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1 Introduction

1.1 What is FE Builder?

Finite-element methods have broad applications in areas $uas mechanical
engineering, electrical engineering, physics research, duilynamics and bio-
engineering. In recent years, two factors have made it feaslfbr researchers
to create their own nite-element programs:

General availability of high-power personal computers.

Growing numbers of textbooks and the introduction of niteelement
methods in university curricula.

Although nite-element methods are straightforward to implenent for a
wide variety of physical systems, researchers and students buildi three-
dimensional nite-element programs face two obstacles:

Creation of high-quality conformal meshes for applicationepmetries
(mesh generatioi.

E cient analysis of a large amount of numerical output data (postpro-
cessing.

Writing custom user programs to accomplish these tasks could inve man-
years of eort. On the other hand, commercial 3D mesh generat are
expensive and are often in exible and proprietary.

FE Builder resolves both issues, allowing developers to concentrate their
attention on nite-element solutions. The e cient, low-cost package has
three components 1) a solid-modeling graphical environmer®) an automatic
conformal mesh generator and 3) a fully-customizable post-mressor. The
programs run under 32 and 64-bit versions of Windows:P Builder features
include the following:

Import capability for complex parts from SolidWorks and other 3D
CAD programs.

Option to run programs from the command prompt, allowing bath le
or script control of complex calculations.

Simple and well documented le formats (binary or text).

Unique technology to generate conformal hexahedron elemeran a
structured mesh, reducing the development time and increasirtge
speed of solution programs.
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Figure 1: FE Builder organization

Dynamic memory allocation for large meshes.
Neutral mesh format that applies to any physical solution.
Wide variety of 2D and 3D plots based on developer-de ned qutties.

Interactive analysis features allow quick and accurate exgiation of
the solution space.

FE Builder is a powerful tool for researchers writing one-of-a-kind sefare
for advanced applications. It is also well-suited for the sale drdistribution
of integrated nite-element packages over the Internet.

1.2 Package components and how they operate

Figure 1 shows the organization of a complete nite-element kdion package
using FE Builder . It consists of the following program components:

Geometer is an interactive, graphical environment for solid modeling
featuring OpenGL routines for three-dimensional displays. Té user
of your package appliesGeometer to build physical objects fegions)
from parts. Parts may be simple shapese(g, sphere, box, cone,...) or
complex shapes imported from programs likeolidWorks . The output
from Geometer is a geometry script FPREFIX.MIN a compact text
le that contains a complete description of the system. The scripacts
as input to MetaMesh and provides a convenient method to send
simulation information by E mail for communication with colleagues
or technical help.



MetaMesh automatically generates structured, conformal 3D meshes
of shaped hexahedrons. Conformal meshes give high accuracyhwite
minimum number of elements. The mesh structure greatly reducése
work involved in creating your solution program. MetaMesh reads
the geometry script and creates an output le FILEPREFIX.MDHRnN
either text or binary formal. The le lists node coordinates ad ele-
ment identities. MetaMesh features interactive, graphical displays of
completed meshes. The program has advanced capabilities susitlae
creation solids and surfaces from three-dimensional data aysma

Your program may produce nite-element solutions for any physical
problem. The only interface requirements are that 1) it reagnizes one
of the standard formats of theMDFle and 2) it produces data output
le in the text or binary format recognized by FEVision .

FEVision is a exible post-processor with an interactive environment
for user analysis of solutions from your program. It has an extsive
set of capabilities for plotting or quantitative analysis.

In summary, there are two tasks that you perform to create a nie-element
package. The rstis to write the solution program which generigs and solves
node equations to arrive at calculated values for node anceehent quantities.
There is considerable exibility. Your program may address pysical prob-
lems of any degree of complexity for initial-value or boundg-value problems.
Because communication between program components is thrbudata les,
your program may be written in any computer language. The send task is
to write entries for the text con guration le of FEVision . The le tells the
post-processor how to interpret the node and element quantigan the data
output le. You can set labels, program features, and calculatequantities
speci ¢ to your application.

The following de nitions are used throughout this manual:

Package: a suite of programs that cover all steps in a nite-element
solution (Fig. 1).

Program : a component of a package. Programs communicate through
standard data les.

Developer : the creator and distributor of a package. The developer
writes the solution program and theFEVision con guration le.

User: the end-user of a package. The user could be yourself in the case
of a research package or your customers if the package is conuradhy
distributed.



Node: One of a nite set of points in space for calculating quantitie
in a nite-element solution.

Element : a small volume in the space between nodes with a unique
material identity. Nodes occur at the corners (and possibly theides)
of elements.

Facet: a surface in the space between nodes that forms the boundary
between two elements.

Chapter 13 gives details on the concepts obde elementand facet

1.3 Outline of the manual

The MetaMesh Manual (metamesh.pdf describes in detail of how to use
Geometer and MetaMesh to createMDHes. The following chapter of this
document discusses the nature of structured, conformal hexamed meshes.
The chapter also reviews the structure oMetaMesh output les. The re-
quired format for the data output le from your solution program is discussed
in Chap. 3.

The bulk of the manual (Chaps. 4 { 12) covers operation dFEVision .
Chapters 4 and 5 explain how to customize the program by addireptries to
the con guration le. Chapter 4 addresses three topics: 1) conbl settings,
such as the displayed name of the program, 2) the relationshiptheen FE-
Vision variables and quantities stored in the output le of your progam
and 3) run parameters. Chapter 5 describes how to de ne calctda quan-
tities for plot displays and analysis for your application. Chpters 6 { 11
cover the menus and commands that control the extensive set BEVision
capabilities. Chapter 12 describes analysis scripts for controf FEVision
by scripts or batch les. With this feature, you can automate ceplex or
repetitive operations.

This manual does not give instructions for building a nite eément so-
lution program. The assumption is that you have determined tdmiques to
model your application in the available references. The natwo chapters
are included to help you with this e ort. Chapter 13 reviews he basic con-
cepts of the nite-element method and some of the terminologyChapter 14
describes normal coordinates and other methods to deal withtégrals over
hexahedron elements.

INote: depending on settings in theMIN le, MetaMesh can create both conformal
and non-conformal (box element) meshes



Figure 2: Representation of adjoining spheres with) a regular structured
mesh andb) a conformal structured mesh.

2 Structured conformal 3D hexahedron meshes

2.1 Structured mesh advantages

This chapter reviews the nature of the three-dimensional mes$ created
by MetaMesh and the structure of the mesh de nition le (MD) Mesh
generation for a nite-element solution consists of the divisio of a solution
space into small volumes (oelementg. In this limit, the governing integral
equations may be converted to a large set of coupled linear afons. In
a non-conformal orregular mesh the elements have similar shapes (like the
boxes of Fig. 2). The elements are then assigned material identities for
the best possible representation of physical objects. Element sagés in a
regular mesh may not closely follow the physical surfaces. Thevef, curved
boundaries have the characteristic stair-step pattern of Fig2a. Regular
meshes are easy to construct, and it is simple to determine lineaguation
coe cients for the nite-element solution programs. Although a calculation
on a regular mesh can provide good accuracy for elds in reg@memoved
from material boundaries, the values may be inaccurate on sades. Regular
meshes often require a large number of elements for a good es@ntation,
and hence the solution run times may be long.

In contrast, the elements of a conformal mesh (Figh? have unique shapes
that follow the boundaries of material surfaces. As a result theeld calcu-
lations achieve better accuracy with fewer elements. Thers & price to pay
for this advantage:



It is more di cult to construct the mesh.

Generation of the coe cients of the linear equation set may rguire
numerical integrations.

Conformal meshes divide into two categoriesunstructured and struc-
tured. In the unstructured mesh, elements are added in an irregulaatiern
and their shapes may even be in di erent geometric classesd. tetrahedrons
mixed with hexahedrons). An element's included nodes and iteighboring
elements have complex relationships that must be recorded imked lists.
Although it is easier to generate an unstructured mesh, the task dduild-
ing a nite-element solution program is more challenging. Ircontrast, the
structured meshes created bivetaMesh have the following characteristics:

All elements are hexahedrons with eight nodes.

All elements connect to neighbors in the same way. Each elemdras
six facets that border on six neighboring elements.

The nodes and neighbors of an element may be determined quycky
index operations.

In other words, meshes created byletaMesh have the samdogical structure
as a simple mesh with box elements (Fig.a.

2.2 Foundation mesh

The logical meshis the set of node/element relationships and identities. The
logical mesh maps to a physical mesh for a speci ed set of node cooates.
The mesh generation procedure iMetaMesh starts with the foundation
mesh an expression of the logical mesh in terms of box elements witlven
dimensions. The program then shifts nodes to t the surfaces of @tts,
creating regions of generalized hexahedrons.

MetaMesh produces meshes that Il a bounded solution volume with
sides parallel to the Cartesian axes. The size of the solution vate along
the three axes is given by the quantitieXmin , Xmax» Ymin » Ymax » Zmin @Nd Zmax
The circumscribing box may have di erent lengths along the aes. Figure 3
shows a slice of a a foundation mesh normal to tieaxis. It is divided into
box elements with boundaries along the three axes are de nég the arrays:

X0y < X1y 2 X s
Yoi 5 Y30 Yama
20, 2K ZK e (1)
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Figure 3: Foundation mesh projection in a plane normal ta.

The number of nodes in the solution volume is

Nnode = (Imax +1)  (Imax +1) (Kmax +1): (2)
and the number of elements is

Nelem = Imax  Jmax K max : (3)

Figure 4 shows the relationship between node and element ineic The
element [;J; K ] of the foundation mesh extends fronx(I-1) to x(I) along
X, from y(J-1) to y(J) alongy and from z(K -1) to z(K) along z. In both
the foundation and conformal mesh stages, an element has eigldunding
nodes with indices

[1-1,3-1,K-1],
[1,3-1,K-1],
[1-1,3,K-1],
[1,J,K-1],
[1-1,3-1,K],
[1,3-1,K],
[1-1,3,K],
[1,9,K]
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Figure 4: Node indices for element;[J; K ] of the foundation mesh.

Each element that is not on the solution-volume boundary shasea facet
with the following six elements:

[1+1,3,K],
[1-1,3,K],
[1,3+1,K],
[1,3-1,K],
[1,J,K-1],
[1,3,K+1]

MetaMesh assigns region numbers to nodes and elements to associate
them with structures in the solution space. For example, in an ettrostatic
solution all nodes and elements that constitute an electrodeowld share the
same region number. Physical properties are associated with igags only in
subsequent solution programs. Therefore, the operation dMetaMesh is
independent of the nature of the physical solution { the progma may be ap-
plied to any type of nite-element calculation (electrostatcs, magnetostatics,
electromagnetics, mechanics, thermal transport,...).
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2.3 MetaMesh output le formats

In the structured, conformal mesh ofMetaMesh , nodes are referenced with
the indices [,J,K ] wherel (the index along thex axis) extends from O to

I max, J (y axis) from 0 to Jnax and K (z axis) from 0 to K. A single

element (in the direction of positivex, y and z) is associated with each node
for storage. The region number for the elements associated witlodes at

I max,» Imax and/or K nax IS set to zero.

MetaMesh output les have names of the formFPREFIX.MDWwhereMDF
signi es MetaMesh Data File. The string FPREFIXnay contain up to 50
characters and should include no spaces. TiMetaMesh binary output le
has a simple and compact format. The following code extract eprises the
entire output algorithm:

WRITE (OutMDF) 'BINARY"
WRITE (OutMDF) IMax,JMax,KMax
DO K=0,KMax
DO J=0,JMax
DO [=0,IMax
WRITE (OutMDF) &
M(1,3,K).x,M(1,J,K),y,M(1,J,K).z, &
RegNo(l,J,K),RegUp(l,J,K)
END DO
END DO
END DO
DO NR=1,NRegs
WRITE (OutMDF) Reg(NR).Name
END DO

The sequential binary le starts with the string BINARY(6 bytes) and the
mesh size parametersMax, JMax and KMax (4-byte integers). This is
followed by (Imax + 1)(Jmax + 1)(Knax + 1) data sequences containing the
following quantities:

The spatial coordinates of the nodexy; z) (8 byte real)
The region number of the nodeRegNo (4 byte integer)

The region number of the associated upper elemerR¢gup (4 byte
integer)

The order of bytes for integers starts from the LSB (least signcant bit)
to the MSB (most signi cant bit). This order is sometimes refered to as
little endian. Real numbers are recorded in IEEE Toating format (little
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endian). To conclude the le, MetaMesh recordsNRegregion names (20
byte strings).

MetaMesh can also generate text output les. The following excerpt
illustrates the le format:

TEXT

IMax: 20

JMax: 20

KMax: 40

| J K X y z RegNo RegUp

0 0 0 -5.000000E+00 -5.000000E+00 -1.000000E+01 1 1
1 0 0 -4.500000E+00 -5.000000E+00 -1.000000E+01 1 1
2 0 0 -4.000000E+00 -5.000000E+00 -1.000000E+01 1 1
3 0 0 -3.500000E+00 -5.000000E+00 -1.000000E+01 1 1
4 0 0 -3.000000E+00 -5.000000E+00 -1.000000E+01 1 1

Region names

1: Outer boundary
2: Dielectric

3: Inner electrode
4: Outer electrode

A data line consists of text contents followed by two control bies:

0D char(13)
OA char(10)

Entries on lines are separated by spaces. The rst line containké string
TEXTIn the next three lines, the second entry givekyax , Jmax and K pax. A
total of N0qe data lines follow after three title lines. Each data line cordins
the node indices (three integers in 18 format), the node codinates (three
real numbers in E14.6 format), the node region number (I6) ahthe element
region number (16). After a blank and a title line, the data lines give the
region number (16) and corresponding region name (20 byte sig).

13



3 Solution le formats

Your program should create one or more solution output les foanalysis
with FEVision . The les have names of the form

NAME.SUFFIX

whereNAMIES a unique descriptive name an@UFFIXs a le su x from 1 to
12 characters in length. You can set the su x in theFEVision con guration
le (Chap. 4.1). The default is FEV

The output les may be recorded in text or binary format. The rumber
of calculated and region quantities must be consistent with spiezations in
the FEVision con guration le (Sect. 4.1).

3.1 Length units

Mixed units are a potential source of confusion and errors in gguter pro-
grams. We strongly recommend that you consistently use Sl unitsrfphysi-
cal quantities in your solution program. There is some exibity in handling
units of length, governed by the following rules:

Convenient length units €.g, microns, inches,...) may be used in
MetaMesh . Node coordinates are recorded in the outpuMDFle
in the chosen units.

We recommend that you include a factor to convert node coomttes
to meters for calculations in your solution program. For exaple, if
the MetaMesh units are microns, multiply coordinates by 10 when
they are loaded from theMDFle.

Coordinates recorded in the output le of your solution progam must
be in meters. You can specify a conversion factor for unit displan
FEVision .

The length conversion factoiDUnit is the number of display units per meter.
For example, useDUnit = 10° if you want to show coordinates in microns.
FEVision will include a length-unit string in the labels of plots for the
special values oDUnit listed in Table 1.

14



Table 1: Unit display for special values oDUnit .

| Unit | Abbreviation | DUnit |
picometer pm 1.0 10%
angstrom (A) A 1.0 1049
nanometer nm 1.0 10
micrometer micron 1.0 10°
mils mil 3:937 10
millimeter mm 1000.0
centimeter cm 100.0
inch in 39.370
foot ft 3.281
meter m 1.000
yard yd 1.094
kilometers km 1.0 10°3
miles mi 6:214 10 4

3.2 Text le format

The text le format provides maximum versatility for data export to compiled
and script languages that do not support IEEE number formats. lis also
possible to view the data les with a text editor to check for erors. Text
les have three disadvantages: 1) the numbers are less preciseth2 les are
larger and 3) it takes longer to write and to load the data. Tek les consist
of a set of data lines. Each line consists of the text contents foled by two
control bytes:

0D char(13)
OA char(10)

Table 3.2 illustrates a routine to create a text output le.
The solution le has three sections:

Header . Run control parameters.

Node data . Mesh coordinates and quantities calculated by the nite-
element program.

Region data [optional]. Material properties of regions of the solution
volume.

