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1 Introduction

Grid (mesh) generation is an enabling computational technology in the construc-
tion of computational simulations of physical field phenomena for scientific invest-
igation and for engineering design and analysis. The grid is the discrete structure on
which the finite representation of the governing partial differential equations is
made. This discrete representation may be finite element, finite volume, or finite
differences—in any case there is an underlying grid discretizing the field into
a collection of finite cells defined by associated grid points. Grids are not funda-
mentally peculiar to any of these forms of representation, although some associ-
ations have historically been made.

The grid generation process generally proceeds from a cAp (computer-aided
design) consisting of the surfaces defining the geometry at hand, or from a discreti-
zation of these surfaces, to first create a grid on the boundary surfaces and then to
fill the surrounding, or enclosed, volume with a grid. Ideally, this process involves
little user interaction—with what user interaction there is being through a Gur
(graphical user interface). And for a grid generation system to be really useful in the
design mode, it must be very easy to introduce geometrical changes in the bound-
aries and modify the grid accordingly. Finally, the grid should be coupled dynam-
ically with the solution on the grid: able to automatically recognize developing
solution gradients or other regions in need of higher resolution.

Grid generation, unfortunately, remains a pacing item of cFp (computational
fluid dynamics) and, in more general terms, crs (computational field simula-
tion}—not so much because of the need for new mathematical developments but
because of the logical difficulties in making the generation process automatic for
completely general geometrical configurations. To document that pacing item
cliche, here are a few recent general observations from industry (with emphasis
added).



290 Joe F. Thompson and Bernd Hamann
From Ray Cosner [25] at McDonnell Douglas:

“Surface modeling and grid generation technology have long been recognized as
a critical issue in practical applications of cFDp analyses.

Surface modeling tools have gained great sophistication in the last ten years.
However, the interface to the subsequent cFp analysis codes often is cumbersome
and restrictive.

Without improvements in the process, we can expect the surface modeling and
grid generation phase of the process to become a far worse bottleneck in the next
few years.

The need for specialized skills is a potential choke point in the process.

This work prior to running the flow solver code consumed about 80% of the
total manhours! Clearly, in reducing the manhours and thus the direct cost of cFp
analysis we should focus on the tasks of handling the geometry and building the
grid.”

Stuart Connell et al. [24] at General Electric comment:

“When computing the flow around complex three-dimensional configurations, the
generation of the mesh is the most time-consuming part of any calculation.”

One requirement that comes through loud and clear is that it must be “very simple
to change the geometry” in the design process. Raj [96] notes that:

“The most challenging situation arises when the configuration geometry undergoes
changes and multiple analyses have to be performed for each variation. However,
that 1s precisely what 1ppp (Integrated Product and Process Development) design
environment requires of crp!”

Correcting input geometry defects in the cAD representation is a major bottleneck
in the process. The grid generation system must be able to remove unwanted detail
from the incoming cAD data, and to fix defects such as overlaps and gaps in the cap
model. Yet the quality of the representation of the true surface geometry can be
critical to detailed cFp analysis. There must therefore be some cap-type capability
within the grid generation system, but with a direct link to the incoming cAp
model. Without influence on the cAp system vendors—and that has been slow in
coming—all this falls by default to the grid generation system: strong motivation
for interaction with those vendors. In this regard, it should be appreciated that
surface modeling and grid generation extend beyond c¥p to all field problems
throughout the design process, and in fact in today’s multidisciplinary design
optimization, all are linked from the beginning.

