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I PREFACE

This report contains the specifications
for a new data generation capability for
three-dimensional solid finite elements
wh ich will be implemented in the near
future . This capability is expected to be
included in the STAGING fin ite element
ana lys is package be ing developed jointly by
the Navy and the Air Force. In order to

provide a capability that will be useful to

as wide a commun ity as possib le , we are now
soliciting comments and sugges tions from all
interested parties.
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ABSTRACT

S p e c if i c a tions are given f o r  the implementation
of a solid finite element data generation capability
that uses geometric information obtained from a
geometry processing program called G-PRIME . A pro-
posed user d ef i n ition f ormat is described ; the
charac teris tics of f i n ite element models tha t could
be generated with this capability are discussed , and
two s amp le problems are presen ted to i l lus tra te the
proposed technique .

INTROD UCTION

It is the intent of this effort to construct a set of

programs for generating finite element models of three-

dimensional solid structures , e.g., those manuf ac tured by
processes such as casting, forg ing , and turning . We plan to

accomplish this by interfacing two existing pieces of computer

software : SOLIDGEN and G-PRIME .
SOLIDGEN is a da ta gener ation progr am f o r  gener ating

three-dimensional solid finite element models. The SOLIDGEN
approach is to map a structure onto a three-dimensional array

of cells known as “ zones ,” with each zone subdivided into brick-
shaped finite elements. The G-PRIME package has facilities
for defining a wi ~e variety of surfaces through its own geo-
metric language . We plan to integrate these two capabilities
by using G-PRIME surfaces as the faces of the zones used by
SOLIDGEN. The surfaces defined by the G-PRIME geometric
language will be identified by symbolic names. The proposed -

data generator , an upda ted and augmented vers ion of  SOLI DGEN ,
will assume that those surfaces reside in a G-PRIME data base
and can be retrieved from the data base by referencing the

• symbolic names.

A complete listing of references is given on page 11.
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The us er of  this proposed capabi lity wi ll spec if y  which
zones in the three-dimensional array are to be used for the
model, the type of  elements to be genera ted , and the name s of
G-PRIME surfaces to be associated with the faces of the zones.

From this information the program will generate a finite

element model which includes all the element and grid point

definitions necessary for finite element analysis .

The scope of the application of the data generator

described in this report is quite broad . With imagination on

4 the part of the user , a wide variety of solid structural

shapes can be handled. While simple shapes usually suggest

one rather obvious modeling , the more complex shapes tend to

be amenable to a number of different modelings. In general ,
the advantages of automatic generation over manual generation

will increase with the complexity of the structural shape .

However , there are cases when automatic generation coupled
with a small amount of manual generation will greatly simplify

the modeling of a complex problem.
The concepts described in this report are intended to

serve as speci f ica t ions  for  future work. We would , therefore ,
welcome suggestions from potential users of this data
generator.

DEFINING THE STRUC TURAL MODEL

A method for defining structural models is described

below . The basic building block for the model is the “zone ,”
a volume which is bounded by six faces. To create a model the

user must visualize a subdivision of his structure into zones

in a manner simi lar to tha t used to manual ly crea te a f i nite

j  

element model. Since G-PRIME surfaces are used to describe

the zone f a c e s , the shape of each zone can be very general.
The zones are related to one another by the network of “key

2
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* ref e renc e surf aces ,” which are formed from the zone faces .

When the user has obtained a satisfactory subdivision of his
structure into zones , the key ref erenc e su rf aces  can be
identified by following a straightforward procedure .

DEFINITIONS OF KEY REFERENCE SURFACES AND ZONES
Cons ider a network of inter secting su rf aces  which f orm ce lls ,

• each of which is bounded by six surfaces. The surfaces are
called “key reference surfaces” ; the cells are called “zones”.
The key reference surfaces are grouped into three families:
key ct-reference surfaces , key B - r ef erenc e su rf ac es , and key
y-reference surfaces. Two key reference surfaces in the same
family are said to be “adjacent” if , within the bounds of the
structural model being defined , no key reference surfaces
from the same family intervene (i.e., a path exists from any
point on one of the surfaces to any point on the other surface
without crossing a third key reference surface in the same
family). In each zone two opposing faces belong to the key
ct-reference surface family and are adjacent , two more opposing
faces belong to the key B-reference surface family and are
adjacent , and the remaining opposing faces belong to the key
y-reference surface family and are adjacent .