The header has the following components:

15



Table 2: Routine to write a text output le for an electrostatic solution.
NStored = 2, NRParam = 0, NRQuant = 0.

OPEN (UNIT=OutField,FILE=OutFieldName)
WRITE (OutField,5000) I TEXT
WRITE (OutField,5100),NRegMax ! NRegMax
DO N=1,NRegMax ! Region names
IF (Reg(N).Fixed) THEN
WRITE (OutField,5200) TRIM(Reg(N).RName)
ELSE
WRITE (OutField,5210) TRIM(Reg(N).RName)
ENDIF
END DO
WRITE (OutField,5400) IMax
WRITE (OutField,5500) JMax
WRITE (OutField,5600) KMax
WRITE (OutField,5700) DUnit
WRITE (OutField,5800)
DO K=0,KMax
DO J=0,JMax
DO I=0,IMax
IF (.NOT.ElementEpsi(l+1,J+1,K+1,EpsiWrite)) &
EpsiWrite = DZero
IF (.NOT.ElementRho(l+1,J+1,K+1,RhoWrite)) &
RhoWrite = DZero
MC = M(1,J,K)
WRITE (OutField,6200) &
C(MC).RegNo,C(MC).RegUp,C(MC).x,C(MC).y,C(MC).z, &
C(MC).Phi,EpsiWrite,RhoWrite
END DO
END DO
END DO

5000 FORMAT ('TEXT')

5100 FORMAT (‘NReg: 'I13)

5200 FORMAT (A E)

5210 FORMAT (A I')

5400 FORMAT ('IMax: ',16)

5500 FORMAT (‘JMax: ',16)

5600 FORMAT (‘KMax: ',16)

5700 FORMAT ('DUnit: ',1P,E14.6)

5800 FORMAT (/ &
' RegNo RegUp X Y VA &
'Phi EpsiR Rho'/ &

6200 FORMAT (216,1P,6E14.6)

16



1. Format marker . The rst line of the le must contain the string
TEXTa signal to FEVision that the le is in text format.

2. Run parameters [optional]. The le may contain up to 10 data lines
with real-number values de ning run parameters. Examples tiude
the frequency in a solution with harmonic quantities or the tine for an
initial-value solution. The values may be expressed in any velformat
(e.g, 3.1456, 85, 1.0574E+06,...). The numbeNRParam) and order
of parameters must agree with de nitions in theRUNPARANLtion of
the con guration le (Sect. 4.1). If you do not record parameers, then
the RUNPARASdction in the con guration le should be omitted or

empty.

3. Region number . The second entry in the next line is the integer value
NRegthe number of regions in the solution volume.

4. Region designations . The next NReg data lines contain the name
and status of each region,

BONHISSUE |

The name is a string with maximum character length of 12. It shdd
consist of letters and/or numbers with no spaces or punctuatiomarks.
The underscore character is permitted. You can pass on regioames
from the MetaMesh input le or de ne names in your program. The
second entry in a data line is the charactelr (included) or E (excluded.
The elements of an excluded region are not included in plotssator line
calculations or volume integrals. As an example, an excludeégion
could represent an electrode or a void.

5. Logical mesh size . The second entries in next three lines are the
integer valuesl nax, Jmax and K nax discussed in Sect. 2.2.

6. Length conversion factor . As discussed in the previous section, the
node coordinates in your data le must be in meters. This data tie
determines the display units inFEVision . The second entry in the
line is the real-number quantityDUnit equal to the number of display
units per meter. For example, to display dimensions in centiners use
DUnit =100:0.

7. Data lines . Mesh properties and solution values are speci ed in a total
of Nhoge data lines that follow a blank line and two title lines. Each
data line speci es values for a node and the adjacent upper glent.
The term upper means toward higher values of;[J; K ]. The recording
order for data lines is:

17



DO K=0,KMax
DO J=0,JMax
DO 1=0,IMax
WRITE (OutSol,5300,ERR=2000) &
M(l,J,K).RegNo,M(l,J,K).RegUp, &
M(1,J,K).x,M(1,J,K).y,M(1,J,K).z, &
(Q(1,3,K,N),N=1,NStored)
END DO
END DO
END DO

Each data line contains the following quantities separatedybspaces:

(a) The region number of the node (integer)

(b) The region number of the upper element (integer)
(c) The node coordinates (three real numbers)

(d) The calculated quantities (up to 50 real numbers)

Integers and real numbers may be in any valid format. The nungy
and order of stored quantities in a line must agree with the de mion
lines in the STOREDQUANMNGtion of the con guration le (Sect. 4.2). A
stored quantity may be of theNode type, in which case it represents a
value at the node position. A quantity of theElement type is assumed
to represent an average value over the volume of the upper elem

. Region lines . If region quantities are speci ed in theREGIONQUANT
section of theFEVision con guration le, the solution le should con-

tain NReg additional data lines. The number and order of region quan-
tities follows the number and order of data lines in the(REGIONQUANT
section. You can record up to 10 region quantities in the order

DO N=1,NReg
WRITE (OutSol,5400,ERR=2000) &
(Reg(N).Quant,N=1,NRQuant)
END DO

Values are real numbers in any valid format.

18



3.3

Binary le format

A binary solution le contains three types of data: 4-byte ineger numbers,
8-byte real numbers (double precision) and strings of a spectidength. The
order of bytes for integers starts from the LSB (least signi cainbit) to the
MSB (most signi cant bit). This order is sometimes referred to a little
endian Real numbers are recorded in IEEE Toating format (little en-
dian). Strings are sequences of bytes representing charastén their nat-
ural order. For example, a six-byte string to represent the wordOST is
P-O-S-T-blank-blank . Table 3.3 illustrates a routine to create a binary
output le.
A binary le contains the following sequential components:

1.
2.

Format marker . The string BINARYCHARACTER]6)

Run parameters . A total of NRParam REAL(8)values, where 0
NRParam 10.

. Number of regions . NReg [INTEGER(4)
. Region names . A total of NReg strings [CHARACTER(]2)

Region status . A total of NReg characters, either the letterE (ex-
clude) or | (include) [CHARACTER]1)

. Mesh size. IMax, JMax, KMax [INTEGER(4)

. Coordinate conversion factor . DUnit [REAL(8].

Node data lines . The recording order is the same as that in the text
format. Each data line contains the following quantities:

(a) Node region number , RegNo[INTEGER(4)
(b) Upper element region number , RegUp[INTEGER(4)
(c) Coordinates , X,Y,Z [REAL(8].

(d) Calculated quantities , Q(1), Q(2), ..., Q(N Stored) where 1
NStored 50 [REAL(8].

Region data lines . NReg data lines in order of region number if
region quantities are speci ed in theREGIONQUA®$ELtion of theFE-
Vision con guration le. Each line contains the quantities RQuant(1)
... RQuant(NRQuant) where 1 NRQuant 10.
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Table 3: Routine to write a binary output le for an electrostatic solution.
NStored = 2, NRParam = 0, NRQuant = 0.

OPEN (UNIT=OutField,FILE=OutFieldName,FORM="BINARY")
Character6 = 'BINARY'

WRITE (OutField) Character6 I File type
WRITE (OutField) NRegMax ! NReg
DO N=1,NRegMax I Region names

Characterl2 = Reg(N).Name
WRITE (OutField) Characterl12
END DO
DO N=1,NRegMax I Region status
IF (Reg(N).Fixed) THEN
Characterl = 'E'
ELSE
Characterl = 'I
ENDIF
WRITE (OutField) Characterl
END DO
WRITE (OutField) IMax,JMax,KMax ! Mesh size
WRITE (OutField) DUnit I DUnit
DO K=0,KMax I Node quantities
DO J=0,JMax
DO 1=0,IMax

IF (.NOT.ElementEpsi(l1+1,J+1,K+1,EpsiWrite)) &
EpsiWrite = DZero

MC = M(1,J,K)

WRITE (OutField) &
C(MC).RegNo,C(MC).RegUp, &
C(MC).x,C(MC).y,C(MC).z, &
C(MC).Phi,EpsiWrite

END DO
END DO
END DO
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4  Introduction to the FEVision con guration le

The con guration le is the mechanism for you (the developej to customize
the operation of FEVision for your application. The le format provides

considerable exibility. For example, the user can switch beteen con gura-
tions for di erent types of analyses €.g, dielectric or conductive electrostatic
solutions). You can allow users to set values for real-time paraters that
control program operation or even to de ne their own custom deulation

guantities.

The con guration le has the default name FEVISION.CFGThe default
le must be located in the same directory as the executablégvision.exe
FEVision loads the default con guration le the rst time it runs. The
user can switch to a di erent con guration within the program. The identity
of the current con guration le is recorded in the Windows registry and
becomes the default for the next run.

The con guration le is in text format. It is divided into the ten sections
shown in Table 4. They may appear in any order. The following seéans are
required: HEADERBTOREDQUANT INTERPOLATIORhe remaining sections
(REGIONQUARROGPARARUWNPARAREALTIMEPARMECTQR OLUMEN
SURFAGCAEre optional. FEVision uses a free-form parser to analyze the le.
Entries on data lines are delimited by spaces. You may includedentations,
blank lines and any number of comment lines (beginning withraasterisk).
This chapter covers the rst six sections listed in Table 4 for seitg pro-
gram control parameters. The following chapter discusses the digon of
calculated quantities for plots and the generation of numaral data.

4.1 Header section

The required HEADES&ection contains a number of parameters that you can
set to control the appearance and performance of the prograntach line
has the following form:

ParameterName = Value

The following commands may appear in the header section.

ProgramName = String

ProgramName = Heat Transport Advanced

This name appears as the program window title. The name stringhay
have any content including spaces. Note that you can change theme
of fevision.exe for your distribution package. In any case, the default
con guration le must be named fevision.cfg and be in the same directory
as the executable.
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Table 4: General organization of the=EVision con guration le (content
of the le TEMPLATE.CFG

HEADER
Control parameters (Required)
END
STOREDQUANT
Stored quantities in the solution file (Required)
END
REGIONQUANT
Physical properties of regions (Optional)
END
PROGPARAM
Program parameters (Optional)
END
RUNPARAM
Parameters set by the solution program (Optional)
END
REALTIMEPARAM
Parameters set by the user (Optional)
END
INTERPOLATION
Calculated quantities for plots and data output (Required)
END
VECTOR
Calculated quantities for vector display (Optional)
END
VOLUME
Calculated quantities for volume integrals (Optional)
END
SURFACE
Calculated quantities for surface integrals (Optional)
END
ENDFILE
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ManualName = String

ManualName = htransport.pdf

The named manual le will be called in response to thédelp/Instruction
manual command in the main menu. The help le must be in the same
directory as the executable. Supported formats addLP(Windows help le),
CHMcompiled HTML le), HTMLor PDFE FEVision loads the le in the
default application (e.g, default browser for HTML les).

WebSiteURL = string

WebSiteURL = http://www. eldp.com

Enter the name of your Internet site. FEVision opens the default browser
at the URL in response to theHelp/Website command in the main menu.

About = string

About = General Analysis; Widget Manufacturing; Copyright 2 009

Enter the information you would like to appear when the user aks on the
Help/About command. The string may be up to 300 characters in length.
Use semicolons to indicate line breaks.

DataSu x = FileSu x

DataSu x = GOU

Enter a su x for your solution les. FEVision displays a load dialog listing
les with the su x in response to the File/Load solution le command in
the main menu. The default isSFEV

NRecord = 5

By default, FEVision includes all quantities de ned in theINTERPOLATION
section (Sect. 5.3) in listings of line scans and matrix les. Use ilncommand
to limit listings to the rst NRecord quantities.

SliceDisplay = Ninterp

SliceDisplay = 3

ScanDisplay = 8

PlaneDisplay = 1

SurfaceDisplay = 12

Set the default interpolation quantity to display in slice, sca, plane and
surface plots. The number is the quantity's order in thelNTERPOLATION
section (Sect. 5.3).
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VectorDisplay = NVector

VectorDisplay = 2

Set the default vector quantity for display by the vector too$ in the slice plot
menu. The number is the quantity's order in theVECTOSection (Sect. 5.3).

4.2 Stored and region quantities

The requiredSTOREDQUARGtion speci es the number of stored quantities in
the output les from your solution program and the nature of the quantities.
The section must include one data line for each stored quantity the solution
le (to a maximum of 50). Data lines have the form of a quantity name
followed by the letter N or E:

QuantName = [N,E]

The componentQuantName is a single string (with no spaces) up to
12 characters in length. It is used for display purposes. The staucode
tells whether the quantity is de ned at node positions ) or is an element
property (E). In a nite-element solution, calculated quantities are usally
node types and material properties are usually element types

There are two options to record the material properties of ements in
your solution le:

If the property is uniform over a region €.g, relative dielectric con-
stant), record the single value as @egion quantity.

If the property varies over a region €.g, temperature-dependent ther-
mal conductivity), record it as a storedelement quantity

Recording a single value for a region gives a smaller solutiore.| Note that
FEVision can handle solution les that combine stored element quantiés
with region quantities.

The optional REGIONQUA®¢Etion contains from 1 to 10 variable names:

REGIONQUANT
$NameO1
$Name02
$Name03

END

Variable names must begin with a dollar sign ($) and may include maximum
of 12 characters. The number of region variable names must beestsame as
the number of stored region quantities in your solution le (Sets. 3.2 and
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3.3). Furthermore, the order of names must be the same as the eraf stored
region quantities. The solution le contains a value of each ggon quantity
for each region in the solution volume. Region variables mayebused in
expressions for calculated quantities in thNTERPOLATIQ@INd other sections
discussed in the next chapter. In this cas&EVision uses the quantity value
corresponding to the region number of the element at the calation point.

4.3 Program, run and real-time parameters

FEVision supports three types of parameters:

Program parameters : a numerical value set in the con guration le

for use in mathematical expressions. These parameters are set when
FEVision is launched and stays in force unless another con guration
le is loaded. Examples include physical constants and unit coersion
factors.

Run parameters : a xed numerical value characteristic of the run
passed from the solution program. Examples include the frequanof
harmonic solutions and the recording time for an initial-vale solution.
Run parameters stay in force until another solution le is loadd.

Real-time parameters : numerical values that may be changed by
the user during a solution analysis. Examples include distance its
and the reference phase for displays of harmonic quantities.

Values of the three types of parameters are set in tffROGPARARWNPARAM
and REALTIMEPARSgddtions respectively.
The PROGPARgddtion may contain from 1 to 10 data lines in the form

$PName = Value

The parameter name is a string beginning with the dollar signdém 1 to 12
characters in length. The value is a real number in any formatEntries in
the RUNPARANI REALTIMEPAR#ddtions have the form

$PName = DefaultValue

The default value is a real number. The two sections may eachntain a
maximum of 10 data lines.
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5 De ning calculated quantities in the FEVision
con guration le

This chapter covers the remaining sections of thEEVision con guration
le. Here, entries de ne physical quantities for numerical otput and plot
display. The con guration le includes the following sectiors for developer
data:

Interpolation . Scalar quantities for multiple uses: 1) displays in slice,
plane and surface plots, 2) results of point and scan calculatierand
3) values written to matrix output les.

Vector . Vector quantities for the display of eld or ux lines in slice
and surface plots.

Volume . Scalar quantities for volume integrals over regions.

Surface. Vector quantities for surface integrals over the boundargeof
region sets.

Run speed is a critical issue ifFEVision . The generation of a single
slice plot may require over 50,000 interpolations. To ensurestaoperation,
expressions for calculated quantities in the con guration & are written in
reverse Polish notation (RPN).FEVision parses the function strings once
while loading the con guration le and saves them in a coded fon. There-
after, operations are performed at the speed of compiled codehe following
section reviews the basics of RPN notation. Section 5.2 covgrarameters
and variables that may appear in expressions. Section 5.3 revgethe form
of the data sections. Section 5.4 discusses methods to display infation
on complex-number values that result from a steady-state soletn for a har-
monic quantity.