There has been a series of international conferences on grid generation: Lands-
hut (Germany) 1985, Miami (Florida, U.S.A.) 1988, Barcelona (Spain) 1990,
Swansea (Wales, U.K.) 1993, and Starkville (Mississippi, U.S.A.) 1996, all of which
have published proceedings (Numerical grid generation in computational field
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simulation, edited by B. K. Soni, J. Hauser, P. R. Eiseman, and J. F. Thompson,
1996; Numerical grid generation in computational fluid dynamics and related
fields, edited by N. P. Weatherill, P. R. Eiseman, J. Hauser, and J. F. Thompson,
1994; Numerical grid generation in computational fluid dynamics and related
fields, edited by A. S. Arcilla, J. Hauser, P. R. Eiseman, and J. F. Thompson, 1991;
and Numerical grid generation in computation fluid dynamics 88, edited by
S. Sengupta, J. Hauser, P. R. Eiseman, J. F. Thompson, 1988). There also have
been three NASA conferences on the subject (Proceedings of the Surface Modeling,
Grid Generation and Related Issues in Computational Fluid Dynamics Work-
shop, 1995 and Proceedings of the Software Systems for Surface Modeling and
Grid Generation Workshop, edited by R. E. Smith, 1992). Several surveys have
been given [36, 128, 129]. The original textbook in the area appeared in 1985 [135],
and other books have since come out [19, 46, 75]. A tutorial was given by
Thompson and Weatherill [130], and chapters on the topic are included in several
books.

This present paper gives a general overview and notes several large grid
generation systems that have emerged.

2 General approaches

In this section, we discuss the main techniques used in numerical grid generation
and provide a classification of the resulting grid types (see Fig. 1). Essentially, one
can distinguish between two grid types:

— Structured grids, classically generated by a combination of transfinite interpo-
lation (TF1) and solving elliptic (or hyperbolic) systems of partial differential
equations (PDES).

— Unstructured grids, typically generated by a triangulation/tesselation algo-
rithm (e.g., Delaunay triangulation and Voronoi diagram) or an advancing
front approach.

In the grid generation community, the term structured grid is associated with a grid
whose constituting elements (or cells) are topologically equivalent to a square (2D)
or a cube (3D). In grid generation, the terms quadrilateral and hexahedron usually
refer to a continuously deformed square or cube. When discretizing a single
deformed square or cube by a structured grid, one usually chooses a curvilinear
grid, i.e., a grid whose edges are all straight line segments.

The connectivity among nodes in a structured grid is completely defined by
the nodes’ indices, e.g., a node x; ; in a 2D structured grid 1s connected with the
nodes X; 1 j, Xi+1,j» Xi, j— 1, and x; ;4 1. This implied connectivity helps in designing
highly efficient solution algorithms for the ppEes describing some physical
phenomenon.

The term unstructured grid refers to any kind of grid that is not a structured
grid. The only unstructured grids of practical importance consist of triangles
and/or quadrilaterals (2D) and tetrahedra, pentahedra (prisms), and/or hexahedra
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(3D). Thus, quadrilaterals and hexahedra can constitute an unstructured grid, but
the number of edges sharing a node is not restricted.

Combinations of structured and unstructured grid types are used as well. The
most common grid types and combinations of various grid types are:

— Structured grids, consisting of quadrilateral and hexahedral elements whose
node connectivity is implicitly defined by the nodes’ indices.

— Block-structured grids, consisting of multiple structured grids, each one asso-
ciated with one of many blocks (connectivity among blocks not necessarily
structured).

— Unstructured grids, consisting of quadrilateral, triangular, hexahedral, pen-
tahedral, tetrahedral, and other types of polygonal/polyhedral elements; node
connectivity explicitly defined for each node.

— Hybrid grids, consisting of structured and unstructured grid regions.

— Chimera (overset) grids, consisting of multiple structured grids with partially
overlapping grid elements; overlap regions typically “resolved” using appropri-
ate interpolation schemes.

— Hierarchical grids, generated by quadtree- and octree-like subdivision schemes
(also referred to as “embedded” grid or “semi-structured” grids).

These grid types are illustrated for 2D in Fig. 1.

More information about these and other existing grid types and generation
techniques/systems is provided by Castillo [19] and others [46, 51, 75, 135, 129].
Thompson [128] provides a large set of recent references in the area, and the
tutorial given by Thompson and Weatherill [130] provides a general introduction
to grid generation.
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Fig. 1. a Multi-block structured, b unstructured-triangular, ¢ unstructured-quadrilateral, d hybrid,
e Chimera, and f hierarchical grid
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2.1. Block-structured grids

Block-structured grids opened the door to real-world cFp in the late 80s, and most
real applications are still based on these grids. Although the grid is topologically
rectangular within each block, the blocks fit together in an unstructured manner,
1.e, more or less than eight blocks might share a common corner point. Complete
continuity across block interfaces in the field is accomplished by treating the
interface in the manner of a branch cut, correspondence between points outside one
block with points inside the adjacent block.

