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ABSTRACT

Many engineering systems are characterized by a physical behavior that to a large extent is
determined by complex interactions between subsystems. FE modeling and simulation of the
physical behavior of complex systems is enabled by methods and technologies that allow
subsystems to be modeled independently of other subsystems, and where systems models can
be aggregated from a set of submodels, that that may be defined at various levels of
abstraction, i.e. detailed, coarse, and condensed superelements. A method to attach pairs of
nodally incompatible submodels is presented in this paper. A major benefit of the approach is
that FE submodels and superel ements are treated with the same formalism. The essence of the
approach starts by first establishing a master-slave relation between sets of nodes on mating
faces, followed by a Delaunay triangulation of the selected master node set, and finally a step
where each dlave nodal degree of freedom (DOF) is mapped to the DOFs of the three most
appropriate master nodes. The method is robust and it has been developed as a support tool for
FE modeling and simulation of multiphysics behavior of complex systems. It has been
implemented in the general purpose FE software ANSY S as amacro library.

INTRODUCTION

Figure 1. Two mating faces form a complex Relational object, i.e. an Interface.

A system can be defined as afinite set of subsystems, attributes, and relations. A subsystem is
recursively defined as a system. Subsystems interact at common interfaces, where an interface
isapair of mating faces. Consider the geometric domains Q; and Q; of the two subsystemsin
figure 1. A unique region, aface, on each body, "1 and I', respectively, have a mating relation.
The geometric face object I'; and other relevant attributes can be viewed as a relational object
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R. The two relational objeds with mating faces I'; and I'; can be viewed as a complex
relational objecR;, i.e. an interface.

Material and shape ae the major attributes that define the physicd behavior of a single body.
The physicd behavior of amulti-body system is determined by the properties of the individua
bodes, the interbody relationship, and the relationship between the bodes and the
environment. It must be kept in mind that behavior is unique for eat type of physics domain
(e.g., mechanicd, thermal, eledricad, magnetic). Roy and Liu (1988 stated that there ae three
basic types of mating relations between engineaing objeds - rigid attachment, constraint, and
contact. A rigid attachment, or attachment for short, relationship permits no relative motion
between the mating faces. A constraint relationship constrains the physicd behavior at one
faceto the behavior at the other mating face A contad relationship permits separation and a
relative sliding motion but no penetration between the two mating faces.

The finite dement (FE) method is a genera tod for numericd modeling and simulation d
physicd behavior of bodes with arbitrary shape. The geometric shape forms the basis for
defining a FE mesh. There ae many algorithms avail able that are cgable of automaticdly or
semi-automaticaly meshing general 2D and 3 geometric domains. Most of the dgorithms
are variants of the following five methods - mapping transformation, geometric
decomposition, noek insertion and conredion, regular grid owerlay, and paving or advancing
front techniques (Saxena @ al., 1995. Automatic meshing, with an associative one-to-many
relation between the geometric model and the FE model, is a crner stone in any integrated
CAD/CAE system.

A numericd model that is cgpable of describing the physicd behavior of an engineaing
system is usually very large. Condensation d the full set of DOFs to a reduced set, as first
propacsed by Guyan (1965 and Irons (1965), is a standard method to enable the simulation d
large systems. Condensation introduces me arors in the numericad model. Automatic
seledion d a spedfied number of interna master DOFs for dynamic models, as defined by
Henshell and Ong (1975, is a standard tod in most FE systems. Thomas (1982 defined a
priori error bounds for the mmputed eigenvalues. Tedhniques that enables efficient cougding
of independently modeled subsystems have not receved the same dtention as condensation.
Efficient systems modeling requires treament of a mixture of condensed and "full” FE
models of subsystems and relationships between them. A method to attadh independently
discretized FE submodels in order to suppat efficient FE modeling of complex systems is
presented in this paper. It has been implemented as a maao library in the commercial FE
software ANSYS 5.2 from ANSYS Inc.