5.1 Introduction to RPN

Consider the expression

h [
5:0 45+ 92+0:6 0929067 (4)
Equation 4 could be represented in algebraic notation by the ratg:

50 * 45"3 + (9.2 + 0.6 * 0.9 ™ (2 + 0.67))

The rules for parsing such a string are involved, requiring anterpreter with
recursive logic. The equation has the following form in RPN:
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Figure 5:

090672 +"06*92+453"50*+

The string is parsed in strict order from left to right for expressins of any
degree of complexity. A calculator with RPN logic uses the stkcshown in

Fig. 5. Numbers are pushed and popped at the bottom. The rst two sick

registers have the special names and Y. Three simple rules govern the
evaluation of RPN expressions:

If the entry is a number, push it on the stack.

If the entry is a unary operator (exp, In, sin,...), apply it tothe number
in the X register.

If the entry is a binary operator (+,*,%,...) combine the numbers in the
X and Y registers and move the stack down.

The nal result is given by the number remaining in the X register. By
convention, the binary operators act in the following way:

Addition(+): Y + X
Subtraction (-): Y X
Multiplication (*): Y X
Division (/): Y=X

Exponentiation (%): Y*X
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Reverse Polish notation eliminates all issues with regard to pang order.
Furthermore, it is simple to compile expressions. Entries are peesented
either by variables or operator codes.

5.2 \Variables, operations and parameters

Expressions to de ne quantities inFEVision may contain numbers, unary
and binary operations, standard variables, standard calculatiequantities and
parameters. The standard variables are

$X, $Y, $Z, $NREG, $DUNIT

Note that the name of variables and parameters must start with a allar
sign. Calls to de ned functions for plots, line scans and otherperations
are always made at a speci c location in the solution spac&EVision sets
the current position [$X,$Y,$Z] before any calls are made. To illustrate, the
following expression gives the distance from the origin in mete

RDIST = $X 2 " $Y 2 A $Z ~ 2 + + @SQRT

The program also sets the variabl&NRE@qual to the region number of the
element that contains the current position. Itis used if the epression involves
region quantities. The standard variable$DUNITis a dimension conversion
factor passed from the solution program. For example, suppose @nsions
in MetaMesh were de ned in centimeters and converted to meters for use
in the solution program. In this case, an entry in the header ofhie solution
le would set $DUNIT= 100.0. The following expression returns the distance
from the origin in centimeters:

RDIST = $X 2 * $Y 2 A $Z ~ 2 + + @SQRT $DUNIT *

Unary operators have names that begin with '@'. Table 5 lists thavailable
set. The following considerations apply with respect to th&@ CH&erator:

You may include negative numbers (such as3.1456 and -8.9E-09 )
in expressions. The numbef22.56 is equivalent to-22.56 @CHS

Expressions like $SEpsi0 and-&grady[3] that mix the binary operator
with a variable are invalid. Instead, use forms lik&Epsi0 @CHS
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The following quantities represent values from the nite-edment solution
calculated at the current position:

&Q[1]
&GRADX[3]
&GRADY/[2]
&GRADZ[1]
&GRADMAGI5]

The names must begin with an ampersand. They are always folladvéy
an integer in box brackets giving the number of the stored quéty. The
guantity &QJn] is the interpolated value of stored quantityn (Sect. 4.2) at
the current position [$X,$Y,$Z]. FEVision performs the interpolation and
replaces the symbol with its numerical value before evaluaty the expres-
sion. The interpolation method depends on whether the storedugntity is of
type Node or Element FEVision performs detailed interpolations ofNode
guantities. In the LIN mode, the program interpolates within the target el-
ement using shape functions and values of the stored quantity #te eight
nodes. In theLSQmode, FEVision collects data from surrounding elements
of the same region type and makes a least-squares t to a threey@nsional,
second-order function.

The other special quantities have the following interpretaon:

&GRADX[r# %(i; (5)

&GRADY([r# %ﬁ/; (6)

] | &GRTADZ[ni: %QZ )
&GRADMAGEn]ﬁ %QZ! 2+ @E@QZ! 2+ %QZ! 2: 8)

The result of a gradient operation depends on whether the statequan-
tity is of type Node or Element The standard condition in a nite-element
calculation is that physical properties are uniform over anlement volume.
Therefore, FEVision returns zero for derivatives of element quantities. To
illustrate, consider a thermal solution where stored quantity 1s the temper-
ature (node type) and quantity 2 is the thermal conductivity (element type).
The following de nition would be used to plot the magnitude ofthe thermal
ux:

FLUXMAG = &GRADMAG[1] &Q[2] *
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Table 5: Unary operators

Name Operation Comments

@SIN sin(X) Angle in radians

@COS cos(X) Angle in radians

@TAN tan(X) Angle in radians

@ASIN sin }(X) Returns angle in radians
@ACOS cos 1(X) Returns angle in radians
@ATAN tan 1(X) Returns angle in radians
@EXP e

@LN In X

@LOG 19910(X)

@SQRT X

@ABS iXj

@EXCH X¥ vy

@OVERX 1=X

@XSQ X?

@ENTER X) XY Copy X and push on stack
@CHS X= X

Expressions may also include run parameters, program parameteor
real-time parameters. The symbolic names and default valueseade ned
in the PROGRARARWNPARANI RTPARAS&ctions of the con guration le
as discussed in Sect. 4.3. In the case of real-time parametdfgVision
uses the current value set by the user. Region quantities de neid the
REGIONQUA®¢Etion of the con guration may also appear. In this case, the
guantity corresponding to the region numbeBNREGt the current position is
used. To illustrate, suppose we have an electrostatic solution wieregions
have a uniform value of the relative dielectric constant. Thénitial sections
of the con guration le might look like this:

STOREDQUANT
Phi N

END

REGIONQUANT
$EPSIR

END

PROGRARAM
$EPSIO = 8.85E-12

END
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The following expression for the eld energy density might ap@e in the
volume section:

UELEC = 0.5 $EPSIO * $EPSIR * &GRADMAG[1] 2 " *

5.3 Setting up the calculated-quantity sections

The nal sections of the con guration le de ne quantities for plots and
calculations. There are four sections:

INTERPOLATION
QuantityName = Definition
END
VECTOR
QuantityName = Definition1;Definition2;Definition3
END
VOLUME
QuantityName = Definition
END
SURFACE
QuantityName = Definition1;Definition2;Definition3
END

Quantities in the sections perform the following tasks:

Interpolation : scalars that de ne color coding in slice plots, plane
plots and surface plots and give numerical values for point lcallations,
line scans and matrix les.

Vector : quantities for the vector tools in slice plots.
Volume : scalars for integrals over region volumes in the solution spgac

Surface : vectors for surface integrals over regions or region sets bét
solution space.

Each section terminates with theENDxrommand. TheINTERPOLATIGECction
may contain from zero to 50 quantity de nitions. The VECTQR/OLUM&Nd
SURFACEections may contain a maximum of 20 quantity de nitions each

A de nition line for a scalar quantity in the Interpolation section consists
of a variable name, an equal sign and an RPN expression using thengm-
nents discussed in the previous section. The following rules dppo quantity
names in all sections:
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A name has a maximum length of 12 characters (the length is lited
so that quantity names will t in plots and formatted output |i sts).

Names may include characters, numbers and the underscore symbol
Names may not includes spaces and other punctuation marks.

The RPN expression is a string (maximum length of 300 charactergjth
entries separated by spaces. Here are some examples of quantitpitdens:

EX = &GRADX[1] @CHS *

LOGTEMPK = &Q[1] 273.15 + @LOG

RADFLUX = &GRADX[1] 2 ~ &GRADY[1] 2 * + @SQRT
PHASE = &Q[2] &Q[1] / @ATAN $RADTODEG *

The last expression requires that the parameter
$RADTODEG = 57.2958

was de ned in the PROGPAR#Sddtion. Note that the result of the division
operator in the expression is 0.0 i&Q[1] = 0.0.

The order in which quantities appear in thelnterpolation section a ects
some operations irfFEVision . The rst listed quantity is the default choice
for Slice plots if the header does not contain &liceDisplaycommand. In di-
alogs for picking a plot quantity, the options are listed in tle same order that
they appear in the con guration le. Therefore, you should pa important
guantities near the beginning and specialized quantities aethe end. The
same order is followed in listings created by thiklatrix le command. In ad-
dition, you can set theNRecord parameter in the Header section (Sect. 4.1)
to include only selected values.

Each quantity in the Vector section requires three expressions for the
y and z components. The format for a de nition line is

Name = (Expression X);(Expression y);(Expression z)

The line may contain a maximum of 500 characters. The comportezxpres-
sions are separated by semicolons. The following example de re=mat ux
in a thermal solution:

F = $K &GRADX[1] * @CHS; $K &GRADY[1] * @CHS;$K &GRADZ[S * @CH

Evaluation of the expression requires that the thermal condtigity for the
current region was de ned in theREGIOMNection:

REGIONQUANT
$K
END
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The volume integral of a quantity Q over a regionNg is given by
z z z
dx dy dz Q(x;y;2); (9)

where only those elements with region number equal tdg are included.
You can de ne up to 20 quantities in theVolume section for integrals. The
expressions should de ne quantities with dimensions of the forfquant=n?).

For example, the relative internal energy density of a regiom a thermal

solution could be expressed as

UINTERNAL = $RHO $CP * &Q[1] *

In the expression, the region quantity$RHGs the mass density of the region
in kg/m 3, $CPis the speci ¢ heat in J/(kg-°C) and the rst stored quantity
is the temperature in°C. Volume integrals use internal program coordinates
in units of meters. Note that the quantity $DUNITis used inFEVision only
for display labels.

The surface integral of a vector quantityS over a region or a set of regions
is given by

zZz
dA'S n; (20)

wheredA is an element of area on the surface of the region set amds a unit
vector normal to the surface pointing out of the region set. Yoaan de ne up
to 20 quantities in the SURFACEection for integrals. The data line for each
guantity should contain the name, an equal sign, and three RPNkpressions
separated by semicolons for the vector components. The expreassishould
de ne quantities with dimensions of the form quant=nv¥). As an example, a
surface integral of the following quantity would give the indced charge on
the surface of a region representing an electrode in an elestiatic solution:

QINDUCE = $EPSO $EPSR * &GRADX[1] * @CHS;
$EPSO $EPSR * &GRADY[1] * @CHS; $EPS0 $EPSR * &GRADZ[1] * @CHS

To conclude, it is important to clarify the format of quantity names.
Quantity names must begin with special symbols if they are refenced in
RPN expressions. Symbols for di erent quantity types are listedh Table 6.
Therefore, quantity names in theREGIONQUANRROGPARAUNPAR Alvid
REALTIMEPAR#édtions must include the dollar sign. Quantity names that
are de ned only for display purposes need not include a speciahslyol. The
includes quantities de ned in the STOREDQUAMNTERPOLATIONECTQR
VOLUMENd SURFACEections.
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Table 6: Naming conventions in RPN expressions

| Name form | Functions
$SNAME Program, run and real-time parameters
SNAME Region quantities
SNAME Standard variables €.g. $X
&NAME Special quantities calculated from the solutiond.g,
&gradx[2] )
@NAME Unary operators in RPN expressions

5.4 Representing complex-number quantities

Complex numbers are encountered in steady-state harmonic sibms such
as radio-frequency electric elds. In such solutions, calculedl quantities
over the solution volume vary harmonically atf . The general form for a
calculated quantity is

Q(X;y;z;t) = Qo(x;y;z) coslt + (x3y;2)]; (11)

where Qq is the amplitude, is the phase and the angular frequency is
I =2 f . Equation 11 is often represented in the complex form

Q(xy;z;t) = RefQo(x;y;2) expll (x;y;z)] exp['t ]g: (12)
We can identify the spatially varying part of Eq. 12 as thephasor

Q= Qo exp( ): (13)

The variation of the quantity in space and time may be written &

Q(x;y;z;t) = René(x;y;z) exp(j't )O: 14

The complex-value phasor carries complete information on g variations
of the quantity. We can record the phasors in the solution outpu le and
reconstruct values inFEVision by multiplying by exp(j't ).

We recommended that you represent information on harmonic lcallated
guantities in your solution output les as the real and imagirary parts of the
phasor:

Q, = Qopcos(); (15)

Qi = Qosin( ): (16)
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In this section we shall consider how to calculate physical infoation from
guantities stored in the form of Egs. 15 and 16. For the discussionsge
assume that the real part of the phasor is stored as quanti®Q[1] and the
imaginary part as &Q[2]. The examples illustrate expressions as the would
appear in theInterpolation section.

The amplitude of a harmonic quantity is given by the expression

Q0 = &Q[1] @XSQ &Q[2] @XSQ + @SQRT
and the phase (in radians) by
PHI = &Q[2] &Q[1] / @ATAN

Sometimes we may want to display a snapshot of the spatial variati of Q
at a particular reference phasét o = . Applying Eq. 11, the calculated
quantity is

Q(X;y;Z;t0) = Qo(X;y;2z) cos( o+ ): a7
Can rewrite Eqg. 17 as

Q= Qo (cos ocos  sin gsin ): (18)

Substitution from Egs. 15 and 16 leads to the equation:

Q(X;y;Z;to) = Qr(X;y;2) cos o Qi(X;y;Z) sin o (19)

To illustrate use of Equation 19, suppose the con guration le cotains
the following entries:

PROGRARAM
$DEGTORAD = 0.0174533
END
RUNPARAM
$OMEGA = 0.0
END
REALTIMEPARAM
$PHIO = 0.0
END

The program parameter$DEGTORAIows the user to enter the reference
phase in degrees. The run parametésOMEGIA the angular frequency. It
will be set to a non-zero value when the solution data le is loastl. The
real-time parameter$PHIO may be set by the user to control plot displays.
The following entry appears in thelnterpolation section:
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QUANTREF = $PHI0 $DEGTORAD * @COS &Q[1] *
$PHI0O $DEGTORAD * @SIN &Q[2] * -

Next we discuss the interpretation of the gradients of complexugntities.
As an example, consider determining the electric eld from theomplex
potential of an RF solution. Spatial gradients are easy to hand if we use
the complex phasor representation of Egqs. 15 and 16. We can wrilee
potential in the form

Q(x;y; z;t) = Ref (Qr(X;y; ) + jQi(X;y; z)) exp(j't )g: (20)

The x component of the harmonically-varying electric eld follevs from the
gradient of Eq. 20:

( !

_ @Q_ @Q, . @Q

Ex= @x Re @x+J @x

Interpolation section quantities that give the amplitude ofE, and its value
at the reference phase would look like this:

)
)exp(j't ) (21)

EX0 = &GRADX[1] @XSQ &GRADX[2] @XSQ + @SQRT
EXREF = $PHI0 $DEGTORAD * @COS &GRADX[1] *
$PHI0O $DEGTORAD * @SIN &GRADX[2] * -

The amplitude of the total electric eld vector follows fromthe expression

iEi=EE; (22)

Using expressions like Eg. 21 for the vector components, can de falowing
guantity:

EOMAG = &GRADX[1] @XSQ &GRADX[2] @XSQ + &GRADY[1] @XSQ +
&GRADY[2] @XSQ + &GRADZ[1] @XSQ + &GRADZ[2] @XSQ + @SQRT
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Figure 6: File information dialog

6 FEVision le and help menus

FEVision has the following popup menusFile operations Analysis, Slice
plots, Plane plots Surface plotsand Help. Initially, only the File operations
and Help menus are active. You must load a data le in order to create pte
or to perform analyses. This section reviews options in theile operations
menu.

LOAD SOLUTION FILE

FEVision displays a dialog with a list of solution les with names of the
form FPREFIX.SUFFIXvhere the string SUFFIXis de ned in the DataSu x
command (Sect. 4.1). Changing the directory in the dialog elmges the pro-
gram working directory. Pick an available le and click OK. The program
loads the solution and updates the status bar. If data retrievdas successful,
the analysis and plot menus become active.

SOLUTION FILE INFORMATION
The command shows a message box with information on the currgntbaded
data le (Fig. 6).
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RUN SCRIPT

Analysis scripts (Chap. 12) make it easy to perform complex or refitive

analyses on a set of similar solutions. This command displays a a@iglwith a
list of analysis scripts (su x SCRthat you have created. Pick a le and click
OK. Changing directories in the dialog changes the working dictory of the
program. An analysis script can load data les, open and close histo les

and perform any of the numerical analysis functions described Chap. 7.