Structured grid generation using TFI and elliptic PDEs

One of the classical approaches for generating block-structured 2D (3D) grids
for a finite space surrounding a geometry is based on Tr1 [35, 47] and solving
elliptic systems of ppes [135]. Once the block configuration around a geometry
is established, an initial grid is generated inside each block by performing
bilinear (trilinear) TF1 of each block’s boundary edges (faces). The TF1 algorithm
is performed in a discrete manner for a finite set of points on the boundary
edges (faces) of each block. The points in the boundary edges (faces) are spaced
according to a specified distribution function (e.g., uniform in parameter space,
uniform with respect to arc length, uniform with respect to integrated absolute
curvature, etc.).

The now-standard procedure in block-structured systems is to first generate
surface grids on block faces—both boundary and in-field block interfaces—from
point distributions placed on the face edges by these distribution functions. The
volume grids are generated within the blocks. In both this surface and volume grid
generation, the first step is normally TF1 to be followed by elliptic generation
(solution of an elliptic system of ppEs for the grid, done in topologically cartesian
computational space) with control functions interpolated into the field in accord-
ance with boundary point distribution and surface curvature. The elliptic system
provides smoothing, with control of spacing and orientation, and need not be
iterated to convergence.

Orthogonality and control of off-boundary spacing at boundaries are desirable
for the treatment of boundary layers and in the implementation of turbulence
models, and the standard approach used to achieve these features in the grid has
been the iterative adjustment of the control functions in the elliptic generation
system.

Technical details of block-structured grid generation, both by TF1 and by elliptic
systems, are given by Thompson [133, 134]. Some recent innovations are given by
Spekreijse [ 118]. Another approach to boundary orthogonality is through higher-
order elliptic systems [116].

Elliptic generation systems operate throughout the entirety of a region, while
hyperbolic systems move outward from boundaries, generating an orthogonal grid,
but without matching an outer boundary. Good sources for details are Steger
[121] and Chan and Steger [21].
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Overset grids

The Chimera (overset) approach has great versatility and is especially attractive
with bodies in relative motion. Here structured grids are generated, generally by
a hyperbolic system, outward a relatively small distance from each boundary
surface and are overset on a background grid and one another, with communica-
tion among these component grids via interpolation. The method has, however,
never attracted as many users as might have been expected. Concerns have been
continually raised about the accuracy of the interpolation necessary to transfer
data between component grids, and particularly the lack of conservation that is
attendant. Recent advancements in overset grids are given by Meakin [85] and
others [64, 79]. Wang [ 147] creates a patch boundary in the overset region in order
to achieve conservative flux representation.

2.2 Unstructured grids

Unstructured grid generation has its roots in the finite element community of
structure modeling. Unstructured grids have inherent simplicity of construction in
that, by definition, no structure is required. Also it is not inherently necessary to
communicate the actual topology of the configuration to the grid generator.
Although largely synonymous with tetrahedral grids, unstructured grids may
alternatively be composed of hexahedral cells (without directional structure). The
term might strictly encompass any combination of cell shapes, but in the grid
generation literature combinations of regions with structure (e.g., structured or
prismatic grids near body surfaces) with regions without structure are generally
called hybrid grids. For that matter, block-structured grids are unstructured in the
large.

There are fundamentally three approaches to the generation of tetrahedral
grids that have attracted the most interest [5]: octree [140], Delaunay [4, 6, 80, 88,
97], and advancing front [53, 77, 81, 82]. Other approaches are noted as well in the
historical summary by Field [36].

Unstructured grid generation based on the Delaunay triangulation

Most algorithms for generating unstructured-triangular and unstructured-tet-
rahedral grids are based on the Delaunay triangulation or the so-called “advancing
front” method. Unstructured grids consisting of other types of elements than
triangles and tetrahedra are not considered here.