In each family the key reference surfaces are numbered
with consecutive integers , starting with 1; adjacent key
reference surfaces are labeled consecutively .

The zones (considered collectively) form the structural
model and , when subdivided by the data generator into finite
elements , yield the desired modeling .

Some examples of key reference surfaces and zones for
structural models are shown in Figures 1 and 2.

REQUIRED PROPERTIES FOR KEY REFERENC E SURFACES
The f o llowing two re quir ements , which must be met within

the bounds of the desired structural model , assure that the
structural model does not present unresolvable ambiguities to

3
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Figure la — Object to be Modeled

—KEY a REFERENCE
__________ SURFACE 3

KEY a-REFERENCE---——.... .~~ / ZONE 3
SURFACE 2 / ~~ — K EY 7-REFERENCE

SURFACE 2 (HIDDEN)

~~ — KEY a-REFERENCE
SURFACE 3

ZONE 1 ZONE 2

KEY 7-REFERENCE
SURFACE I

KEY a-REFERENCE ZONE 3SURFACE 2

/ 
~~~1ZONE 1 ZONE 2

• KEY a~REFERENCE — ~~
SURFACE 1 - .

KEY ~.REFERENCE

Figure lb — Object with Zones and Key Reference
Surfaces Shown

• Figure 1 - Example A of Zones and Key Reference Surfaces
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Figure 2a — Object to be Modeled
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KEY a-REFERENCE KEY c-REFERENCE
SURFACE 1 SURFACE 1 =

KEY a-REFERENCE
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Figure 2b — Object with Zones and Key Reference
Surfaces Shown

Figure 2 — Example B of Zones and Key Reference Surfaces
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the data generator :
- In any coi~bina tion of  key ref e rence  su rf ace s which

contains one surface from each family , the three surfaces must
intersect at only one point.

The specif icat ion of a zone must be unique , that is ,
if a pair of adjacent  key c t - reference  surfaces , a pair of
adjacent  key B-reference surfaces , and a pair  of adjacent  key
y— r e f e r e n c e  surfaces are given , they must designate only one
zone.

To insure that an acceptable f i n i t e  element model wi l l  be
generated a th i rd  requirement  is imposed :

• No two key reference surfaces in the same fami ly
may in tersec t  wi th in  the in ter ior  of the s t ruc tu ra l  model .

While th is  requirement  excludes overlapp ing zones and
zone s wi th  zero volume , it does not exclude cases in which
two key reference  surfaces  in the same fami ly  in tersect  on
the surface of the s t ruc tura l  model .  Such cases do arise wi th
wedge-shaped zones , i. e • ,  zones for which two edges coincide .

USER S P E C I F I C A T I O N  OF KEY REFERENCE SURFACES AND ZONES

Sometime s a key reference surface may be described simply
by associating it with a G-PRIME surface. When this is not
possible , the key reference surface must be specif ied in pa r t s .
In order to speci fy  part  of a key reference surface , the user
must  specify  that  cer ta in  zone faces , each of which belongs to
that key reference surface , be represented by a G-PRIME sur-
face. Each of these zone faces is specified by identifying
the zone to which it belongs. (Two zones may be identified if
the zone face belongs to two occupied zones . )  The zones may
be specified individually or in groups. If the user finds it
convenient to specify  a number of zones by naming a group
which includes some zones which have no faces belong ing to the

key reference surface , such zones wil l  be automat ical ly
ignored.

6
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The user mus t sp e c i f y which zones are to be used f o r  the
s truc tur al model by dec lar ing blocks of  zones to ei ther be
occupied (used for structural model) or vacant (not used). For

ref erence  purposes the user wil l be required to labe l the
occup ied zones with positive integers .

SOME G U I D E L I N E S  FOR CHOOSING KEY RE FERENCE SURFACES
The first step the user must take in the modeling of

his structure is to visualize and define three families of key

reference surfaces which subdivide his model into zones .

Althoug h there is no wel l -def ined pr ocedure for do ing this ,
the user should try to visualize how his structure could be

subdivided into volumes ( zones ) ,  each of wh ich is bounded by
six surfaces (zone faces).

Once the user has determined how his model is to be
subdivided into zones , he may arbitrarily choose the way in
which the surfaces bounding the zones are to constitute the

three famil ies  of key reference surfaces. He may do this , f o r
example , by looki n g at one zone and designating pairs of
opposing faces to be members of the three respective families
of key reference surfaces. The pattern established for that

zone would hold for adjacent zones and, hence , for the entire

model.
The surfaces used to describe key reference surfaces (or

zone faces , which are parts  of key reference surfaces) will
fa l l  into two categories:

(1) those which lie on the model’s surface , and
(2) those which (except possibly f or zone edges,

which are boundaries of zone faces) lie within
the interior of the model.

While the f irs t ca tegory occurs “naturally” as par t of the
model’s surface , the second category consists of surfaces whose