THE SELECTED METHOD FOR SUBMODEL ATTACHMENT

In the FE method, mating relationships can be treaed as relationships between discrete nodal
DOFs that are located ontwo dfferent bodes. Two related damains that are individualy
discretized, i.e. two submodels, are ather noddlly compatible or incompatible & the interface
Nodaly compatible faces are eaily attached by merging nodes. Nodally incompatible
submodels on the other hand can be atacdhed to ead ather with sets of multi-point constraint
(MPC) equations or with speda purpose interface éements. Any approach to attach
submodels that relies on the existence of nodally compatible faces requires complex mesh
transiti oning, which makes modeling of the various subsystems highly interdependent. Severa
commercia FE software have caabilities to cougde DOFs at slave boundries to master
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boundxries of nodally incompatible subdamains, e.g. Schadfer (1979 and Kohnke (1994.
Aminpou et a. (1995 presented a ancept to coude nodally incompatible 2D finite dement
models by introducing pseudo noas onthe interface ad formulating interface éements based
onahybrid variational formulation. This approach ensures an excdlent compatibility between
the solution fields in the two subdamains, and it isthus ided for ”breg-out” modeling, where
a general desire is to ke the required detailed region as snall as possble. In systems
modeling, the size of the overall system is of a grea concen. A concept that alows
independently modeled regions to be omuded and that also reduces the number of DOFs at the
mating faces has thus significant advantages.
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Figure 2. Logic for identifying and constraining slave DOFs.

The presented concept is based ona sequence of adivities that includes pairing of the mating
faces, an implicit seledion o the master and dave reation at ead interface Delaunay
triangulation d the master node set in ead interface and finally couding of eat slave DOF
to a triangular set of master DOFs with an MPC equation. The master and slave sets in ead
complex relation are seleded automaticdly, based on the properties of the adual
discretization d the two related faces. The 3D agorithm for attaching the DOFs at an
interface is briefly shown in figure 2.

For the cae when two mating faces are geometricaly compatible, e.g. M4 and 24 in figure 3,

the more densely discretized faceis sleded as the dave facein the relationship. When the
faces are geometricdly incompatible, the master-slave seledion is chosen to be the one that

99



creates the largest number of constraint equations. The actual discretization of the two mating
faces "5 and M5 in figure 3 requires that face I 15 be chosen as the master face, even though
it has more nodes than face I ;. With 15 as master the coupling would be hinged in the
mechanical domain, i.e. only three constraint equations for the tranglationa DOFs of the
central node of face IN'1g. The chosen approach is to triangularize both faces, count the total
number of constraint equations for both combinations, and based on that result keep the best
solution. The automatic master-slave selection, which is the default method, is herein referred
to as implicit mating. An optional method to explicitly define the master and slave objects,
where the first face given in the relationship is treated as the master face, has aso been
implemented. Quiroz and Beckers (1995) proposed that in a mating situation like this, the
constraints from the side of the interface with the fewer DOFs should be dlightly relaxed.
Relaxation has not been implemented in the presented method.

] Interface
o Master node
. Slave node

Figure 3. Master-slave relationship between geometrically compatible/incompatible faces.
TRIANGULATION

The first early implementations of triangulation algorithms were usually intended for
contouring or surface generation. Triangulation of a given set of points was discussed by
Green and Sibson (1978). A Delaunay triangle has the property that no point fals in the
interior of the circumcircle of the triangle, i.e. the circle that passes through all three vertices.
In 3D, the circumcircle is simply replaced by a circumsphere. The uniqueness of the Delaunay
triangulation was proved by Sibson (1978). A relatively large number of agorithms for
Delaunay triangulation of surfaces and volumes has been presented in the literature. Most of
the algorithms are designed for good performance on uniformly distributed point sets. McLain
(1976) and Sibson (1978) implemented algorithms for 2D interpolation and triangulation of
random data. The advances in the FE method in the early 1980s resulted in a need for general
mesh generation algorithms. Watson (1981) and Bowyer (1981) proposed agorithms for
Delaunay triangulation of ssmple and convex domains. Turkiyyah et a. (1994) used Delaunay
triangulation to generate skeletons, a class of geometric abstractions of solid models.
Dirichlet/V oronoi/Thiessen tessellation, the geometric dual of the Delaunay triangulation (see
figure 4), has been successfully applied to model crystal growth (Gilbert, 1962) and the
interface network of polycrystalline materials (Watson, 1981).
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Figure 4. Dirichlet tessellation and Delaunay triangulation of a Finite point set.