The Delaunay triangulation has been used for various applications, including
scattered data interpolation. In that context, function values f; are given at scat-
tered locations x; for which no connectivity is given. Typically, the Delaunay
triangulation 1s computed for the points x; and triangular (tetrahedral) interpolants
are constructed. The Delaunay triangulation is characterized by the fact that the
circle (sphere) passing through the vertices of any triangle (tetrahedron) does not
contain any point of the original point set in its interior. In the 2D case, the
Delaunay triangulation is the max-min angle triangulation of the given point set,
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i.e., it maximizes the minimum angle in the triangulation [95]. This property is very
desirable for many applications, particularly for grid generation.

The Delaunay triangulation has found wide popularity in the finite element
method (FEM) and with the unstructured grid generation communities. In general,
triangles (tetrahedra) must be generated for a simply connected region in 2D (3D).
They are generated in two steps. The first step is the generation of a boundary grid
for the boundary curves (boundary surfaces) of the space to be discretized, i.e., a set
of boundary conforming line segments (triangles) is computed. The second step is
the generation of triangles (tetrahedra) inside this boundary grid [139].

The unstructured grid can be generated by inserting points and performing
local retriangulation iteratively or by first generating the entire point set and then
triangulating it, possibly using parallel programming paradigms. Grid points are
placed such that certain quality measures (e.g., lengths, areas, volumes, angles,
ratios thereof, etc.) and specified distributions are satisfied.

The grid points are typically chosen according to geometrical properties of the
boundary (e.g., arc length or absolute curvature) and distribution functions. Spac-
ing parameters are used for the boundary point distribution, and so-called “sourc-
es” (Le., point, line, and plane sources) are used to further control grid point
distributions in the interior. Grid point densities decrease in a predefined fashion
with increasing distance from the sources. Grids must be graded in this fashion due
to the sometimes sudden occurrence of discontinuities in certain field parameters,
e.g., shocks.

Unstructured grid generation based on element size optimization

An automatic algorithm for the generation of 3D unstructured-tetrahedral grids is
described by Hamann et al. [50]. This algorithm can be applied to any closed
geometry, i.e., a geometry consisting of surfaces whose boundary curves are each
shared by exactly one other surface boundary curve. The method is based on
intersecting the edges of an initial (coarse) tetrahedral grid with the given geometry,
clipping this initial grid against the geometry by extracting the (parts of) tetrahedra
on the outside (or inside) of the geometry, and iteratively inserting grid points.

The 1initial tetrahedral grid consists of a uniform density of points and tet-
rahedra, and the triangulation is iteratively improved by inserting grid points until
the tetrahedral volumes satisfy a specified condition. This condition considers
the distance to and—if desired—the absolute curvature of the geometry. The
overall goal is to minimize the difference between actual and desired tetrahedral
volumes [50].

Unstructured grid generation based on the advancing front method

The advancing front method generates unstructured grids in a completely different
way. The input—for the generation of a triangular (tetrahedral) grid—is a set of
oriented line segments (oriented triangles) discretizing the boundary curves (surfac-
es) of some geometry. Triangles (tetrahedra) are then constructed by advancing
a front into the interior of the field until it is completely filled with elements.
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Depending on local edge and angle configurations of the current front, new
elements are created by connecting existing points or by inserting new points—ac-
cording to some distribution function—and connecting them with existing
ones [78].

The desired point distribution is typically defined by a set of points with
associated spacing parameters (background grid). Interpolating these spacing
parameters yields the desired spacing at any point in the field. Points are inserted
such that the desired spacing is optimally satisfied. The advancing front strategy is
also used for the generation of unstructured grids consisting of quadrilaterals

(hexahedra).

Unstructured hexahedral grids

Unstructured hexahedral grid generators in 3D are less well-developed, but are
progressing. One approach is to base the procedure on triangle/tetrahedral gener-
ators, and several works in that direction were noted by Thompson and Weatherill
[129]. Another approach that has been pursued for some time is that of paving
[13] a 2D region outward from boundaries, with much cutting and stitching.
Schneiders and Bunten [102] fill the region with a regular cartesian grid of cubes,
stopping a certain minimum distance from the boundaries, and then connect
exposed corners of cubes to the boundary. Ives [59] uses the approach of embed-
ding surfaces in a base grid, cutting out intersections, and then snapping the surface
into the base grid.