~~~~~ 

- - sole purpose is to help subdivide the model into zones.
Examp les of  su rf aces  in the second ca tegory occur in each of
the sample problems in the Appendix .

7
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THE GENERATED FINITE ELEMENT MODEL

The finite element model generated by SOLIDGEN may either
be stored in the G—PRIME data base for visual verification and
editing or sent directly to a file and analyzed by a finite
element structural analysis program . —

THE ROLE OF REFERENCE SURFACES
The generated model contains two kinds of “ref erence

surfaces” : key ref e rence  su rf a c e s and inter ior ref erence
surfaces. The key reference surfaces have already been
described. The purpose of interior reference surfaces is to
subdivide the zones into the desired generated isoparametric
brick elements. There is a set of interior reference surfaces
f or each pair of adjacent key reference surfaces in a family.
Both kinds of reference surfaces run through the model (i.e.,
they cross zone boundaries), assuring the compatibility of the
generated isoparametric brick elements at the interfaces of the
zones. The key reference surfaces must be specified by the
us er , but the interior reference surfaces are created by
SOLIDGEN. The user is required to specify only the number of
interior reference surfaces that lie between each two adjacent
key reference surfaces in the same family.

GENE RAT E D E L EMENTS AND GEN E RATED GR I D PO I NTS

The subdivision of each zone is accomplished by using a
method of  Zi enk iewicz . 2

The generated elements produced by subdivision of the
zones are brick elements. The user must specify the type of
brick elements to be used; that is , he must specify the number
of midside nodes to be used along the edges of the generated
elements. (An example of a br ick elemen t is shown in
Figure 3.) This specification consists of three integers that
indica te the number of  mids ide nodes f o r

(1) the four edges that run between ct-reference
su rf aces ,

8
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• CORNER NODE

o MIDSIDE NODE

Figure 3 - Example of Brick Element

(2) the four edges that run between B-reference

surfaces , and
(3) the four edges that run between y-reference

surfaces.
The specification applies to the entire model. Individual

elements are identified in terms of their respective bounding
reference surfaces.

The coordinates of the generated gr id points are
determined as part of the process of subdividing the zones.
To compensate for differences which might arise between the
exter ior  surfaces of the structural model as defined by the
user and the corresponding surfaces as produced by the solid

element generator , the coordinates of all the generated

exterior grid points will be modified so that the points lie

precisely on the user-defined exterior surfaces .



CONSIDERATIONS FOR THE IMPLEMENTATION

Two samp le prob lems which il lus tra te the concep ts of
model definition may be found in the Appendix . These sample

problems are intended to illustrate typical procedures; we
are , therefore , open to suggestions .

In  add it ion to the de ta ils re lated f o r  the sample problems
in the Appendix , the f o l lowing inf orma tion mus t be spec if ied
by the user bef o re  the struc tural model can be genera ted:  

—

(1) the number of interior reference surfaces to be
genera ted be tween each two ad jacen t key r ef e r e nce surf aces
(which controls the spacing of the generated elements) ; and

(2) the type of element to be generated , which is
given by specifying the number of midside nodes in each
direction on the generated brick elements.

In addition , other information of a non-geometric nature
(e.g., material properties) may be required by the finite
element structural analysis program being used to analyze the
generated model.

Although not essential to the generation of data , the
following features should prove to be helpful :

(1) Graphical display of various entities in various
modes , as follows :

Entities Modes
key reference surfaces true shape
interior reference surfaces topological model
g r id points one zone at a time
zone defining points cross-sections taken at key
generated brick elements reference surfaces - two

zones , occupied and vacant possible directions
disp la y only visible par ts
(hidden-line removal)

10
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(2) A “restart” capabili ty , that is , a capabili ty f o r
permitting the user to rerun his problem with small changes

without having to repeat the specification of the entire

problem .