CREATE SCRIPT

Use this command to create scripts using the internal editor. A xaequests
a le pre x (the resulting script le will be saved as FPREFIX.SORNext, the
program opens the le in the editor and writes the referencasit of allowed
commands shown in Table 7. Enter commands in the space abdwedFile.
After saving the le, you can run it using the Run script command.

EDIT SCRIPT

Use this command to change an existing script le. The dialog listdes in
the current directory with the subscript SCRChanging directories does not
change the working directory of the program.

OPEN DATA FILE

In an interactive session, analysis commands lilkoint calculation and Line

scangenerate numerical information. You can automatically reard the data

generated during an analysis session by opening a data le. Thee Will be

stored in the working directory. You can use an editor to view tb le or

to extract information for mathematical analysis programs pspreadsheets.
The default le suxis DAT

CLOSE DATA FILE

You must close a data le before using th&dit data le command or loading
the le into another program. Failure to close the le may resul in a Windows
Resource Sharing Error. This command is also useful if you wanb start
a new data le. Note that a data le is automatically closed whenyou exit
FEVision .

EDIT DATA FILE
View or modify les with names of the form FPREFIX.DAT

EDIT FILE
Use the program editor to view or to modify any text le.
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Table 7: Create script { default le content

* FEVision script
* |Insert commands here...
ENDFILE

--- Command summary ----

INPUT FileName

[Close current solution file and load FileName]
OUTPUT FileName

[Close the current data file and open FileName]
POINT xp yp zp

[Point calculation of interpolation quantities]
SCAN xpl ypl zpl xp2 yp2 zp2

[Scan along a line between the given coordinates]
GENSCAN

xpl ypl zpl

Xp2 yp2 zp2

Xpn ypn zpn
END

[Scan over the listed coordinate set]
VOLUMEINT [Req]

[Integrals of volume quantities for region Reg]
SURFACEINT Regl Reg2 ... RegN

[Integrals of surface quantities over the region set]
MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
[Write a matrix of field values to the file FileName]
NSCAN 100

[Set the number of points in a line scan]
INTERPOLATION [LSQ,Linear]

[Set the interpolation type, least-squares fit or linear]
ENDFILE

[Terminate the analysis]
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LOAD CONFIGURATION FILE

Load a con guration le with a name of the form FPREFIX.CF@&nd reset the
operation of the program. Depending of the content of the caguration les,
you can make minor changes in program operation (unit display calculated
guantities,...) or completely change the nature of the anasys. Chapters 4
and 5 cover the organization and content of the con gurationle.

The Help menu contains the following commands:

INSTRUCTION MANUAL

Calls the document speci ed in the con guration le ManualNamecommand
(Sect. 4.1). The document is displayed in the system default PDtHewer,
browser or Windows Help dialog. Note that the document must be inhe
same directory adevision.exe

WEBSITE

Run the system default browser in a new window and navigate to théRL
speci ed in the con guration le WebSiteURLcommand (Sect. 4.1). The site
may be your company home page or a page of frequencly-askeesjions.

ABOUT
Show the string de ned in the con guration le About command. (Sect. 4.1).
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7 FEVision analysis menu

The Analysis menu contains commands to perform numerical operations
with quantities de ned in the con guration le. The operati ons may also
be invoked from a script (Chap. 12) or from theSlice plot menu (Chap. 8).
By default, FEVision uses a least-squares t technique to nd values of
&QI[n], &GRADX[nKGRADY[n&GRADZ[nhdnd &GRADMAG o} calculations
of nodal quantities de ned in the con guration le. The procedure involves
the following steps:

Find the element that contains the point $X $Y, $2). Add values of
the quantity at the eight nodes of the element to the interpdation set.

Add nodes of surrounding elements with the same region number up
to a maximum of 32.

Fit a three-dimensional, second-order polynomial functionotthe data
set.

Evaluate the function and its derivatives at the target poin.

FEVision performs the full set of operations under thd.SQinterpolation
option. Only nodes in the target element are included in a t b a linear
polynomial under theLinear option. The default LSQoption gives the high-
est accuracy when data from several elements are available. Uke ltinear

option in tight spaces where there may be only a single layer dements.

POINT CALCULATION

Use this command to determine values at a point in the solution “Wme.
In the dialog, enter a position in the length units de ned by the DUnit

parameter (Sect. 3.1). For example, iDUnit = 100:0, specify the point
coordinates in centimetersFEVision calculates all quantities de ned in the
INTERPOLATIOdéction of the con guration le and lists them if a history
le is open. The program also shows up to 14 values in a dialog ihe order
that they appear in the con guration le.

LINE SCAN

Line scans are one of the most usefBEVision capabilities. The command
brings up the dialog of Fig. 7. Enter coordinates for the stopral end points
of a line in the solution space in length units de ned byDUnit . FEVision
records values of coordinates and calculated quantities af history le is
open. Values for the rst NRecord quantities in the INTERPOLATIQi the
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Figure 7: Line scan dialog

con guration le are included. The program then enters theScan plotmenu
and makes a plot of a selected quantity. Analysis functions of éhScan plot
menu are described in Chap. 9.

VOLUME INTEGRALS

In response to this commandEFEVision performs volume integrals of quan-
tities de ned in the VOLUME&ection of the con guration le. The program

applies the methods discussed in Sect. 14.4. The integral is éakover the

full solution volume. If a history le is open, FEVision records global in-
tegrals and values organized by region. The program also digp$ a dialog
listing up to 14 global values.

SURFACE INTEGRALS

In response to this commandiFEVision performs surface integrals of quan-
tities de ned in the SURFACgection of the con guration le. The integral
is taken over the surface of one region or a set of regiorfsEVision loops
through all elements, including those with a region number inhte set. An
integral over an element facet is included only if the facetdsders an element
with a region number that is not in the set. The dialog displays éist of solu-
tion volume regions. Put a check next to the ones that should badluded in
the set. If a history le is open, FEVision records integrals of allSURFACE
guantities over the region set. The program also shows a dialagting values
for up to 14 global quantities.

MATRIX FILE

The Matrix le command controls a feature that is useful if you want to
write your own analysis routines or port results to mathematial software. In
response to the command;EVision performs interpolations over a speci ed
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box region on a regular spatial grid. It is easier to use results this form
than to deal with the conformal mesh directly. Clicking onCreate matrix
le calls up the dialog of Fig. 8. Specify the dimensions of the batong
each axis (in units set byDUnit ) and the number of calculation intervals. To
illustrate, calculations are performed at positions withx coordinates given

by

X = Xmin + n (Xmax Xmin); (23)
Ny

wheren = 0;1;2;::;;n,. For example, if you setXmin = 0:5, Xmax = 1:5
and n, = 10, the calculations are performed at points withx = 0.5, 0.6,
.., 1.4, 1.5. You can also specify an output le name. Table 8 siws an
example of matrix le output. Note that the data are in the standard text
le format de ned in Sect. 3.2. With this feature, the user coud reload
the calculated quantities into FEVision with a di erent con guration le
for custom analyses. The only di erence is that the quantitie®RegN o and
RegU pboth refer to the region number at the calculation point. Notethat
data lines are recorded in the order

DO K=0,KMax
DO J=0,JMax
DO 1=0,IMax
END DO
END DO
END DO

at the positions:

Xi = Xmin + 1 X (24)
Y3 = Ymin +J A (25)
Zk = Zmin + K z: (26)
where
X = (Xmax Xmin )zlmax; (27)
Y= (Ymax  Ymin )=Jmax; (28)
zZ= (Zmax Znin ):Kmax: (29)
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Table 8: Example of data recorded in a matrix le forNRecord = 4.

TEXT
NReg: 4
SOLUTIONVOLUME

DIELECTRICSUPPORT
SPHERICALELECTRODE

GROUNDEDBOUNDARY
IMax: 20

JMax: 20

KMax: 20

DUnit:  1.000000E+02

RegNo RegUp X Y 4 Ex Ey
1 1 0.000000E+00 0.000000E+00 0.000000E+00 -5.097331E+01 5.950243E+01
1 1 4.500000E-03 0.000000E+00 0.000000E+00 2.381329E+01 2444910E+02
1 1 9.000000E-03 0.000000E+00 0.000000E+00 2.639794E+02 4663664E+02
1 1 1.350000E-02 0.000000E+00 0.000000E+00 3.367741E+01 888352E+02

Figure 8: Matrix le dialog
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Figure 9: Dialog to set real-time parameters.

SET SCAN QUANTITY

Use this command to set the quantity that will be displayed in theScan plot
menu after a line scan.FEVision displays a list of the quantities de ned in
the INTERPOLATIOéction of the con guration le. This setting does not
a ect the listing in the data le which always includes the rst NRecord
guantities.

SET NUMBER OF SCAN POINTS
This command sets the number of line scan points in the screen pknd
data le listing. The default value is 100 and the maximum numier is 500.

LSQ/LINEAR INTERPOLATION
Toggle between theLSQand Linear interpolation options. The setting is
displayed in the status bar.

REAL-TIME PARAMETERS

This command calls up the dialog of Fig. 9 where the program usean
set values of parameters de ned in theREALTIMEPARAMESé&Hon of the
con guration le.
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Figure 10: Slice plot menu screen

8 FEVision slice plots

Slice plots are two-dimensional plots that show the variatiorof quantities
over a plane normal to one of the Cartesian axes. In contrast togsie plots
(Chap. 10), slice plots are based on the structure of the mesh pecjed to
a slice plane. This structure may be complex for a conformal meshro
facilitate the process, slices are constructed at discrete lomats along the
normal axis corresponding roughly to the planes of the foundan mesh.
The precise rendering of mesh information enables point-amtiek analysis
operations (point calculation, line scan, ...) in the slice.

8.1 Organization of the slice window

Figure 10 shows the program display in thé&lice plot menu. The menu at
the top contains the full set of commands. Entries in the toollbrarepresent
commonly-used commands. The status bar at the bottom shows the ma
of the current solution le and the name of a data le (if open)  record
numerical information. Other entries show the current intgpolation type
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(Chap. 7) and the snap status and distance. Whe8nap modeis active, the
mouse cursor moves between discrete locations.
The screen area is divided into three sections:

The main plot window on the left.
The orientation window at top-right.

The information window at bottom-right.

Plots in the main window are constructed to true scafe The orientation
window shows the plot location in the slice plane and along theormal axis.
The top portion is a thumbnail view of region boundaries in tk full plane.
The blue rectangle designates the boundaries of the currenew. The slide
bar at the bottom shows the location of the slice along the nornhaxis. The
content of the information window depends on the plot type. Te color-
coding key shows regions in Region plot and selected values of the current
plot quantity in all other types. Horizontal and vertical intervals are listed
when the grid display is active.

8.2 Setting the slice view

The Change viewpopup menu contains commands to set the slice plane and
to adjust the dimensions of the plot.

SLICE PLANE PROPERTIES

This command calls up the dialog shown in Fig. 11. You can chamdhe
normal axis, change the position along the normal axis, and setgpllimits
in the normal plane. Set the normal axis with the radio buttois at the top.
For example, for a choice ot the plot will be created in the x-y plane. You
can use the slider bar to set the position along the normal axis. Thange
of the slider bar is automatically set to the limits of the soluton volume.
Alternatively, you can type a value in the box. FEVision seeks a nearby
position that cuts a logical plane; therefore, the displayedgsition may not
exactly equal the speci ed one. The boxes at the bottom detelime the plot
range in the normal plane. The default settings are the limitsf the solution
volume.

2Depending on your monitor, it may be necessary to adjust the window size for equal
dimensions in the horizontal and vertical directions. The window size is saved whengu
closeFEVision .
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Figure 11: Slice plane dialog.

SLICE NORMAL TO X
SLICE NORMAL TO Y
SLICE NORMAL TO Z
Quick commands to change the normal axis.

JUMP FORWARD

STEP FORWARD

STEP BACKWARD

JUMP BACKWARD

Move along the normal axis by small or large steps. The small step ap-
proximately one layer of the foundation mesh and the large step 5 layers.
The term forward means motion toward a higher index of the normal axis.
The slider bar in the orientation area to the right of the plot (Fig. 10) shows
the current location.

ZOOM WINDOW

As an alternative to the entries in theSet slice planedialog, you can inter-
actively change plot limits within the normal plane using themouse. Choose
the command and move the mouse pointer into the plot area. Theats bar
enters coordinate mode. It shows the current mouse position ihé plot in
the units set by the DUnit conversion factor (Sect. 3.1). Use the left button
to pick one corner and then move the mouse to create a view boxlidR the
left button again, and the plot regenerates. On any coordinat operation,
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press theF1 key if want to enter values from the keyboard. Note that the
normal plane plot in the orientation area (Fig. 10) shows the wtline of the
current zoomed view.

ZOOM IN
Enlarge the plot about the current view center.

EXPAND VIEW
Expand the plot about the current view center.

GLOBAL VIEW
Expand the plot boundaries to show the entire normal plane.

PAN

When the plot is zoomed, you can use this operation to shift theucrent
view center. Use the mouse to de ne relative start and end point®if the
shift. Again, press theF1 key to enter relative positions from the keyboard.

8.3 Setting slice plot properties

The commands in thePlot control popup menu are used to set the plot style
and mouse options.

SLICE PLOT STYLE

This command brings up the dialog on the left-hand side of Figl2. The
Region plot style is a cross-section view of the mesh element divisionsarel
coded by region number. In contrast to the logical plane plotfdMletaMesh ,
FEVision attempts to resolve the exact mesh structure in the plane. In the
Filled contour style, the program creates discrete bands of color according t
values of the current plot quantity. The Contour style shows lines of constant
values of the plot quantity. Finally, an Element plot has color coding by
the average value of the plot quantity in the element volume.When the
Element outline box is checkedFEVision includes facets in theRegion and
Element modes. When theRegion shadingbox is checkedFEVision adds
region shading toContour plots. In comparing relative advantages, thé&illed
contour and Contour type plots provide an attractive and accurate display
for locations where the plotted quantity varies continuouslt Use theElement
plot for discontinuous quantities or for a clear view near regn boundaries.
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Figure 12: Slice-plot style and slice-plot quantity dialogs.

PLOT QUANTITY

Use this command to set the quantity for color-coding irFilled contour
and Element plots and line values inContour plots. FEVision displays the
dialog on the right-hand size of Fig. 12. The menu contains theames of
the quantities de ned in the INTERPOLATIGHction of the con guration le
(Sect. 5.3). Pick a quantity and clickOK to regenerate the plot.

PLOT LIMITS

In the Autoscale mode, FEVision chooses defaults for the minimum and
maximum values for colors and contours based on the range ofues of the
current plot quantity in the current slice. Deactivate Autoscale to set the
values manually. The manual mode is useful for comparing eldistributions
between di erent slices.

RESET PLOTS TO DEFAULT
Return to the default view that applied when the solution wasdaded

TOGGLE GRID

A set of dashed grid lines may be superimposed on slice plotEVision
automatically chooses intervals and positions so that the liseoccur at con-
venient values along the horizontal and vertical directios (for example, 0.01
rather than 0.01153). The grid intervals are listed in the irdrmation window.
Grids corresponding to the normal plane axes are plotted as &blines.
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GRID INTERVALS

To set intervals for grid lines in the horizontal and verticaldirections, de-
activate the AutoGrid box and enter real numbers in the boxes. The values
should be speci ed in the length units set by th@©U nit parameter (Sect. 3.1).

NUMBER OF CONTOUR LINES
Set the number of intervals forFilled contour and Contour plots.

TOGGLE SNAP MODE

Mouse coordinates for commands such @®om window Pan, and Scan in
slice may be entered in two modes. In the&Continuous mode, the returned
position corresponds to the mouse position on the screen. The vetudepend
on the screen resolution and window size. In th8nap mode, the program
picks a point at an even interval close to the mouse position. Theturned
point depends on the value of the parametddSnap For example ifDSnap =

0:1 and the mouse is at position (6.2345,-5.6113), the returneasition is
(6.2000,-5.6000). The status bar displays the continuous oraggped position
of the mouse.

SNAP DISTANCE
Change the value oDSnap from the default value chosen by the program.