Another fundamental approach to hexahedral grid generation is to simply use
the techniques of block-structured grid generation, with the blocks as large un-
structured hexahedral “bricks”, created by any means available, within which
a structured—and therefore inherently hexahedral—grid is generated by TF1 or
elliptic systems. This approach, with TF1, actually predates later approaches, as
noted by Field [36], but its potential may currently be underevaluated.

2.3 Hybrid grids

Both, unstructured tetrahedral grids and recursively subdivided cartesian grids are
unacceptably inefficient for high Reynolds number solutions because of the lack of
high aspect ratio cells near body surfaces. Although both approaches can do
Navier-Stokes solutions, the number of cells required renders the point moot. This
same concern arises in any field solution with very large scale variation. The
truncation error of a finite volume discretization depends on the shape of the
control volume, and difficulties exist also in resolving wakes and other free shear
layers. This has naturally led to interest in hybrid grids—tetrahedral or cartesian
away from the body surfaces, with some structure such as prisms or hexahedra
admitting effective cells with high aspect ratios near those surfaces.

Some recent examples of hybrid grids using prisms are in [23, 64, 66, 70, 81].
Steinbrenner and Noack [122] build a hybrid grid on the Chimera overset grid
approach, generating block-structured grids around each body as in Chimera,
cutting holes where these grids would overlap, and then filling the holes with
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tetrahedral cells via advancing front. Kao and Liou [68] and Shaw et al. [104]
follow similar approaches.

2.4 Hierarchical grid generation based on quadtrees and octrees

By applying a subdivision technique based on quadtrees (octrees) to certain
elements of a grid, multiple levels of different resolution are defined. This approach
leads to so-called hierarchical (embedded) grids. Depending on the local complex-
ity of the geometry or the local complexity of an intermediate field solution, more
elements are adaptively created by splitting parent elements.

In the structured case, a quadrilateral (hexahedron) is subdivided into four
(eight) quadlaterals (hexahedra) which are defined by splitting the edges at their
midpoints [83, 101]. The subdivision algorithm must ensure that no “cracks” are
introduced in physical space when splitting edges in the parameter space of
a parameter space of a parametric surface. As a result of the subdivision process,
nodes, usually called “hanging nodes”, are created that lie in the interior of edges
(faces).

Hierarchical subdivision schemes based on quadtrees (2D) and octrees (3D) are
also used for the automatic generation of entire unstructured grids inside simply
connected regions. For this purpose, the boundary of the region to be discretized
must be given by a set of line segments (triangles), and the bounding box of the
region is recursively subdivided until no cuboid contains more than one of the
points used in the boundary discretization. The cuboids lying in the interior of the
region are then subdivided into triangles (tetrahedra). Special care is necessary to
preserve the region’s boundary. This approach is discussed by Yerri and Shephard
[144-146]. Coirier and Powell [22], Aftosmis et al. [1] and deZeeuw and Powell
[32] are recent examples of cartesian grids from this approach.

3 Surface grids

Generation of a satisfactory surface grid remains a major bottleneck in the grid
generation process, largely stemming from the fact that cap systems adequate for
numerical machining are not necessarily adequate for numerical simulation.
Gatzke et al. [44] at McDonnell Douglas noted that:

“Experience has shown that one-third to one-half of the time between obtaining
point surfaces from cap and completing the grid is spent manipulating the geom-
etry into the form desired for the application at hand”.

Grid generation systems must be able to take cap data as it comes—with gaps,
overlaps, various definitions, etc. The general approach is to cover the incoming
CcAD patches in some manner with a regular set of patches on which a grid is
generated and then transferred to the underlying cap patches. The use of funda-
mental concepts from differential geometry to formulate the Laplace—Beltrami
generation system for surface grids is discussed by Warsi [138] and applied by
Thompson [134]. Some recent innovations are given by Spekreijse et al. [117].
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A detailed discussion of elliptic structured grid generation using NURBs surfaces
is given by Khamayseh and Hamann [72]. Parametric surfaces/volumes and their
relation to grid generation applications are dealt with by Barnhill et al. [7] and
others [35, 57]

4 Approximation of geometries with discontinuities

For grid generation purposes, a geometry that is to be discretized must be
error-free, i.e., it must not contain discontinuities (overlapping surfaces, “gaps”
between surfaces, or surface intersections). Unfortunately, cap data imported from
other cap systems very often contains such errors.