CONCLUSION

The solid element data generation capability specified
in this repor t should y ield the usua l adv antages of  au tomatic
data generation : elimination of tedious and repetitious labor

and elimination of human error . The power of the SOLIDGEN

data generator will be combined with the versatility of the
G-PRIME surface definition capability .
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APPENDIX - SAMPLE PROBLEMS

The two sample problems included here illustrate a
proposed method for specifying a problem to the data generator .
Each problem is presen ted by means of  a “script” which might
occur at a conversational terminal . At various points in the
script , sugges tions are of f e r e d  f o r  the use of  interac tive
graphical aids to the specification of these sample problems .

SAMPLE PROBLEM 1
Fi gure 4 shows two or thograph ic views of a globe va lve ,

of which only the housing (stationary part) is to be modeled.
Since there are three p lanes of  symmetry (see Figure  4) ,
one-e ighth of the valve is sufficient for the structural
modeling and analysis. Before he can describe the modeling
of  his object in terms of  key ref e renc e su rf a c e s  and zones ,
the user must visualize his object as being subdivided into
zones which are bounded by a consistently defined set of key
reference surfaces. This process does not lend itself to any
algorithm (specific procedure) and will usually require
cons iderab le thoug ht. The following details of this sample
problem are based on the assumption that the user has gone
through that process. Figure 5 shows how one-eighth of the
valve would app ear and also shows some surf aces  which will be
used for the structural modeling . For example , S2 is a
spherical su rf ace  used to descr ibe mos t of  the inter ior of  the
globe valve housing . Note that Sl4, a p lane which passes
through the intersection of SlO and Sll , he lps subd ivide the
mode l into zones and was crea ted sole ly for that purpose.

• Having visualized his model , the user must f irs t def ine  it
topologically; that is , he mus t

(1)  spec if y  the number of  key ref erence  su rf ac es in
each of the three directions ;

= 
( 2 )  s p e c if y  which zones in the ne twork of  key

12 

- — - -—— - 
• • % _ ~. 

-•---•- — -- —-_ _ _ _   

-
~~ 

~

- — --- •—-- - - --——--• ——-————--- -—--•~-—— — --—• - ---—- •-- • •- - --—— ---—.—•———------ -- •—•- .—--- - •-——~~- ——-~-—‘~— •- - -.——•— - • •-—-- -.--—~ - ___________



_________________________ —-------- - -.----- -— -- .—• .--

~~

-- ---V--
-

I>.