8.4 Analysis in a slice

You can determine eld values at points and along scan lines the slice with
the commands of theAnalysis popup menu.

POINT CALCULATION

This command is useful to make quick checks of quantities in eéhsolution
volume. After you click the Point calculation command, move the mouse into
the plot area. The mouse pointer changes to a cross-hair patteemd the
status bar enters coordinate mode. Click the left button to spzfy a point
or press theF1 key to enter the coordinates from the keyboard. (Note that
mouse coordinates will shift between discrete valuesShap modeis active.)
FEVision calculates all quantities de ned in theINTERPOLATIGidction of
the con guration le and lists them if a history le is open. The program
also displays the rst fourteen quantities. Therefore, the mostmportant
guantities should be grouped at the beginning of thiNTERPOLATIGMCction.
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LINE SCAN

After clicking on the command, supply two points with the moused de ne a
scan line (or press thé1 key to enter coordinates manually). The snap mode
is useful in this application (for example, you may want the seato extend
from 0.000 to 5.000 rather than 0.067 to 4.985.) The progranomputes a
series of values of eld quantities in the normal plane at equiantervals along
the line. Information on NRecord quantities (Sect. 4.1) is recorded if a data
le is open. FEVision also makes a screen plot of the currently-selected
guantity versus distance along the scan and activates tH&can plot display,
described in Chap. 9.

SCAN QUANTITY

With this command you can pick the quantity that will be displayed in the
Scan plot menu. Pick the quantity from the list box and click OK. This
setting has no e ect on the data le listing which includesNRecord eld
guantities.

NUMBER OF SCAN POINTS
This command sets the number of line scan points in the screen pknd
data le listing. The default value is 100 and the maximum numier is 500.

8.5 Slice vector tools

FEVision has useful tools to display the direction of the quantities dened
in the VECTORection of the con guration le (Sect. 5.3). Figure 13 shows
the corresponding entries on thé&lice plot toolbar.

VECTOR PROBE

This feature was inspired by the familiar Magnaprobe illustreed in Fig. 13.
When you click on the tool and move the cursor into the slice-plaarea,
it changes to a semi-transparent probe that rotates about a pd¢ point to

show the direction of the current vector quantity in the slice fane. The probe
functions in all plot styles. The status bar shows the coordinageand the
magnitude of the vector quantity at the pivot point. Click the right mouse
button or pressEsc to exit the probe mode and to reactivate theSlice plot
menu.
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Figure 13: Tools to display vector information in theSlice plot menu.

VECTOR LINES AT POINTS

Use this command to add lines of the current vector quantity.FEVision
enters coordinate entry mode. Move the mouse cursor to a poim ithe
solution volume and click the left button. The program calcudtes the three-
dimensional path of a vector eld line that passes through the pot and plots
the projection in the slice plane. You can continue to add anyumber of lines.
Click the right mouse button or pressEsc to exit coordinate mode. The lines
are not included in hardcopy or plot le exports and disappeaif you change
the slice view. Use a screen capture utility to record them. It ismportant
to recognize the nature of the plots. The lines are three-dimsional curves
projected to the slice plane. They may be di cult to interpret if the line does
not lie close to the slice plane. For full three-dimensional dlline plots, see
the Vector line plot le command in Chap. 11.

VECTOR ARROW PLOT

Superimpose a uniform distribution of arrows pointing in the gtection of
the current vector quantity in the slice plane (Fig. 10). Arrows may be added
to any of the plot types, including Region They are included in hardcopy
and plot le export. The arrows are preserved and adjusted if yo change
the slice view.

REMOVE VECTORS
Use this command to turn o the vector scatter plot mode and to rerave
vector tool displays from the current plot.
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VECTOR QUANTITY
Pick one of the quantities de ned in theVECTOS$ection of the con guration
le for display.

8.6 Exporting plots

The commands of theExport plot popup menu are used to send the screen
display to a printer or to a plot le.

DEFAULT PRINTER

With this command, the current plot may be ported to any instaled Win-
dows printer (including network printers, postscript drivers,PDF drivers...).
Note that the current screen plot is sent to thedefault Windows printer. If
necessary, change the default using tHeettings/Printers command of Win-
dows before issuing the command.

PLOT FILE (EPS)

PLOT FILE (BMP)

PLOT FILE (PNG)

Use this command to make a plot le of the current screen plot in #ier
encapsulated PostScript, Windows bitmap or portable networkraphics for-
mats. specify a le in the dialog box. The plot le will be creatal in the
current directory with a names of the formFPREFIX.EPSFPREFIX.BMBr
FPREFIX.PNG

COPY TO CLIPBOARD
The current plot is copied to the clipboard in Windows Meta le format.
You can then paste the image into graphics software.
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Figure 14: Screenshot oFEVision in the Scan plot menu showing the
oscilloscope mode.

9 FEVision scan plot menu

FEVision enters theScan plotmenu if you click on theAnalysis/Line scan
command in either theMain menu or the Slice plot menu. The program
calculates values of a chosen quantity along a line in the saloh volume and
then creates a plot like the one shown in Fig. 14. Use the commandthe
Main menu to de ne an arbitrary line in three-dimensional space. $a lines
de ned in the Slice plot menu are con ned to the current slice plane. There
are three commands in the calling menu that determine the nate of the
plot: Scan quantity Number of scan pointsand LSQ/Linear interpolation .

9.1 Standard display

As shown in Fig. 14, the current scan quantity is plotted as a furtion of
distance from the start point. The coordinates of the start and red points
are listed above the graph. Coordinates are plotted in units sby the DU nit
parameter. In the default mode,FEVision sets limits so that the plot lls
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the screen. The program includes grid lines at even intervalslThe status
bar at the bottom lists the solution le, the data le (if open) and the grid
intervals. The Export plot menu includes that standard set of commands
described in the previous chapter. Th&ettings menu contains the following
commands.

SYMBOL DISPLAY
Toggle the plot display to either a thick line or a set of symbolstacalculated
points connected by a thin line.

VERTICAL LIMITS

Override automatic selection and set vertical limits for the arrent quantity.
To set manual limits, uncheck theAutoScale box and enter real-numbers
values for the lower and upper limits of the plotted quantity Check the
Autoscale box to return to the default mode.

TOGGLE GRID
Suppress or activate the display of grid lines.

GRID INTERVALS

Override automatic selection of grid intervals. To set value®f the horizontal
and vertical grid intervals, uncheck theAutoGrid box and enter real-number
values. For the horizontal direction, enter the interval in éngth units set
by the DUnit parameter. Check theAutogrid box to return to the default
mode.

OPEN DATA FILE

In the oscilloscope mode, you can record a variety of numericalues for
the scan. The information will be written to a data le if already opened.
Use this command to open a new data le.

CLOSE DATA FILE
Close the current data le. This command should be invoked beffe attempt-
ing to use the le in another program.
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9.2 Oscilloscope mode

When you click the Oscilloscope modecommand, the scan plot becomes
interactive with many of the features of a digital oscilloscop. The commands
and tools of theScan plotmenu are deactivated and=EVision displays the
red cross-hair lines shown in Fig. 14. Values of the distance anldfpquantity
at the cross-hair intersection are displayed in the red box belatve plot. The
intersection point follows the mouse when the cursor is insidedlplot area.
Note that the intersection moves discontinuously between the ta points.
To check points at the end of the interval, move the mouse slowtgward the
left or right-hand boundaries.

If a data le is open, FEVision records values at the current intersection
point when you click the left mouse button:

Scan point calculation
Distance: 9.506666E-01 (cm)
Phi: 0.384693E+04

Clicking the right button activates the pop-up menu shown in kg. 14. The
menu contains the following commands:

Y VALUE TO CLIPBOARD

Copy the value of the plotted quantity at the cross-hair intersetion to the
Windows clipboard. You can then past the number into a text daegment,
spreadsheet or calculator program.

X VALUE TO CLIPBOARD
Copy the value of the distance (in units set byDUnit) at the cross-hair
intersection to Windows clipboard.

XY VALUES TO CLIPBOARD
Copy the values of the distance and plotted quantity to the cpboard. The
x value is on the rst line and the y value on the second.
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DERIVATIVE

Calculate and record the numerical derivative at the interseion point. The
dimensions are determined by th®U nit parameter. For example, if the scan
guantity is pressure in MPa and the distance is shown in centimetg the
derivative has units MPa/cm. FEVision writes the value to the clipboard
and also displays the results in a dialog. If a data le is open, #hprogram
makes a record like the following one:

Derivative
Location: 1.694667E+00 (cm)
Phi/(cm): 3.654382E+05

INTEGRAL

Calculate and record the de nite integral of the plotted quatity from the
start point of the scan to the cross-hair intersection point. The dnensions are
determined by theDUnit parameter. For example, if the scan quantity is the
electric eld in V/cm and the distance is shown in centimeters, tle integral
has units (V/cm)-cm = V. FEVision writes the value to the clipboard and
also displays the results in a dialog. If a data le is open, the pgram makes
a record like the following one:

Definite integral
Location: 1.908000E+00 (cm)
Phi-(cm): 9.679801E+03

EXIT OSCILLOSCOPE MODE
Activate commands and tools and return to the standardScan plot mode.
You can also press th&sc key to exit the oscilloscope mode.
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Figure 15: Plane plot menu screen.

10 FEVision plane plots

Plane plots are two-dimensional plots that show the variatiorof the current
guantity over a plane in the solution volume. There are four derences from
the slice plots discussed in the previous chapter:

The plots are generated from a rectangular mesh of computedlwas
over a speci ed planar region, with no explicit connection tahe struc-
ture of the conformal mesh.

The plots are always scaled to Il the available area
There is a wider variety of plot styles.

The plot planes need not be normal to the Cartesian axes.
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Figure 16: De ning a plot plane that is not normal to a Cartesia axis.

10.1 De ning the plot plane

The critical task in the Plane plot menu is setting the plot plane. There are
more options than in the Slice plot menu and it may require some planning
to achieve a desired view. As in th&lice plot menu, you can de ne a plane
normal to one of the Cartesian axis. You can also rotate the plarebout
a pivot axis to display variations of the current plot quantity over arbitrary
planar surfaces. The example of Fig. 16 illustrates the procedu In the
right-handed coordinate system, they axis points out of the page. The
goal is display the spatial dependence of electric eld over ¢hsurface of the
dielectric on the right-hand side.

1. Initially, pick a plot plane normal to z at z,, such that the position
along the normal axis is at the middle of the dielectric.

2. Pick a pivot position X, just above the dielectric surface at,.
3. Apply a rotation +  of the plot plane about they axis.

4. The plane extends outside the solution volume, so there wilela region
of zero eld near the top. This feature can be eliminated by gdsting
the value of Xmay .

In the resulting plot, the electric eld magnitude near the delectric surface is
plotted as a function ofx-y. If you want to display values in terms in terms
of y-z, set a plane normal tox and apply a rotation (=2 ).
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Figure 17: Dialog to set the plot plane

SET PLANE

This command brings up the dialog of Fig. 17 to set the plot plam Set the
normal axis with the radio buttons at the top. (For example, br a choice of
z the plot will be created in the x-y plane.) You can use the slider bar to
set the position along the normal axis or type a value in the boxThe range
of the slider bar is automatically set to the limits of the soluton volume
along the normal axis. In the example of Fig. 16, the normal axiis z and
the position isz,. The boxes at bottom-left determine the plot range in the
normal plane. The default settings are the limits of the solutin volume.
The nal group of commands controls the plot rotation. The ralio buttons
set the pivot axis, the quantity Rotate is the rotation angle in degrees and
P osition is the pivot position along the direction normal to the pivot «is.
In the example, the pivot axis isy, the rotation is +  and the position isxp.

10.2 Plot controls

The following commands are included in thélot control popup menu:

PLOT STYLE

This command brings up the dialog of Fig. 18 to set the plot styleAs an
example, Fig. 15 shows thd=illed contours 3D plot style. The numbers at
the bottom give the resolution of the mesh used to create the ploHigher
values give more detail but require longer regenerate time$he default is a
150 150 mesh.
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Figure 18: Plane plot style dialog.

PLOT QUANTITY

Set the quantity to be plotted. In the dialog, pick one of the gantities
de ned in the INTERPOLATIG3¢ction of the con guration le. Note that
plots may appear jagged at boundaries for quantities with dcontinuities
because of the limited resolution of the mesh.

PLOT LIMITS

Set limits for the plotted quantity. When Autoscale is active, FEVision
automatically sets limits based on the range of values in the ment plot
plane.

RESOLUTION

Set the number of calculation points along horizontal and vécal directions
for the plot. The default is 100 and the allowed range is 25 to5R. The
three-dimensional plot styles generally look better with loer resolution.

ROTATE VIEW

This command is active only for theFilled contours 3D and Gradient plot
3D styles. You can rotate the view point in 99 increments for the best
display.

The commands of theExport plot menu are the same as those described
in Sect. 8.6.
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Figure 19: Surface plot screen display

11 FEVision surface plots

Surface plots are three-dimensional views of the solution sgac You can
superimpose three types of information: 1) region boundarie®lor-coded
by region number, 2) region boundaries with color-coding bg computed
quantity and 3) computed quantities in a slice plane normal tane of the
Cartesian axes. Surface plots are created from the conformaésih and pre-
serve true spatial scaling. Figure 19 shows the screen display. Ashe Slice
plot menu, there are three areas: main plot window, orientation wdow and
information window. In contrast to slice and plane plots, the mia plot area
is active. The mouse cursor changes to indicate function whemwy move
it into the area. FEVision uses the same conventions ddetaMesh to

control the three-dimensional display. Figure 20 shows the ae¢ areas of
the screen. The central zoneA) is used for zooming in (left button) and
out (right button). Hold down the left mouse button in zonesB;C;D and

E to walk around the object. Hold down the right mouse button in zoes
B;C;D and E to move the viewpoint to the right, upward, to the left and
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Figure 20: Active areas for mouse control of the 3D view.

downward. Note that changes are re ected in the orientation &x in the
upper-right portion of the screen. The plot is updated when yorelease the
mouse button. You can control additional aspects of the thredimensional
view with the commands of theAdjust view popup menu.

SURFACE VIEW

This command brings up a dialog (Fig. 21) where you can set speci
view angles, displacements and the relative distance to the wipoint. The
distance parameterDV iew controls perspective. Set it to a large value
(DView  1:0) for an orthographic view. The minimum value is 1.5.

RESTORE DEFAULT VIEW

This command is useful if you loose your orientation after searrotations
and translations. The view is returned to the default: , = 3¢, , =0°
and , =45° with the origin at the center.

+X VIEW

+Y VIEW

+Z VIEW

Rotate to views from the +x, +y or +z directions. Origin shifts are not
a ected
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Figure 21: Dialog to set the three-dimensional view.

CENTER VIEW
Remove shifts by setting the origin to the center of the solutiorolume.

ZOOM IN

EXPAND VIEW

Alternatives to the mouse controls to zoom or to expand the vieabout the
center point.

The commands of thePlot control popup menu set the appearance of the
plot.

PLOT STYLE

This command brings up the dialog of Fig. 22. The group of conmands
on the left-hand side controls the plot style. A three-dimensiwal plot is

constructed from color-coded facets. There are two types ot&s: 1) element
facets on the boundary of a region with color coding by regiaumber or the

selected computed quantity and 2) rectangular facets comping a slice plane
with color-coding by the values of the computed eld quantiy. Slice plane
and region boundary information may be superimposed. ThEacet style
radio buttons control whether the facets of region boundags are plotted
as solid plates (hidden surface) or wireframe outlines. Thimclude facet
boundariescheckbox determines whether the boundaries of region fasetre
plotted in the hidden-surface mode. (Note that the facets of #h slice plane
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Figure 22: Surface plot control dialog.

are always plotted as solids with no outline) FEVision shows the origin and
Cartesian axes when thénclude reference axiox is checked. The group of
commands on the right-hand side controls the slice plane. Theclude slice
plane box determines whether a slice plot is included. The integeumberN,
in the Resolution box controls the quality of the slice plot. A totalN;, N,
calculations are performed to create the plots. The radio btdns determine
the axis normal to the slice plane. You may move the plane alornige chosen
axis by entering values in the box or moving the slider.