The National Grid Project (NGP) system provides an interactive geometry
correction technique that locally approximates a given geometry by a B-spline
surface. The technique must be applied to all regions containing discontinuities.
Eventually, a continuous geometry is obtained that consists partially of original
NURBS (non-uniform rational B-spline) surfaces and partially of B-spline approxi-
mations. The continuous geometry is then used for grid generation.

The geometry correction technique is based on constructing an initial local
surface approximation (a bilinearly blended Coons patch) which is projected
onto the given surfaces. The user must ensure that the B-spline surface approxi-
mations are connected with each other and with certain given NURBS surfaces
in a full-face interface fashion. This can be done with the cap tools provided
by the NGp system. Generating a local surface approximation requires these
steps:

1. Definition of four surface boundary curves.

2. Generation of N x N points on the bilinearly blended Coons patch defined
by the four surface boundary curves.

3. Projection of the N x N points onto the given surfaces.

Generation of “artificial projections” whenever certain points of the Coons
patch cannot be projected onto any original surface.

When trying to project a point of the Coons patch onto the given surfaces,
a projection might or might not be found. If one or more projections is found
within a small distance from the Coons patch, the one closest to the Coons
patch is chosen. If no projection 1s found, an “artificial projection” is approxi-
mated by applying a scattered data interpolation scheme to the projections that
have been found. Hardy’s reciprocal multiquadric method is used for interpolating
the known values. The resulting N x N points (projections and “artificial projec-
tions”) are interpolated by a C' continuous, bicubic B-spline surface. An error
estimate is computed for each local surface approximant. Curves on the original
geometry, e.g., surface boundary curves or trimming curves, can be preserved by
this method.

4. Interpolation of the points resulting from steps (2) and (3) by a bicubic
B-spline surface.

This algorithm was described in detail [49, 60, 110]. The underlying concepts are
well known in geometric modeling [35, 57].
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5 Adaptive grids

Grid adaptation is carried out by some combination of redistribution (moving the
grid points), refinement (adding/deleting grid points), or modification of the solu-
tion representation on the grid. Redistribution has been the favored approach with
structured grids, refinement with unstructured grids, and little use has been made of
the third approach in real crp applications. Numerous papers have addressed
refinement of unstructured grids, as this is, in fact, a natural strength of that
approach. Good examples are found in the Barcelona and Swansea grid conference
proceedings and many recent works are noted by Thompson [128]. Other exam-
ples are those by Kallinderis and coworkers [65, 67, 91], Aftosmis [2], Davis and
Dannenhoffer [27], Marcum and Weatherill [82].

Dynamically adaptive grids used for solutions evolving in time have long been
based on physical analogies—springs and such, or continuum mechanics, e.g., [26,
52,74]. A related approach is movement of grid points toward a weighted center of
mass [10].

Variational principle approaches to grid adaptation generally weight measures
for smoothness, orthogonality, and clustering in some manner. A number of such
elements are collected by Warsi and Thompson [137]. Brackbill [16] extends the
formulation to include adaptation to align the grid with a vector field. Knupp [74]
also includes alignment with a given vector field. Other recent work is by
Hagmeijer [48]. The control functions of elliptic generation also can serve for grid
adaptation [73].

Meakin [84] refines a set of cartesian background grids to accommodate
moving bodies in the Chimera overset grid approach. Kao et al. [69] use the
Chimera approach as an adaptive mechanism, somewhat in the spirit of the AMR
(adaptive mesh refinement) with a hierarchy of overset cartesian grids of different
levels of refinement. Related approaches are those by Pember et al. [92] and Moore
et al. [87].

6 Large grid generation systems

There are now quite a number of large grid generation systems, in fact, nearly every
establishment now seems to have at least one of its own. Some of these systems are
freely available, some are proprietary, and some are commercial systems. The
discussion that follows notes some that are identified in the literature by name.
There are others, of course, yet without benefit of such appellation.