The actua implementation of the presented method has not been focused on the
computational efficiency of the triangulation algorithm. The main objective is to enable the
submodeling activities to be as independent as possible. A secondary objective is to enable
paralelization of the actual computations of the different complex relationships that are
present in a complex engineering system. The triangulation algorithm used here, starts by
creating one Delaunay triangle and then continues by incrementally creating valid Delaunay
triangles until the complete set of master nodes is triangulated. Each new triangle is created
from the two vertex points that a free edge of a previously discovered triangle and the unique
unconnected master node that form a valid Delaunay, i.e. a triangle whose circumcircle is
empty of any master node. Two generated triangles and the currently active free edge (active
edge for short) connecting points A and B are shown in figure 5. Nodes C-G is the set of
master nodes that are not presently part of any triangle definition. The subset of unconnected
master nodes that are not colinear with the active edge can be considered as candidate nodes
for creating a new triangle. The radius of the circle that circumscribes the triangle ABC is:

[5f fac] deg
RABC = T (1)
reéa \g-
where the area of the candidate triangle ABC is:
Area . = Oqﬁ x E| 2)
The position of the center point of the circumcircleis:
a:05(&+0—5)+|m AB x AC 05AB (3)

"B x A 0A8

where the shortest distance between the currently active edge and the center point L of the
circumcircleis:

lin = 4| Roac o.2jﬁ|2 4

The scrutinized triangle ABC is a Delaunay triangle if no point Q can be found within the
circumcircle:

[LQ> Rusc (5)

If thisis true, the triangle ABC can be stored as a new Delaunay triangle. At the same time,
edges BC and AC are stored in the list of active edges, while edge AB is removed from this
list. When there are no candidate points left, any valid Delaunay triangle that can be defined
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by the paints on the set of adive elges are aeded, i.e. the "wrap ug' triangles $hown in the
right portion of figure 5.

A=—=BCurrently active edge
®  Active point
O  Candidate point
o  Circumcentre of triangle ABC
[> Delaunay triangle
~— "Wrap up” Delaunay triangle

Figure 5. Delaunay triangulation of a prescribed node set.

SLAVE NODE MAPPING AND CONSTRAINT TERMS

Eacdh slave nocke Sis projeded orto the dosest master triangle ABC. The unit normal vedor to
the triangleABC is:

HABC = M (6)
|AB x AC
The distance between slave n@kend the master trianghBC, in the normal direction to the
triangle plane is:
dist = A_S' ﬁABc (7)

The projeded Cartesian locaion Sygc of Slave node S mapped onthe triangle plane ABC is
thus:

OShasc = OS - dist [hasc (8)

O Master node
PY Slave node

Figure 6. Master triangle and sub-triangles required for the constraint terms.

If the projedion d the slave noce fals outside dl master triangles it is omitted. A small
geometric tolerance is used to allow for situations where the slave is locaed exadly on a
triangle edge or on a vertex point.

In equation 9, the slave DOF q,, is constrained to a linea combination d the solution
variables at the three generalized mab®Fs q,,,, wheren is A, B, orC.