PLOTTED QUANTITY

Use this command to pick of the quantities de ned in theeNTERPOLATION
section of the con guration le for color-coding of region bandaries and the
slice plane.

PLOT LIMITS

In the Autoscalemode,FEVision chooses colors so that the spectrum spans
the range between the minimum and maximum values of the platl quantity

in the current slice plane. Limit values change automaticall if you change
plot quantities or move to a dierent plane. To set the range maually,
deactivate theAutoscalecheck box and enter minimum and maximum values.
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Figure 23: Region display dialog.

DISPLAYED REGIONS

The command brings up the dialog of Fig. 23 where you can piclegion
boundaries to include in the plot. Check a box in theRegion column to
activate a region. The buttons in the column markeduantity determine the
presentation style for boundary facets. If the box is unchecke#&EVision
colors facets by region number. If a box is checked in the Qué#yn column,
color coding is by the computed eld quantity. The information window
shows the correspondence between color and the quantity. Notet the eld
guantity is always calculated at a point near the facebutside the chosen
region. If a boundary separates regions with di erent mateals properties,
the displayed quantity values may depend on which region is aken for
display.

CUTPLANES

In a hidden-surface plot, internal geometric details may bebscured. This
command brings up the dialog of Fig. 24 for adjustment of the dplayed
portions of region surfaces and normal planes along the y and z axes.
FEVision does not display facets that lie outside the limits. With this
feature you can create cutaway views. Note that cut-planes alyponly to
region surface facets. They do not a ect the facets of the slicdgme. In
the default state, cut limits are set equal to the dimensions ofhe solution
volume so that all facets are included.

67



Figure 24: Cutplane dialog.

VECTOR LINES FROM POINT FILE

You can add vector lines to three-dimensional plots with thicommand.

To use it, you must prepare a text le that may contain any numberof

point coordinates. The le should have a name of the fornFPREFIX.DAT
FEVision reads the le and adds eld lines that pass through each point.
The le consists of data lines, where each line contains threealenumbers

(X, Yy, z) separated by any of the standard delimiters. Write the coordiates

in units set by DUnit. The le may contain blank lines and comment lines
that start with an asterisk. Note that the target points must be insde the

solution volume.

RECORD VECTOR LINE COORDINATES

Use this command to record calculated paths of vector lines. Thearo-
gram prompts for the name of an output text le with a name of the form
FNAME.VPIA le extract is shown below. The command functions only if a
le of starting points has been opened with theVector lines from point le
command.
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Vector field line plots for file: walkthru_binary.fev
Plotted quantity: EVect
DUnit(unit conversion factor):  1.00000E+02

Start point

X:  5.60000E+00

Y: 2.20000E+00

Z:  2.95000E+00
Forward

5.60000E+00 2.20000E+00 2.95000E+00
5.59764E+00 2.19449E+00 2.95006E+00
5.59526E+00 2.18898E+00 2.95011E+00
5.59287E+00 2.18347E+00 2.95017E+00
5.59047E+00 2.17797E+00 2.95023E+00

CLOSE FIELD LINE PLOT
Close the eld line plot le and remove eld lines from the current plot.

VECTOR QUANTITY
Pick one of the quantities de ned in theVECTO$ection of the con guration
le for vector lines calculations.
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12 FEVision analysis script

12.1 Running scripts

FEVision scripts are useful for automating complex or repetitive anadys
procedures. For example, you may want to compare a line scan aflues
between two points in a set of similar solutions. In the interactie mode,
it would be necessary to type in the same coordinates for each scafn
analysis script can load each solution le, perform the scan andccord all
information in a single data le. In the FEVision main menu, the following
commands in theFile popup menu (Chap. 6) apply to analysis scripts.

RUN SCRIPT

Pick and run a script le with a name of the form FPREFIX.SCR he script
can operate on the currently-loaded solution le or load a dierent le. The
last solution le loaded by the script becomes the current le fo plots and
interactive analysis.

CREATE SCRIPT
Use this command to create an analysis script using the internal ggram
editor.

EDIT SCRIPT
Use this command to change an existing script with the internal mgram
editor.

FEVision may be called as a command line task. The calling syntax is
[progpath\]FEVISION [scriptpath\]SPREFIX

where the script has the le nameSPREFIX.SCR/ou should supply the full
path [scriptpath] if the script is not in the current directory®. FEVision
expects to nd input solution les in the current directory and writes data
les there.

3Do not include colons (which are used as delimiters) in le paths. A correct path has
the form nDirl nDir2 nDir3 n...
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Command line operation opens several possibilities.

FEVision runs quickly and silently in the background when run from
the Command Promptin a terminal window. To minimize typing, open
the terminal in the working directory. Use the DOSCHDIRcommand
to change directories.

The program may be launched by DOS batch les with commands of
the form

START /w [progpath\FEVISION [scriptpath\|SPREFIX
START [progpath\FEVISION [scriptpath\]SPREFIX

Use batch les to organize calculations that run autonomously.The
option /w in the rst example signals that the batch le waits for com-
pletion of the program to continue. This form is useful if datafrom
FEVision is required for the next operation. Omit the option if you
want to launch several instances oFEVision to take advantage of a
multiple-core machine. Use theCHDIRcommand to set the working
directory.

Run FEVision as a subtask from your own compiled or interpreted
programs. One application is to integrate nite element solubns and
analysis into an optimization loop.

12.2 Script commands

Entries on a command line may be separated by the following set de-
limiters: space, tab, equal sign [=], colon [], left parenthesi[(] or right
parenthesis [)]. Each command listed below is shown in symbolarin along
with an example of how they might appear in a script. Chapter 7 iges a
detailed description of the input parameters and functions fathe analysis
operations.

INPUT [datapath n] FileName

INPUT = nFEDatanAprilRunsnFLOWTEST.OUT

Close the currently-opened solution le and load a solution lefrom the
current directory. If [datapath] is not speci ed, the solution le must be in
the working directory.
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OUTPUT [datapath n] FileName

OUTPUT: WGUIDEL1.DAT

Close the current data record le and open a new one. If @latapath] is
not speci ed, the le will be written in the working directory. A data le
must be opened to use the following analysis commands.

CONFIGURATION [datapath n] FileName

CONFIGURATION = nFeidlPnFEBuilder nBIOHEAT.CFG

Load a new FEVision con guration le to change the analysis chaacteristics.
If a [datapath] is not specied, the con guration le must be available in
the working directory. If this command does not appear, the ppgram uses
the current con guration or the one in force in the last run.

POINT xp yp zp

POINT = (0.00, 0.05, 4.67)

Perform a point calculation and write values of the quantits de ned in the
Interpolation section of the con guration le to the data record le. Enter
coordinates in the units set byDUnit .

SCAN xpl ypl zpl xp2 yp2 zp2

LINE = (0.00, 0.00, 15.00) (12.00, 0.00, 15.00)

Perform (N Scan+ 1) calculations along a line in space. At each point, write
the rst NRecord quantities de ned in the INTERPOLATIO3¢ction of the
con guration le to the data record le. Enter coordinates in units set by
DUnit.

GENSCAN

Perform any number of calculations along an arbitrary pathn space. At
each point, write the rst NRecord quantities de ned in the INTERPOLATION
section of the con guration le to the data record le. The command must
be part of a structure with the following form:

GENSCAN

xpl ypl zpl
Xp2 yp2 zp2

Xpn ypn zpn
END

Each data line contains three real numbers separated by spadesde ne a
point in the solution volume. Enter coordinates in units set byDUnit.
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VOLUMEINT [NReg]

VOLUMEINT

VOLUMEINT 8

Perform a volume integral of quantities de ned in theVolume section of the
con guration le and write the results to the data record le. The integral
is taken over elements with region numbeNReg. If the region number is
omitted, the integral is taken over the full solution volume.

SURFACEINT Regl Reg2 ... RegN

SURFACEINT 57 9 12

Perform a surface integral of quantities de ned in theSurface section of the
con guration le and write the results to the data record le. The integral
is taken over the surface facets of one region or a set of regiosfacet is
included if the element on one side belongs to the set and the ralnt on
the other side does not. The integer region numbers are sepaatby spaces.
The set may include any number of regions. The regions in a set may
may not be contiguous. Note thatFEVision does not include facets on the
boundary of the solution volume.

MATRIX FileName XMin XMax NX YMin YMax NY ZMin ZMax NZ
MATRIX WGUIDE.MAT 1.00 1.00 10.00 2.00 2.00 12.00

Write values calculated at an array of location to a data le n text format.
The le is namedFileName and is created in the current directory. The real-
number valuesxi, and Xnax are the limits of the listing volume along the
x direction. The parameterN, is an integer. Listings are made atNy + 1)
evenly spaced positions along.

NSCAN NScan

NSCAN = 100

Set the number of intervals for line scans. The default value Scan = 100,
the maximum value isN Scan = 500.

INTERPOLATION [LSQ,Linear]

INTERPOLATION = Linear

Set the interpolation type to a multi-element least-squarest or a single-
element linear t.

ENDFILE
Terminate the analysis
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13 Basic nite element techniques

13.1 Solution strategies on digital computers

The goal of a nite-element solution is to nd spatial variations of physical
quantities in two- and three-dimensional spaces. The variatis are governed
by one or more partial di erential equations. For illustration, we will con-
centrate on equations that involve the Laplace operator suchs the Poisson
equation:

r o kr =Q: (30)

An analytic solutions of Eq. 30 is feasible for simple geometriesSuch a
solution gives exact values of at every point in space. Closed-form solutions
become di cult for real-world systems that do not have special aypmetries.
Even when an exact solution is possible, it often has the form ohan nite
series that must be evaluated numerically.

With the increasing power of modern digital computers, direchumerical
solutions are the method of choice for spatial problems desceith by partial
di erential equations. Computers can handle complex geom&s easily. In
generating numerical solutions, there are two main issues to aeds:

The ideal analytic solution contains an in nite amount of information.
We must reduce the data to a nite number of quantities while pe-
serving su cient accuracy for the application.

Digital computers cannot solve di erential equations diretty. We must
convert the relationships to a manageable form that preservéise un-
derlying physics.

The basic strategy of the nite-element approach is to recogee that a
solution (x;y; z) of the Poisson equation is continuous in space. Therefore it
iS not necessary to nd values of at all locations. Instead we can calculate
a nite set of values ; at strategically-placed positions (Fig. 25) and then
estimate (X;y;z) at intermediate points by interpolation. The evaluation
points are callednodes We can achieve any desired degree of accuracy by
increasing the density of nodes.

Digital computers are well-suited to the solution of large setsf coupled
linear equations. For reference, Eq. 31 shows the form of a lamesquation
set for node quantities | that approximate the solution of Eq. 30.
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Figure 25: Schematic view of a two-dimensional computatiohanesh. The
primary quantity is evaluated at the node points. The mesh has zones of
regular and conformal structure. The box shows a set of nodes veleovalues
could be used to estimateg  at the marked point.
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A 1+t 2+t A3 3t it a;m | = Sy

Ay 1t Ay ot Ay 3t it ay | = Sy
Az 1t ag 2t ag 3+ it ag | = Ss
1 1+t ay 2tasz ztiita | =S (31)

The essence of a numerical method is to convert the governingedential
eguation to a nite set of coupled linear equations that reprgent the physical
system approximately. The nite-element method is one approach to deter-
mine the coe cients g; and §; in Eq. 30. In summary, the generation of a
numerical eld solution involves three activities:

Choose of set of node locations;.

Generate a set of linear equations for the node values (the node
equations).

Solve the equations.

The subsequent activity of calculating useful information fothe application
from the node coordinates; and values ; is called post-processing

The procedure of picking node locations is calledesh generation At the
simplest level we might place nodes in space following an ord¢egrangement
such as a rectangular or box grid. An ordered oregular mesh has been
de ned in the regions on the left- and right-hand sides of Fig25. On the
other hand, a more exible mesh that follows the material struwre of the
physical system o ers advantages. For example, consider an elestatic
solution in a volume with di erent dielectrics. Although the patential
is continuous, the gradient of potential (the electric eldE = r ) may
change discontinuously at a material boundary. To generate gd electric-
eld interpolations, we should locate a string of nodes along thboundary
(center section of Fig. 25). To de ne an interpolation funcon ( x;y;z)
to estimate the spatial derivative at a point near the boundarywe should
use node values; at locations on the boundary and at nearby locations on
the correct side of the boundary. For example, the set of nodestlned by
the box in Fig.. 25 could be used to estimate the electric eld athe marked
point. The mesh in the center region is called eonformal mesh because the
node locations conform to the material divisions of the physat system.

Given a collection of nodes, the next step is nd the coe cientsa; and
S for a linear equation set. The set has equations, one for each node
value ;. The linear equations are valid if the quantities ; are close to
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Figure 26: Weighting function for nodei that equals 1.0 atx; and 0.0 at
surrounding nodes.

those of the exact solution, (x;). The basic principle of the nite-element
approach is simple. Instead of demanding that the di erentiakquation holds
exactly at all points in space, we apply the less restrictive reyement that
the di erential equation holds on the averagenear each node. Averages are
calculated by integrating the di erential equation over sméd volumes near
the node, leading to a set of equations of the desired form of E2fL.

The weighted-minimum-residualmethod is the most common approach
to performing the integrals. We required that a weighted intgral of the
governing di erential equation near a node is consistent witlthe equation.
For example, the following integral over Eg. 30 yields the e equation for

i
z222
dV N [r kr Q]=0: (32)

The integral extends over all space. The quantiti; is a weighting function
that has its maximum value atx; and localizes contributions to the integral
near the node. Figure 26 shows a schematic view of the spatial redilon of
N;. The term residual derives from the iterative numerical methods usually
employed to solve Egs. 31. We start with an arbitrary set of node pentials
i and gradually modify values so that they give a better approraation to
the content of the Poisson equation. At an intermediate stage #re will be
error in the node values so that Eq. 32 takes the form:
zz22z
dVN; [r kr Ql= R;: (33)

The error term R, is called the residual at the node. In an ideal solution the
residuals at all nodes equal zero.
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Figure 27: Two-dimensional conformal triangular mesh with ements di-
vided into two regions {.e., types of materials)

13.2 Element division of the solution space

This section and the next cover techniques to apply the concepf localized
node integrals to computer programs. A key step is to connect ¢hnodes
with planes that divide the solution volume into small segmentsith unique
material identities. The segments are calledlements Figure 27 shows how
element division is applied in a two-dimensional solution wherquantities
vary in x and y and the volume extends in nitely in z. In this case, we can
view the nodes as lines of unit length irz and the elements as prisms of
unit height. There are di erent ways to connect the nodes, so weave some
latitude to choose the element shape. The mesh in the gure usesagular
prism elements.

In a solution of Eq. 30, the termmaterial identity refers to the values of
k and Q in the element. In an electrostatic solution, the quantities g the
relative dielectric constant k = ;) and the adjusted space-charge density
(Q = = o). In a thermal solution material quantities include the mass
density and speci ¢ heat. In a nite-element solution, the primary quantity
( ) is de ned at nodes and material properties are associated Wwielements.
The complete computational mesh contains two classes of infaation:
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The location of nodes.

The de nition of planes (element facets) that connect the noes and
divide the solution volume into elements.

In the conformal mesh of Fig. 27, we want to de ne the facets so &h they
connect the nodes along the material boundary. In this way ¢ats lie along
the boundary so that no element spans a region with di erent vales ofk or
Q.

We can use the element division to break the node integrals of E2R into
manageable parts. Integrals are performed in each surroundel@ment and
then the results are summed to generate the node equations. Thapeoach
has two advantages:

Within an element the quantities andr can be approximated by
simple functions that depend explicitly on the potentials otonnected
nodes.

The values ofk and Q are xed in an element.