The NG system developed at Mississippi State University [40,41, 98, 131] is an
interactive geometry and grid generation system for block-structured, tetrahedral,
and hybrid grids. The system reads cap data via 1Ges and converts all surface
patches to NURBs format. A “carpet”, composed of interfacing NURBS patches, is then
placed over the given cap patches to correct gaps, overlaps, and intersections. The
system also has internal cap capability for the construction or repair of surfaces.
Surface grids are generated based on the “carpet”, a NURBS aproximation, and can
be projected onto the original cap patches. Both the surface grids and the sub-
sequent volume grids can be generated as block-structured via elliptic, hyperbolic,



300 Joe F. Thompson and Bernd Hamann

or TFI methods, or as unstructured grids via the Delaunay or advancing front
methods.

The 1cEM-CFD system [3, 11, 12, 28, 143] is a commercial system from ICEM-CFD
Engineering that was developed in Europe in the late 80s and continues to be
enhanced. The system now includes block-structured grids, tetrahedral grids, and
unstructured hexahedral grids. The system interfaces with numerous cAD systems
and has been connected to a number of flow solvers.

The GRIDGEN system of Pointwise [21, 123-126] is an interactive block-struc-
tured system that first emerged from General Dynamics in the late 80s and
continues to be RGE enhanced. Current versions are commercial systems from
Pointwise. The user constructs curves which are in turn used to build the topologi-
cal surface and volume components. The user then selects curves as the boundaries
of surface grids, and finally surfaces as the boundaries of volume grids (blocks).
With this system, grid generation is a user-in-the-loop task. The data structure
maintains the relationship among the curves, surfaces, and volumes so that changes
can be propagated up or down the hierarchy automatically.

EAGLE View [61, 99, 111] of Mississippi State University incorporates the broad
capabilities of EAGLE [42, 132-134] into a graphical interface that allows interactive
construction with journaling. The features of this system have been outlined
above.

GridPro/az3000 [33, 34], a commercial block-structured program of Program
Development Corporation, uses a language—Topology Input Language (TiL)}—to
define both the surface and the block-structured grid. The language includes
components (objects) that can be invoked, and therefore admits the formation of
element libraries.

crp-GEoM of cFp Research Corporation [58] is an interactive geometric
modeling and grid generation system for block-structured grids, tetrahedral
(advancing front) grids, and hybrid grids. All elements are linked so that updates
are propagated throughout the database. The geometry is NURBs-based, reads IGES
files, and has some internal cap capabilities. The system also has macro library
capability.

The RAGGS system of Rockwell [ 142] covers incoming cAD patches with “quilts”
of NUrBs and/or rational Bezier patches, generates surface grids from edges in space
by 1F1, and then projects these grids onto the “quilts”. The system then generates
either structured or unstructured grids.

The macGs block-structured grid generation system of McDonnell Douglas
[43-45, 76] interfaces with CAD systems via IGES, incorporates an internal geometry
modification capability, generates surface grids parametrically, and generates vol-
ume grids by TF1 and elliptic means.

ENGRID is a block-structured system of the National Aerospace Laboratory in
the Netherlands, Alenia/Gat, and Fokker [15, 119, 120] incorporating both TF1 and
elliptic generation.

The cscmpo system [63] of csc and Nasa Langley is a block-structured volume
grid generator developed to allow modifications to geometry by Mpo. VOLUME [71]
is another NasA Langley system that inputs surfaces from another system and
generates a volume grid by TFL
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MBGRID of Canadair is a block-structured grid generation system that operates
on a surface block structured formed in a cap system. The grid generation
system includes both Tr1 and elliptic, and is done with full-face matching among the
blocks.

The Gems block-structured grid generation system sAMTEK-ITC in Turkey
[29] is based on object-oriented programming and C+ + that uses case-based
reasoning and reinforcement learning to capture cpr expertise. The system
selects the case that is best suited for a particular geometry from among known
ones.

The 3DGRAPE/AL system of NAsA Ames is a block-structured grid generator that
now includes the specification of arbitrary intersection angles at boundary surfaces,
as well as the orthogonality pioneered by earlier versions. 3Dperp [114, 115] is an
interactive system that sets up input for 3DGRAPE. GRAPEVINE [113] provides an
overall Gui for 3DGRAPE.