_ _  ~~~~~~~~~~1 \ _ _

\\‘~ I / 
_ _ _

~

lr

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I 

~~~ _ 
_  _ _ _



-- --~~~~~~

$8 (CYLINDRICAL)

$4
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Figure 5 — Isometric View of One—Eighth of Globe Valve ,
Sample Problem 1
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I
reference surfaces are occupied (used for the structural

model) ;  and
( 3) label (ass ign a number to) each occupied zone.

This process could be performed at an interactive terminal.

The following dialogue is an example of how this might take

p lace:

Computer Prompt: Specify number of key ct-reference surfaces ,

number of key 8-reference surfaces, and
number of key y-reference surfaces.

User En try:  4, 5, 2

Compu ter Promp t: Ho w many zones are occup ied?
User Entry:  8
Computer Prompt: Give the locations of the 8 occupied zones

by spec if y ing the lower-numbered bounding
key reference surface in each direction .

User En try :  Z 1,3,l , 1
Z2 ,2 ,l ,l
Z3 , l , l , l
Z4,l ,2,l

- Z5 ,l, 3 ,l
Z6,l ,4,1
Z7,2,4,l
Z8,3,2,l

Spec ifying which zones are occupied and labeling the
zones may also be done graphical ly ,  as shown in Figure 6.
No te tha t in Figure 6, which shows only the topological pro-

per ties of  the struc tural mode l , the key ref erence  surf aces
are shown schematically. A drawing of the type shown in

Figure 6 can also help the user to visualize his problem . For

models with more than one layer of zones in the y-direction , a

similar procedure may be used f o r  each la yer of  zones tha t
lies between two adjacent key i-reference surfaces.
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Figure 6 — Graphical Method for Specifying Occupied Zones,
Sample Problem 1
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Once the topo logica l mode l has been s p e c if i e d , the user
must describe the key reference surfaces.

Computer Prompt : Please describe the key reference surfaces.
Start with the key ct-reference surfaces.

Please s p e c if y  the surf ace  number , the
G-PRIME su rf ace , and the zone s f o r  which this
surface definition is to hold.

User Entry: 1,S2 ,ALL
2,Sl,ALL
3,S13,l ,8,2

3,S4,7
4,Sl2 ,ALL
DONE

Computer Prompt: Please go on to the key 8-reference surfaces.

User Entry : l ,S7,ALL
2,S6,ALL
3,S8,8
3,Sl4,4,5
4,S3 ,ALL
5,S5,ALL
DONE

Computer Prompt: Please go on to the key y-reference surfaces.

User En try : l ,Sll ,8,l,2,3,4
l,Sl0 ,5,6,7 =

2,S9 ,ALL
DONE
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SAMPLE PROBLEM 2
Figure 7 shows two orthographic views of a machine part.

S ince there are two pl anes of  s ymmetry (see Figure 7) ,  one-

fourth of the part is sufficient for the structural modeling
and analysis. Figure 7 also shows some surfaces which will
be used for the structural modeling , i.e., f o r  d ef ining the
key reference surfaces; these surfaces are described in
Table 1. Note that the sole purpose of Sll (See Table 1) is
to help subdivide the model into zones.

The user must first define his structural model topolog-

ically:
(1) specify the number of key reference surfaces in

each of the three directions ;
(2) specify which zones in the ne twork of  key ref erence

surfaces are occupied (used for the structural model); and
(3) label (assign a number to) each occupied zone .

Computer Prompt: Specify number of key ct-reference surfaces ,
number of key B-reference surfaces , and
number of key y-reference surfaces

User En try : 4, 4, 3
Computer Prompt: How many zones are occupied?
User Entry : 13
Computer Prompt: Give the locations of the 13 occupied zones

by specifying the lower-numbered bounding
key reference surface in each direction .

User Entry: Zl ,l,l,l Z9,2,2,2 —

Z2 ,2,l ,l ZlO ,3,2,2
Z3 ,3,l ,l Zll ,l,3,2 - -

Z4,3,2,l Z l 2 ,2,3,2
Z 5 ,1,l,2 Zl3 ,3,3,2
Z6,2,l ,2
Z7 ,3,l,2
Z8,l,2,2
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Figure 7 — Two Orthographic Views of Object for Sample Problem 2
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TABLE 1 - SURFACES USED FOR D E S C R I B I N G  KEY REFERENCE
SURFACES , SAMPLE PROBLEM 2

Surf ace  Descr iption
Si Hor izonta l plane
S2 Horizontal plane
S3 Hor izontal pl ane
S4 Horizontal plane
S 5 Vertica l p lane; a p lane of

symmetry
S6 Vertical plane ; a plane of

symmetr y
S7 Circular cylinder
S8 Circu lar cylinder
S9 Combination of vertical planes

and 90° segments of circular
cy linders

SlO Vertical plane
Sll Vertical plane ; a surface used

only for subdividing model
into zones

Specifying which zones are occupied and labeling the
zones may also be done graphically, as shown in Figure 8.

The user must now describe the key reference surfaces.

Computer Prompt: Please describe the key reference surfaces.
Start with the key ct-reference surfaces .
Please specify the surface number , the
G-PRIME surface , and the zones for which
this surface definition is to hold.

User Entry: 1,S6,ALL
2,Sll ,ALL
3,S10,ALL
4,S6,ALL
DONE

__________ - 
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Computer Prompt : Please go on to the key 8-reference surfaces.

User Entry: l,Sl ,ALL
2,S2 ,ALL
3,S4,ALL
4,S3,ALL
DONE

Computer Prompt: Please go on to the key y-reference surfaces.
User Entry: 1,S9,l

l,S5 ,ALL EXCE PT 1
2,S7,ALL
3,S8,ALL
DONE
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Figure 8 — Graphical Method for Specifying Occupied
Zones, Sample Problem 2
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