The integration procedure using elemental volumes is simple concept, but
involves considerable detail. It is essential to adopt a consistenotation. As
before we taka as the global index of the node in the full mesh consisting of
a set ofl nodes. Each node is surrounded byl elements. The numbeM
depends on the topography of the mesh. As an exampM, = 6 in Fig. 27.
We shall use the local index to label the surrounding elements. Here the
term local denotes a temporary number that we use when dealing with node
i. Another local index, j, identi es the nodes of a particular element. We
shall use the convention that the indeX = 0 corresponds to the node about
which the integrals are performed. If the element connect® ] nodes, the
index hastherange 0 j J 1. Using the notation, Eqg. 32 for the integral
around nodei becomes:

W ZZzZ
dV NJ [kar r Qn]=0: (34)
n=1 Vi
The individual element integrals extend over volumes wheig, and Q, are
uniform. The notation Ng indicates that we will use individual expressions
for the weight function in each element. In elemem, the function Ng equals
1.0 at nodej = 0 and equals 0.0 at the other nodes of the element. Figure 28
shows the weight functions for a triangular elements.
To perform the integral of Eq. 34 in an element, we need integbation
functions to approximate the variation of andr . The foundation of the
nite-element approach is to apply a function that expresses in terms of
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Figure 28:

its values at the nodes multiplied byshape functionsthat give the relative
contributions at intermediate positions §,y,z). The interpolation function
in elementn has the form:

(Xy:2) = Ng(Xy;2) o+ NI (Xy;2) 1+ i+ NJ 1(Xy;2) 5 10 (35)

In order that = o at node 0O, the functionN§ must equal 1.0 at the node
and equal 0.0 at all other nodes. SimilarlyN;' equals 1.0 at the position of
node 1. Figure 29 shows the behavior of the shape functions fotriangular
element. Comparing Figs. 28 and 29, it is clear that the elemeshape
function NJ has precisely the characteristics that we seek for the weighgin
function of Eg. 34. We shall adopt this choice (th&alerkin method for the
development in the following section.

13.3 Weighted-minimum-residual method

This section reviews the basic equations to apply the weightedinimum-
residual method for generation of node equations. The processalves in-
tegrals over elements surrounding the node. It is useful to engss Eq. 32
in an alternate form by applying Green's rst scalar theorem. he theorem
follows from two fundamental relationships of vector calcus. The rst is
divergence theorem:

z2722 Zz

r Adv = A u,dS: (36)
v S

In the equation A is a vector eld quantity, V is a volume andS is the closed
surface of the volume. The quantityu,, is a unit-normal vector on the surface
that points out of the volume. The second relationship is the wtor identity:
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Figure 29:

rr-- A= r A+A r ; (37)

where A is a vector function of space and is a scalar eld. Making the
substitution A = Nir in Eq. 37 and expanding the divergence expression
with Eq. 36 gives:

z2z22Z zz

[Nir r +r Nir ]dVv = N;r u,ds: (38)
S

Equation 38 is Green's rst scalar theorem. By comparison, canewrite
Eq. 34 as

W Z2Z21Z 2712
Kn dvr Ng r + Qq dvNg =
n=1 Vn Vn
W Z Z
Kn Ngr  Un (39)
n=1 S

Note that the quantities k, and Q, have been removed from the integrals
because they have uniform values over element volumes.

In many applications the surface integral terms on the righttand side of
Eq. 39 sum to zero. For example, consider an electrostatic sotuti wherek
is associated with the relative dielectric constant. The surfacintegrals are
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Figure 30: Facet types for surface integrals around an intesh node (left)
and a boundary node (right).

performed over the facets of elements. Figure 30 shows a caltioin for an
internal node (left) and boundary node (right). There are nccontributions
on facets markeda becauseNy = 0:0 by de nition. Facets marked b divide
elements with the same value of. On these facets, the element shape func-
tions are continuous between adjoining elementdNj = NJ*'. Regarding
facets between elements with di erent dielectric constant$marked c), we
note that the normal component of the displacement vectdD is continuous
across the boundary: "r " u" = "1y n*l yntlp  Therefore the surface
integrals in adjoining elements have equal magnitudes bupposite signs, so
the contribution to the total node integral equals zero. Fially, we We must
address how to treat the surface integral when the node is on tlh@undary
of the solution volume (facets markedd). One choice is to set the surface
integral contributions equal to them zero. This condition mplies that:

r Up=E up=0: (40)

Equation 40 speci es that the derivative of the primary quanity has a xed

value along a boundary. This type of constraint is called Aleumann bound-
ary condition. The equation implies that the electric eld is parallel to the
boundary, a useful property for electrostatic solutions. For emple, Neu-
mann boundaries can represent symmetry planes or surfaces dafablinsu-
lators in conductive solutions. To reiterate, setting the surfee integrals in
Eq. 39 equal to zero sets the special Neumann condition of Eq. 49 the
natural boundary for the nite-element solution. In this casethe condition

E? = 0 applies at all nodes where the is not set to a xed value.

Using Eg. 35, we write the gradient of potential inside elememt as
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X1

n n D .

T Nj(Xy;2): 41
i=0
Note that local element indices have been used to label the nede Eqg. 41.
Substituting in Eq. 39 and setting the surface-integral term egpl to zero,
the integral of the Poisson equation around a node assumes thenfior

q
I

N x1 2727 W Z ZZ
Kn 4 dvr Ng r N/ = Qn dVv N (42)
n=1  j=0 Vn n=1 Vn
The material propertiesk, and Q, as well as the node potentials, appear
outside the integrals. Equation 42 has the important propertythat the vol-
ume integrals depend only on the shape of the elements. We carnteithe

node equation as:

X X1 . X! o
Kn Koy = QnGy (43)
n=1 j=0 n=1
where:
22727
o= ' dvr N r Nfb; (44)
nz2z22
G'= av Nj”: (45)

J Vi

Equation 42 is a linear equation that relates at the target node to values
at nodes connected to surrounding elements. The coe cients oine left-
hand side of the equation depend on the element geometries aasbociated
values ofk,. The source term on the right-hand side depends on the element
geometries and the quantitie®,. Equation 43 can be expressed in the form
of Eqgs. 31 by converting the local indices to global node indis.

To summarize, a nite-element solution of Eq. 30 using the weidged
minimum-residual method involves the following steps:

1. Generate a mesh by de ning nodes in the solution volume andromect-
ing the nodes with facets to de ne elements. The following infmation
is required at each node: a) the surrounding elements and thena-
terial identity and b) the neighboring nodes that are connded to the
elements.

2. ldentify shape functionsN" appropriate to each surrounding element.
The functions must be of a form such thalN" and r N can be eval-
uated throughout the element volume.
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3. Compute and storeKj;j o and GJ' for all elements of the mesh.

4. Use the element quantities to create an equation of the forni Bq. 43
for each node.

The activity of the fourth step is called assembly of the node equations
Speci ¢ algorithms process depend on the nature of the mesh. \Wan write
the process in symbolic form. Generation of the source terrsis relatively
easy:

X
S = GY (46)
n=1
The superscript in Ggj implies that quantity is the contribution from the
element with local indexn relative to the target nodei. The subscript O
implies that the integral of Eq. 45 is taken over the shape fution relative
to the position of the target node in the element. The calcul&n of the
coe cients a;jo is more challenging. The quantity is given by
X n
aio= Ky
n
The subscript on the left-hand side refers to the coe cient for &rget nodei
and a nodei® connected to one or more surrounding elements. The sum is
taken over all elements that contain both nodes and i® The subscriptj on
the right-hand side corresponds to the local indices of nodesnd i° within
elementn.

(47)
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Figure 31: Trapezoidal rule to estimate the integraf (x) over the range
a x b The interval is divided into two equal segments.

14 Mathematical operations on conformal
hexahedron elements

14.1 Numerical integration

Integrals over volumes and surfaces are an essential componefthe nite-
element method. The required integrals can be performed dwyacally for
triangle and tetrahedron elements, yielding closed-form ergssions for ele-
ment sti ness matrices and source vectors. In contrast, it is not gssible to
nd closed-form expressions for hexahedron elements. It is tlefore neces-
sary to employ numerical interpolation to evaluate integra.

Simple numerical integration methods like the trapezoidaiule (Fig. 31)
are familiar from introductory calculus. In the example illistrated, we can
estimate the quantity

Z
t (x)dx (48)

by dividing the range into two equal intervals and evaluatig the function
f (x) at three points: xg = a, X; = (a+ b)=2 andx, = b. The integral is given
approximately as:

Z
"fydx= 28 T

> > (49)

+f(x1) +

f(xs)
)
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Figure 32: Linear two-point estimates of the integral of (x) over the range
a Xx b a) Points located at the ends of the interval.b) Improved choice
of points.

The shaded area in Fig. 31 shows the estimated integral. Cleartize results
are not particularly accurate for the illustrated function which has second-
order variations. For a simple problem we might obtain an estinta of suf-
cient accuracy by increasing the intervals in the range. Tl8 approach is
not viable for the nite-element application which requires a huge number of
integrals in three dimensions. An improved method would o er sudtantial
rewards in terms of reduced run time. The goal can be stated adlbws: for
a given number of function evaluations, how can we obtain the@st accurate
estimate of the integral?

This section reviews the method of Gauss-Legendre quadratfireThe
technique is easy to implement in a computer code and providgeod accu-
racy with minimal e ort. Figure 32 illustrates the approach. Again, we seek
the integral of a functionf (x) over the intervala x b, We approximate
f (x) by an interpolation function, a polynomial of degreen:

f(x) = AX?+ Aixt+ A2+ i+ Apx™ (50)

For a smooth function, we expect that the magnitudes of the tems jA;x']
decrease at larger values ofand that the accuracy of the t improves with
increasingn. The function shown in Fig. 32 contains terms withi = 0;1
and 2. Suppose that we estimate the integral by evaluating(x) at two

4The term quadrature refers to the division of an area into boxes to estimate an integral.
It has become a synonym for any type of numerical integration.
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points. To apply the trapezoid rule we use the start and end poistof interval
(Fig. 32a). Inspection of the gure shows that the error is proportionako A,
(the coe cient of the x? term). Therefore the estimate has onlyrst order
accuracy. Figure 3B shows an alternate choice of locations for the function
evaluation. Picking two points symmetric about midpoint but not at the
ends of the interval leads to an improved estimate of the integl. We expect
that there is a particular choice of evaluation points such tht the area under
the linear curve equals the area under the second-order curvEo complete
the development, we must 1) nd the optimum locations to evalate the
function, 2) nd an expression analogous to Eq. 49 for the integl and 3)
extend the method to three or more points.

For a generalized theory it is useful to apply a transformatiomo express
integrals over a standard range of the independent variablel to +1. This
choice is consistent with the use of the normal coordinates dissed in the
next section. We de ne a variableu such that

2x (b+ a)
= 7 1
u b o (51)
« = (b au+(b+ a): (52)
2
The variable has the valueu= 1 atx = aandu=+1at x = b. We can

rewrite the integral overx in terms of an integral of a transformed function
over the normalized range:

z (b a)?+

bf (x)dx = (wdu; (53)

where

" #
(b au+(b+a)
> :

The function can be expressed in terms of a polynomial expansionun

(u) = f (54)

(u) = au®+ a,ut + au? + i+ a,u™ (55)
The portion of the function represented by the terma,u? has the integral

a,u?du = 2. (56)
1 3

Figure 33 illustrates the condition to nd the optimum points: u; = U
and u, = u+0. The linear approximation for the integral determined by
evaluating the second-order part of (u) at the optimum points (dashed line)
should equal the value of Eq. 56:
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Figure 33: Normalized integral of the second-order part of theinction (u).
Choice of the optimum locations for a two-point linear estimie.

2
2a,u2 = %: (57)

Solving forug in Eq. 57 yields the locations

1 1
u; = —Up, =+ pP—=: 58
1 PE 2 PE (58)

Given (u;) and (uy), the integral of the full function equals the average of
the function values multiplied by the interval width, or:

Z, ) #
D au=2 Ty (59)

In summary, the two-point Gauss-Legendre integration formulgs:

Z
"t (ydx = P S 3

whereW; =1.0, W, = 1.0 and

Wi (ur) + W2 (u2)]; (60)

|
b+a b a b+a b a

(up) = f 5 ?CF:—% ; (ug) = f T"‘ﬁ : (61)

From the previous discussion we know that the approximation iscaurate
to at least order x2. In fact, it is accurate to order x3. Terms proportional
to x3 in Eg. 53 have odd symmetry abouts = 0:0 and therefore make no
contribution to the integral..

The method can be extended tan = 3 or more points in the interval
by expressing (u) in terms of Legendre polynomials. Here we simply quote
the results { References 1 and 2 give a complete discussion. Themalized
integral can be expressed as the summation:
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Table 9: Gauss-Legendre quadrature, optimal positions and \géting

n | Positions, u; | Weights, W; |
1 0.000000 1.000000
2 -0.577350 1.000000
0.577350 1.000000
3 -0.774597 0.555556
0.000000 0.888889
0.774597 0.555556
4 -0.861136 0.347855
-0.339981 0.652145
0.339981 0.652145
0.861136 0.347855
5 -0.906180 0.236927
-0.538469 0.478629
0.000000 0.568889
0.538469 0.478629
0.906180 0.236927
zZ . 50
(UWdu= W (u): (62)

i=1
With n points, Eq. 62 has accuracy to order (2 1). Table tab:gaussquad
lists the optimum positions for evaluation of the functionu; and the weights
W, over the rangen = 1 to 5. This range is su cient for work with nite
elements. As an example, the 3-point normalized integral isvgn by:

Z .,
(u)du = 0:555556 ( 0:774597) +

0:888889 (0:000000) +:0:555556 (0:774597) (63)

Positions and weights for Gauss-Legendre quadrature are tabtéd to 20
signi cant gures up to n = 96 in Reference 3. Reference 4 gives an algorithm
that generates positions and weights for any value of.

An example will illustrate the considerable advantage of Gausshendre
quadrature compare to the trapezoid method. Consider the iagral of (u) =
exp(u) over the range 1 u +1. The analytic result (to 8 signi cant
gures) is exp(l) exp( 1) = 2:3540239. Table 10 shows the accuracy of
the methods for di erent values ofn. The Gauss-Legendre method vyields a
substantial improvement in accuracy with no extra work.
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Table 10: Benchmark comparison of numerical integration miebds

| Points in interval | Error (trapezoid) | Error (gauss) |

1 -14.908%

2 31.305% 0.328%

3 8.198% 0.00272%

4 3.676% 0.000018%
References

1. D.M. Young and R.T. Gregory,A Survey of Numerical

Mathematics, Volume 1  (Dover Publications, New York, 1988), Sect.
7.8.

2. F.B. Hildebrand, Introduction to Numerical Analysis (Dover
Publications, New York, 1987), Sect. 8.5.

3. M. Abramowitz and I.A. Stegun, Handbook of Mathematical
Functions (Dover Publications, New York, 1972), Table 25.4, p. 917.
4. W.H. Press, B.P. Flannery, S.A. Teukolsky and W.T. Vetterling,
Numerical Recipes in FORTRAN (Cambridge University Press,
Cambridge, 1992), Sect. 4.5.

14.2 Normal coordinates of a hexahedron

This section addresses the problem of interpolating quantiten three dimen-
sions over arbitrary hexahedrons. Because a hexahedron hasdempdes, it
is not possible to nd a linear function of the form

(X;y;z) = a+ bx+ cy+ dz; (64)

that equals the values |, at all nodes. Furthermore, a general second-order
function that includes termsxy, yz zx, x?, y? and z? has ten terms. The chal-
lenge of nding the simplest possible interpolation function foan arbitrary
hexahedron is facilitated through the use of normal coordites

Figure 34 shows a hexahedron element with local numbering bitnodes.
The scheme shown is convenient for computer applications basa the binary
form of a node number denotes the relative location of the nedn the element
(Table 11. Consider moving between the element face where rsdave index
(i 1) to the face with indexi. On the average, the displacement is in the
+x direction. The exact direction depends on the hexahedron g and the
position of the displacement in the facet. We de ne a variable that gives
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Figure 34: Hexahedron elementi;(j; k ): global indices and local node num-
bers.

the relative position between facetsi( 1) andi. By convention, u equals
-1 for a point on facet { 1) and equals +1 on facet. Similarly, variable
v designates the position in the element relative to facetg ( 1) andj. ,
while variable w corresponds to the relative position between facet& ( 1)
and k. The quantities u, v and w are called thenormal coordinates of the
hexahedron.