The MEGACADs block-structured grid generation system of pLr in Germany
[100] also uses the conventional elliptic system with control functions iteratively
adjusted to achieve boundary orthogonality with specified off-unstructured spac-
ing. :

The unisG system of Fiat and Rockwell [18, 127] is a block-structured grid
generation system that interfaces with cAD systems via 1GEs files. The system uses
both the conventional elliptic system and also a biharmonic system for boundary
orthogonality.

The iMEesH and ELGEN3 block-structured systems of bLr in Germany [37, 56] use
the biharmonic generation system to achieve boundary orthogonality.

The GeniE+ +  block-structured grid generation system of Mississippi State
University [111] was also introduced in the late 80s and has been continually
enhanced over the years. This system uses TF1 with elliptic smoothing and includes
various splining methods.

The INGRID block-structured system of Deutsche Airbus [8] cuts local blocks
out of a global mesh and fills the space with new component grids.

The TiGER system of Mississippi State University [106, 107, 111, 112] is a block-
structured system specialized for turbomachinery applications. The system uses TFI
with elliptic smoothing and NUrBs boundary representation.

The raPID system of NAsA Langley [109] is specialized to a class of airplane
configurations. The camp system of Lockheed [103] is a block-structured system
specialized to aircraft configurations in a modular approach.

The 6riD* block-structured system of the European Space Agency [54] follows
the Unix toolbox concept and consists of a collection of C routines, fairly small in
size. Connectivity and orientations are specified by an input file.

The acps surface geometry of Boeing [17, 108] is a surface preparation program
than can create the input deck for EAGLE. RAMBO-4G of Aerospace [136] also can set
up an EAGLE input deck.

The sauna hybrid grid generation system of the Aircraft Research Association
in the U.K. [105] allows the user to remove sections of the block-structured grid,
with triangular grids being then generated on the surfaces so exposed, followed by
filling of the void with tetrahedral grids.
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The 16G system of Virje Universiteit in Belgium [30, 31] is a block-structured
system that uses TF1 and elliptic generation, as well as advancing front to generate
hybrid grids.

vGrID of NAsA Langley and Vigyan [39, 90, 94] is a tetrahedral grid generator
which uses advancing front with a cartesian background grid to control resolution.

TGrid of Fluent [14] is a tetrahedral grid generator based on the Delaunay
approach.

The first general purpose domain connectivity programs for Chimera grids
were the PEGsUS (from the Air Force AEDC) and cMPGRD (from 1BM) programs in the
late 80s [85], which continue to be enhanced. Advances in cMPGRD are detailed by
Henshaw et al. [55]. Later programs are DCF3D of Nasa Ames and Overset
Methods [86] and BEGGAR of the Air Force Wright Laboratory at Eglin [9, 79].
The rAME system of the Defence Research Agency in the U.K. [89] is another.

7 Conclusion

There are still a number of approaches being pursued in grid generation, with some
combinations also. Block-structured grids require less storage per grid point and
can take advantage of factored and directional solvers. Tetrahedral grids work well
for Euler solutions but not for Navier—Stokes solvers. Chimera grids are versatile
and have some definite advantages for bodies in relative motion, but concerns arise
at interfaces. Hybrid grids combine the best features of structured and unstructured
grids. And cartesian grids continue to hang in there in one form or another.

The major driving factors in comprehensive grid systems must first be automa-
tion and then graphical interaction. Since design is the paramount application, the
efficiency of a grid generation system is measured primarily by the person-time it
takes to generate a series of geometrically related grids for complex configurations.
And the coupling with cap systems on the front end and with solution and
visualization systems on the back end must be smooth and effective. The ideal is
not to make it easy for a person to generate a grid but rather to remove the person
from the process—not to make it interactive, but to make 1t automatic.

Grid generation tools must be designed to be applied by design engineers rather
than grid generation specialists.

Grid generation systems must be capable of handling very large scale vari-
ations, as occur in high Reynolds number flows, and this precludes any approach
not encompassing large aspect ratio cells with good numerical properties.

Finally, there is a clear need for interaction with commercial cAp vendors. cAD
systems were developed before the advance of grid generation technology and
widespread application. In order to become truly effective in multidisciplinary
design optimization, cAD tools must be redesigned to target computational analysis
as well as numerical machining and material formation.
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