4 =T L)
MT=CR (T =R

YL=CY 2 -0l

YR=CY (I -CY (4D

L}

MeF=N-L+1
NYWF=HYL+1
Lo 2. IY=4, NYF

DO 2 Tk=1, NKF
(™ COMPUTE THE NODE COUNTER

= 1Y -1 #NEP+ TR
HIR=FLOATCIH=-13 FLOATCNALY
YIRSFLOAT ¢ IY=12 FLOAT(NYL)

C GET COORDIMNATES
KD =Crid )+ IR B+ CH (2 + IR TN IR KB -C (L 2 TR

FOId=CY (Al +YIR&YL+CCY (4 04y TREYR =Y TR$YL-CY C Ly b TR

r

CONTINLE

Listing 4.1
Program section to generate coordinates using

coordinate geometric algorithm
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THFUT THE MNUMBER OF ELEMENTS OM EACH SIDE

CALL BUTHUMC EILEMENTS IM &7, Misl, UM
CALL BUTHUMC ELEMEMTS IM Y7, MYL, UM23

HMHP =ML+ NS L L0

C #kCHECK THE DATA IMFUT BY THE USERw+

IFCHEL, LE. & OF, NYL. LE. @>G0 T 22X

IFCHMNF. GT. 256560 TO 82X

C#+DEFINE THE COCORDIMATE OF ERCH MOLEA#®

[}
W

C

8]

THE

ME=CHG 4D ~CHOLD
MT=CHL T —CH 2D

YLSCYCEI-CYLLd

YR=CYLI)-CYLdd

MiF=HyL+1

MYy L+l

CALL EUTNUMCY COMTRATION FACTOR IM ¥, MCH, COK2
CALL BUTHMUMC” COMTRATION FACTOR IH Y, MCY. COYS
CONTRATION FACTOR MUST MOT BE ZERQ OF MEGATIVE
IF(COX. LE. 8 03G0 TO 36 |
IFCCOY. LE. 8. 660 TO 2z0

PO 2 Iv=1, NYF

0O 2 Tk=1, M&F

CEFINE THE MODE MUMEBER COUNTER

1= I¥-10#NEP+TH
HIR=FLOATCIM~12 FLOATCNHLY

YIR=FLOATCIY -1 /FLORTCHYL Y
IFCCONM HE. 4. 2HIR=CCOE R T H~Lr~4, A0 00KERNEL -1, 3

IFCCOY. ME. 4. 25 IR=(COYeCIY -1 -1, /000 CHY L D1, 80
HCTd=Cll A +RIRMEBHCCHIZ I+ R IREET IR EE-CH L X Y IR

YISO L Y TREYL A CY 42+ Y TRYR =Y IREYL—CY (42 D IR
CONTINUE

Listing 4.2

Program section for generating uniform and concentrated

meshes in MESH2D
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