Bs,l qs,l + n:AZBACBm,nqm,n = 5I (9)
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The onstant term ¢, is %t equal to zero, the ave mnstraint term g, is %t equal to 1.0,and
the three onstraint terms for the master DOFs g, are cdculated from the relative aeaof the

threesubtriangles, that ead is defined by the projeded slave node and two o the vertices of
the master triangle:

le,A =- AreaA/AreaABC (10)

ATTACHMENT EXAMPLES

Three examples are presented below. The first example shows attachment of two nodally
incompatible submodels. The seand case is a substructuring case, where nodally compatible
superelements are mwuped with the presented method. In this example, the number of DOFs at
ead faceis aso reduced with the same method. The third example is a red case, where the
presented method is applied to attaabmodels in ththermomechanical domain.

Attachment of Nodally Incompatible Faces

Consider the two independently discretized geometric domains, Q; and Q; in figure 7. Each
of the domainsis part of the definition d the complete FE model, C; and C; respedively. On
a systems level, facel ; locaed on Q; has an attaching relation to face/, on Q,. The nodhl
numbers and aher relevant attributes, such as the adive DOFs and the intended relation to
other potential bodes, are extraded from ead mating face ad stored as elementary relational
feaures, R and R, (seetable 1). Entering the maao command " mate,R1,R2” in ANSY S starts
aroutine that scrutinizes the two relational objeds R; and R,, determines the physicd domain
and the proper mating method.In the adual example, the mating routine impli citly seleds one
of the two nock sets as the master set and triangulates the seleded master noce set. The slave
nodes are then mapped orto the master triangles, and a proper set of equations, that constrain
eat dave DOF to a triangular set of master DOFs, are formed, i.e. a cmmplex relational
objed is creaed (Ry.R; in figure 7). The complex relational objed and the two complete
submodel<C; andC, form a systems mode}.S

] Interface

O Interface node
O Master node
® Slave node

(O Object

Figure 7. Master-slave relationship between two geometrically incompatible faces.
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Attribute Attribute Attribute Attribute

name value value value

name R1 R2 R1.R2

method attach attach attach

dimensions 'X''y','z' 'x,'y','z' x','y','z"

physical_dofs ‘ux’,’uy’,’'uz’  ‘ux’,uy’,uz’ o fux’uy’’uz’
node list 1,2,3,4 11,12,13,14, 11,1,2,3

15,16,17,18, 12,1,2,3

19 16.3,2,4

Table 1. Elementary relational objects R; and R, and the complex object R;.R».

Constraint equation 1 in table 2 is in ANSYS input format:
ce,1,0,11,'ux',1,1,'ux’,-.5668
cel,,2,'ux',-.217,3,'ux',-.217

Eqg. Slave Masters
no. DOF Term DOF Term DOF Term DOF Term

1 11,ux 1.0 1,ux-0.566 2,ux-0.217 3,ux-0.217
2 11uy 1.0 1luy-0.566 2,uy-0.217 3,uy-0.217
3 11,uz 1.0 1,uz-0566 2,uz-0.217 3,uz-0.217
4 12,ux 10 1,ux-04 2,ux -0.5 3,ux-0.1

57 i9,uz i.O é,uz :0.217 é,uz ;0.217 .4,uz ;0.566

Table 2. MPC equations created from the complex relational object R;.R,.

Results from a FE analysis of the two attached damains are visuali zed in figure 8. One faceon
Q; was clamped and one face @Qawas given a distributed shear force.

----- original geom. ----- original geom.
—deformed geom. —__isostress (oy)

Figure 8. Loading and boundary condition, deformed shape, and bending stress.
Attachment of Nodally Compatible Superelements

In this example, a2m long cantil ever beam, clamped at one end and loaded with a shea force
at the free exd (seefigure 9), was assembled from four instances of a 24 DOF superelement.
The superelement was generated from a submodel composed o 16 isoparametric SOLID45
elements. The four nodally compatible instances were dtached with constraint equations
generated with the presented method, which in this case is smilar to using the standard
ANSYS commandpintf.
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Figure 9. A substructuring example.