Figure 35 shows a symbolic mapping of the element space betweeatisyh
coordinates §; y; z) and normal coordinates (; v; w). The element is cubic in
normal-coordinate space, and the interpolation function foa cube is simple.
Using the element node numbers of Fig. 34, the interpolation rfigtion in
terms of normal coordinates is

Table 11: Index convention for a hexahedron element

| Bit | Value | Position, index |
0 0 Xan; (I 1)
1 Xup; 1
1 0 Yan: (1)
1 yup;j
2 0 Zgn, (k 1)
1 Zup; K
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Figure 35: Mapping of an arbitrary hexahedron element to a @& in normal-
coordinate space.

X7
(uviw) = N; ;=
i=0
No(u;v;w) o+ Ni(u;viw) 1+ No(ujviw) 2+ Na(u;viw) 3
+ Ny(u;v;w) 4+ Ns(u;v;w) s+ Ng(u;v;w) ¢+ N7z(u;v;w) 7 (65)

The shape functionsN; are given by

No(u;viw)=(1 u)(1 v)(1 w)=8
Na(u;viw) =(1+ u)(1 V)1 w)=§;
No(u;viw) = (1 u)(@+ v)(1 w)=§;
Na(u;v;w) =(1+ u)(1+ v)(1 w)=8;
Nag(uiviw) = (1 u)(1  v)(1+ w)=8;
Ns(u;v;w) =(1+ u)(1 v)(1+ w)=8;
Neg(u;v;w)=(1 u)(1+ v)(1+ w)=8;
N7z(u;v;w) =(1+ u)(1+ v)(1+ w)=8: (66)

It is straightforward to verify that Ng in Eq. 66 equals 1.0 at node 0 (where
u=v=w= 1) and equals 0.0 at all other nodes. SimilarlyN; equals
1.0 at node 1 (whereu = +1, v = w = 1) and 0.0 at the other nodes.
Although the functions of Eq. 66 contain third-order terms oftype uvw, ,
they are calledquasi-linear functions because variations along each of the
normal coordinate directions is linear.
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The same interpolation formula applies to the calculation o$patial po-
sition from normal-coordinate position given the node spatiatoordinates

(Xo; Yo; Zo; ::X7; Y7, 27)

X7

x(u;v;w) = NiX; = No(u;Vv;wW)Xo+ Ni(u;v;w)x, +
i=0

o+ No7(u; v, w)x7:
X7

y(u;v;w) = NiVi = No(u; v;w)yo + Ni(u;v;w)y; +
i=0

i+ No(u; v, w)ye:
X7

z(u;v;w) = Nizi = No(u;Vv;w)zo + Ny(u;v;w)z; +

i+ N7(up v, w)zg: (67)

Equation 67 de nes the transformation (,v,w) ) (x,y,z). In subsequent
expressions for volume integrals, we will use partial derivatis of spatial
coordinates with respect to normal coordinates. For exampleye can nd
the derivative @/ @ from Eq. 67 as:

@x_X . @N.
@u ., @u
The quantity gives the shift x along the spatial coordinatex for a dis-

placement u along the normal coordinateu. Substituting from Eq. 66 and
expanding terms, we nd that

(68)

@xu;v;w) _

o= gl x)d VL Wr(x KLV W)+

(Xs  xa)(1 V)@ +w)+(x7 X)L+ V)(1+ w)] (69)

The derivative involves di erences in thex coordinate of nodes at the four
corners of the { 1) andi facets.

To summarize, the following procedure yields an interpolatevalue of
at position (x;y; z) in a hexahedron element given the node coordinates and
the values ( o;::; 7):

1. Calculate the normal coordinatesy; v; w) corresponding to the position
(x;y; 2).

2. Determine the shape functionsNo; :::;; N;) at (u;v; w).

3. Substitute the values in Eg. 65to nd .

93



The rst step presents an obstacle. We must nd the the transformabn
(x;¥;2) ) (u;v;w), the inverse of Eq. 67. There is also the larger issue of
whether the point (x;y; z) is inside the element to start with. The following
section resolves these problems.

14.3 Real-to-normal coordinate transformation

Transformations from real to normal coordinates of the formxy;z) )
(u; v;w) are critical components in dealing with hexahedron elemen The
operation is more challenging than the transformation from ermal to real
coordinates (Eg. 67). We can see the di culty by expanding tems of the
shape functions. For example

No(uiviw) =(1  u)(1 w2 w)=
1 u v w+uv+uw+ wv uvw: (70)

Equation 70 contains second- and third-order terms. The callation of
(u;v;w) in an element for a given position X;y; z) requires the solution of
a non-linear equation set. The inversion of Eq. 67 gives threguations for
the three unknowns:

X7
Fi(u;v;w) = Ni(u;v;w)x; x=0;
i=0
IX7
Fo(u;v;w) = Nij(u;vsw)y,  y=0;
i=0
IX7
Fa(u;v;w) = Ni(u;v;w)zg  z=0: (71)

i=0

The solution of Egs. 71 can be accomplished with iterative teclques. The
Newton-Raphson method is a reliable and e cient choice for tlsi application.
We shall use the following three-component vector notation fauantities:

>0’ Fl(u V; W) i
u-ﬁv% Fu)= § Fo(u:viw) & (72)
w Fa(u; v;w)
In vector form Eqg. 71 becomes
2 3
0
Fuy=3%0%: (73)

0
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If we make an initial guessug = (Ug; Vo; Wp) for the normal coordinates, the
guantity F(u) generally will not equal the zero vector. We seek an improved
set of valuesu; = ug+ U, where u is a correction vector.

2 3
u
u=93 vi; (74)
w
The improved set of normal coordinates should satisfy the equati:
2 3
0
Fluo+ u)=%0%: (75)
0

We can estimate u by expanding F in a Taylor expansion nearuo and
neglecting second- and higher-order terms:

0
F(uo)+ F(u)) u=905: (76)
0
The derivative matrix in Eq. 76 has the form:
> @5 @ @
@u @v @w
Flug=§ 25 @ @ (77)
@k @ @B
@u @v @w

where the partial derivatives are evaluated atug; vo; Wg). We can express
the derivative matrix in terms of the element shape functionsliscussed in
the previous section:

X' @MNvo; Uo) .

F11(uo) = . @u
_ X @Nuo;Wo) _ |
Pl = = 2R
7 .
Faa(ug) = o), 79)

i=0 @W

Equation 78 leads to the following estimate for the normal-@vdinate cor-
rection:
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u= F(up) * F(uo) (79)

The following procedure gives an improved estimate of normabordinates
(ug; v1; wy) for the point (x;y; z) given an initial guess (lo; Vo; Wo):

1. Calculate numerical values for the nine terms of the degative matrix
F at (uo; Vo; Wo) using the expressions of Egs. 66 and 67.

2. Invert the matrixto nd F 1.

3. Calculate the termsF; F;; F3; of the function vector F at (ug; Vo; Wo)
using Eq. 67.

4. Multiply the negative-inverse of the derivative matrix - F ! times the
function vector F to nd  u.

5. Add the correction to nd a new valueu; = ug + U.

The process can be repeated for several iterations to improveetaccuracy
of the estimate.

The normal coordinate transformation is useful to check wheé#r a point
is inside an arbitrary hexahedron element. The coordinate ansformation
is applied for a location &;y;z) and set of node coordinatesx(;y;; z) for
the test element. The point is inside the element if: 1) the NewteRaphson
procedure convergences and 2) the resulting normal coordies are in the
range:

1 u +1; 1 v +1; 1 w +1: (80)

14.4 Volume integrals of hexahedron elements

The mathematical methods introduced in the previous sectiegncan be ap-
plied to a practical routine to calculate the volume and surfee area of a
hexahedron element. The method can be extended to weightedegrals to
calculate the volume or to calculate physical integrals on thmesh. The
goal is to nd the volume of an arbitrary hexahedron with speced nodes
(Fig. 34). It is most convenient to carry out to integration in normal co-
ordinates. Therefore, we need to determine the spatial volumeV that

corresponds to a volume element in normal coordinate space,y v w).

The approach is to nd the vectors in physical space that corregmd to small

displacements parallel to the normal coordinates. For exanmgla displace-
ment u at position (u,v,w) corresponds to following vector in real spze:
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X z

= @, .0y @

@u @u @u

The quantitiesuy, uy and u, are unit vectors along the spatial directions. We
can nd values for the partial derivations at (u;v;w) from by relationships

like Eq. 69. Vectors corresponding to displacementsv and w are given
by

u, u (81)

_ @y @z .
e e e, Vv (62)

_ @x @y @z .
Vi @Nux @Nuy @Nuz W: (83)

The volume of a small hexahedron de ned by the vectorg,, v, and vy, is
given by
V = (v, (84)

Substituting from Egs. 81, 82 and 83 and carrying out the cross dndot
products, we nd that:

Vy) V.

V=(vy Vy) Vy=

@@@x @W@W@x @@@y

@@V @@WBW @AW
@@y, @Q@Y07 @@Y@z

@uw @UWW@wW Q@\WQUAW

The set of six terms on the right-hand side of Eqg. 85 is equal to thaeter-
minant of the following matrix:

(85)

2 @x ay @3
@u @u @u
= @x @y @z7.
Js = E @v @v @v % :
@x @y @z
@w @w @w

The quantity Js is called the three-dimensionalacobian matrix The real
volume element corresponding to a box with normal-coordinatdimensions
u, vand w at position (u;v;w) may be written simply as
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V =det(J3) u v w (86)

The partial-derivative components ofl; are evaluated at (1; v; w).

We now have all components for the volume integral of a hexadren ele-
ment. The integral is taken over the range of normal coordines ( 1 u
+1;:::) which corresponds to the range of the normalized Gauss-Legead
integral discussed in Sect. 14.1. As a preliminary, we need to a&e the
number of evaluation points along each and set up arrays of tHfanction
evaluation positionsGX(l) and weighting GW(I). For a three point integra-
tion, the arrays have the values:

GX(1) = -0.774597, GX(2) = 0.000000, GX(3) = 0.774597\\
GW(1) = 0.555556, GW(2) = 0.888888, GW(3) = 0.555556

To carry out the integral, de ne the elements node positionsx(;y;; z)
and perform following loop

ElemVolume = 0.0

DO KK=1,NGauss ! Loop over w
DO JJ=1,NGauss I Loop over v
DO II=1,NGauss I Loop over u

CheckDet = DetJ3(GX(I),GX(JJ),GX(KK))
dvol = GW(I)*GW(JJ)*GW(KK)*CheckDet
ElemVolume = ElemVolume + dVol
END DO\
END DOW
END DO

The subroutine DetJ3 returns the determinant of the Jacobian matrix at

position (u;v;w) based on the coordinates of the element nodes. Uses ex-
pressions of the form of Eq. 68 to evaluate the nine partial deatives.
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analysis
data le, 38, 56
in slice, 51
script, 38

batch le, 71
binary le number format, 13, 19

calculated quantities
special, 29
standard variables, 28
command line, 70
complex number, 34
amplitude, 35
at reference phase, 35
gradients, 36
in output le, 34
phase, 35
con guration command
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FileSu x, 23
Manual name, 40
ManualName, 23
NRecord, 23
PlaneDisplay, 23
ProgramName, 21
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SliceDisplay, 23
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VectorDisplay, 24
WebSiteURL, 23, 40
con guration le, 21
calculated quantities, 26
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interpolation section, 31
loading, 40
order of quantities, 32
parameter types, 25
region quantities, 24
sections, 21

stored quantities, 24
structure, 21

surface section, 31, 33
vector section, 31
volume section, 31, 33

conformal mesh, 76
coupled linear equations, 74

de nition

developer, 6
element, 7, 8
facet, 7
node, 7
package, 6
program, 6
user, 6

derivative of scan, 58
developer output le, 14

binary format, 19

element versus region quantities,
24

length units, 14

region quantities, 18, 24

sections, 15

stored quantities, 18, 24

text format, 15

developer solution program, 6
divergence theorem, 80

element, 8

bounding an element, 11
de nition, 78
hexahedron, 85, 90
guantity in output le, 24
volume integrals, 96
weight functions, 79, 92

export plots, 54

FE Builder
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program components, 5 Values to clipboard, 57

FEVision, 6 Vertical limits, 56
batch le control, 71 FEVision script command
con guration le, 21 Con guration, 72
script control, 70 GenScan, 72

FEVision analysis command Input, 71
Line scan, 41 Interpolation, 73
LSQ/linear interpolation, 45 Matrix, 73
Matrix le, 42 NScan, 73
Number of scan points, 45 Output, 72
Point calculation, 41 Point, 72
Real-time parameters, 45 Scan, 72
Set scan quantity, 45 Surfacelnt, 73
Surface integrals, 42 Volumelnt, 73
Volume integrals, 42 FEVision slice plot command

FEVision le command Copy to clipboard, 54
About, 40 Default printer, 54
Close data le, 38 Expand view, 49
Create script, 38, 70 Global view, 49
Edit data le, 38 Grid intervals, 51
Edit le, 38 Line scan, 52
Edit script, 38, 70 Number of contours, 51
Instruction manual, 40 Number of scan points, 52
Load con guration le, 40 Pan, 49
Load solution le, 37 Plot le, 54
Open data le, 38 Plot limits, 50
Run script, 38, 70 Plot quantity, 50
Solution le information, 37 Point calculation, 51
Website, 40 Remove vectors, 53

FEVision plane plot command Reset to default, 50
Plot limits, 62 Scan quantity, 52
Plot quantity, 62 Slice normal axis, 48
Plot style, 61 Slice plane properties, 47
Resolution, 62 Slice plot style, 49
Rotate view, 62 Snap distance, 51
Set plane, 61 Toggle grid, 50

FEVision scan plot command Toggle snap, 51
Derivative, 58 Vector arrows, 53
Grid intervals, 56 Vector lines, 53
Integral, 58 Vector probe, 52
Symbol display, 56 Vector quantity, 54
Toggle grid, 56 Zoom in, 49
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Zoom window, 48
FEVision surface plot command
Center view, 65
Cutplanes, 67
Displayed regions, 67
Plot limits, 66
Plot style, 65
Plotted quantity, 66
Record vector lines, 68
Restored default view, 64
Surface view, 64
Vector lines, 68
Vector quantity, 69
nite-element method, 74, 83
natural boundary condition, 82

Galerkin method, 80
Gauss-Legendre quadrature, 88
Geometer, 5

gradient operators, 29

grid control, 51

hexahedron, 9, 85, 90
volume integrals, 96

integral of scan, 58
internal editor, 38
interpolation function
element, 90
interpolation function, element, 80
interpolation method, 41, 45

Jacobian matrix, 97

length units, 14
conversion factor, 14
standard, 14

mesh
conformal, 8, 76
foundation, 9
generation, 76
indices, 9
logical, 9

regular, 8, 76

structured, 9

unstructured, 9
mesh de nition le, 8
mesh generator, 4
MetaMesh, 6, 8

indices, 9

output le format, 12

names of quantities, rules, 31, 33
Neumann boundary, 82
Newton-Raphson method, 94
node, 10

bounding an element, 10

de nition, 74

equations, 83

guantity in output le, 24
normal coordinates, 87, 90

conversion, 93, 94

in volume integrals, 96
number of recorded quantities, 23
numerical integration, 85

Gauss-Legendre quadrature, 86

trapezoid rule, 85

oscilloscope mode, 57

parameter types, 25
partial di erential equations
numerical solution, 74
phasor representation, 34
postprocessor, 4, 76
program parameter, 25

guantities
order, 32
vector, 32

real-time parameter, 25, 45
region, 11

guantities, 24
reverse Polish notation, 26
rpn

binary operators, 27
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parsing rules, 27
run parameter, 25

scan plot

de nition, 59

guantity, 45

rotate plane, 60

running, 55

set plane, 60
script control, 70
slice plane settings, 47
slice plot

de nition, 46

menu, 46

window organization, 47
slice plot styles, 49
snap mode, 51
solution volume, 9

standard length conversions, 14

structured mesh
characteristics, 9
indices, 9
surface integral, 33
surface plot
de nition, 64

text data line format, 13, 15

vector tools, 52, 68
view control, 3D, 64
volume integral, 33

weighted-minimume-residual, 77, 80
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