Small errors in the submodels can have a cascading effect on the total systems error. Error
assessment is thus very important in systems modeling. We can define the error ¢ in a
calculated parameter A as:

! &= (A calculated A aaa)/A exact (11)

It is advantageous if the total error ¢, embedded within a model is decomposed into

components that can be evaluated and controlled individually, e.g. to distinguish between
idealization error ¢, , discretization error ¢, , condensation error ¢, , and connection error

con !

£

int *

gtot = gide + gdis + gcon + gmt (12)

If we exclude the idedlization and discretization errors, by comparing the results from the
substructure use pass with the results from a full FE model with 16x4 linear brick elements,
and recognized that a static condensation introduces no additional error in the global stiffness,
we can get agood estimate of the total connection error.

Condensing the 75 nodal DOFs at each mating face to 12 master DOFs, indicated as a type 1
mating face in figure 9, gives a highly underconstrained connection. The displacement at the
free tip is about 4 times too large, compared with the results from the full model, i.e. the
connection error is 3.0.

The connection error can be reduced by partitioning the nodes on each mating face of the
submodel into a master node set and a slave node set and introducing constraints for each
mating face in the substructure generation phase. These constraint terms can also be generated
with the presented method. In figure 9 we can see two such examples, referred to as type 2 and
type 3 respectively. The Delaunay triangles generated from the type 2 and type 3 master node
sets are shown in figure 10. The connection error in the type 2 case is -0.10, i.e. each
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connection is slightly overconstrained. The asymmetries introduced by the two triangles (see
figure 10) gives a dlightly asymmetric bending of the beam. Introducing an internal master
node on each mating and reduces the accumulated connection error to -0.05. The additional
master node face increases the number of triangles to four and resolves al asymmetries in the
calculated displacements.

2 Delaunay triangels 4 Delaunay triangels
for a the type 2 face for a the type 3 face

Figure 10. Triangulation for constraint term calculation.
Coupling of a Complex System

A systems model with mating relationships between the submodels of the thermomechanical
behavior of the major components in an indexing module of a turn key grinding machine is
shown in figure 11. The machines are adapted to specific customer requirements and
manufactured in small numbers. The architecture is modularized and the physical behavior of
a specific candidate configuration is preferably checked numericaly against the technical
requirements before the final configuration is chosen.

© Elementary attaching relation
 Complex attachment relation
(© Other type of complex relation
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Figure 11. a mixture of thermal interface couplings at different levels of abstraction.

Results from a thermomechanical simulation with ANSY'S, in terms of the positioning error
caused by a sudden increase of the temperature of the cooling liquid, is shown in figure 12.
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Figure 12. Simulated and measured effect of a cooling temperature step change in A, and workhead
thermoelastic movements in B.
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CONCLUSIONS AND FUTURE WORK

Because of the complex behavior of most engineering systems, the engineering process
benefits from methods and technologies that allow systems models to be aggregated from a
mixture of detailed, coarse, and condensed submodels.

Implicit mating of individually modeled bodies is one way to make modeling and simulation
of systems behavior more flexible and thus more process oriented. A master-slave approach
reduces the total number of DOFs at the mating faces. A Delaunay triangulation of the node
set on each master face is a robust approach in the Euclidean as well as in many non-
Euclidean spaces, e.g., spheres and cylinders. Since the presented method treats nodal data
and not geometric data, it treats complete FE submodels and condensed FE models, i.e.
superelements, in a similar way. The presented approach can also be used to reduce the
number of DOFs of a mating face by constraining a set of slave nodes located on the face to a
set of face master nodes.

There is a genera need to incorporate the presented method to attach submodels in a genera
interface class structure which would also cover general contact and field transfer relations.
Thisissue istargeted in an ongoing project, which also isinvestigating methods to, for a given
simulation task, automatically select the most suitable set of connection masters for a general
mating face.

For performance reasons it would be highly advantageous to convert the macro code to a
compiled version. This can easily be done with the ANSY S user programming feature (UPF),
i.e., the evolving application programming interface.
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