
INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN FLUIDS
Int. J. Numer. Meth. Fluids 2003; 43:785–821 (DOI: 10.1002/�d.497)

The rapid and robust generation of e�cient hybrid grids for
rans simulations over complete aircraft

J. A. Shaw∗;†;1, S. Stokes1 and M. A. Lucking2

1Aircraft Research Association; Manton Lane; Bedford; MK41 7PF; U.K.
2BAE SYSTEMS; Warton; Lancashire; PR4 1AX; U.K.

SUMMARY

A description is given of a method capable of automatically forming e�cient, high-quality hybrid meshes
for viscous �ow calculations over complete aircraft, given engineers’ requirements on mesh density and
�rst cell-height. Mixed quadrilateral=triangular surface grids are constructed using the moving-front
approach, with point placement and connection optimized to ensure high-quality, anisotropic panels are
generated. The volume mesh is built in two stages. A near �eld mesh is formed using the advancing-
layer approach, signi�cantly enhanced through the use of mesh enriching=collapsing techniques and
layer-intersection detection=front-termination algorithms. The remainder of the domain is then covered
by a cut-cell Cartesian mesh of varying density that conforms to the outer-surface of the near �eld
mesh. Examples of meshes generated using the described methods are presented and the user-input
discussed. Copyright ? 2003 John Wiley & Sons, Ltd.
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1. INTRODUCTION

A capability that allows engineers to predict readily, accurately and e�ciently high Reynolds
number �ows over geometrically complex shapes has been a strong requirement of both in-
dustry and research establishments for a number of years. To date this need has not been
met, primarily due to di�culties encountered in extending the meshing techniques devel-
oped for inviscid �ows to the creation of the highly anisotropic cells required for viscous
�ow modelling. Against this background, industry and research-establishments are becom-
ing ever more determined to minimize the risk and maximize the return from their invest-
ment in research. Within the U.K., this situation has led to the formation of a collaborative
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industry=research-establishment CFD programme, the objective of which is to develop a com-
mon, rapid-response, Navier–Stokes capability. The project, entitled SOLAR, is founded on
utilizing the collective expertise of BAE SYSTEMS, Airbus UK (AUK), QinetiQ and the
Aircraft Research Association (ARA) to deliver the objective.
Ahead of work commencing on the SOLAR project, a detailed requirement capture for the

capability was performed. CFD developers and users from BAE SYSTEMS, AUK, QinetiQ
and ARA then held discussions to determine the overall technical strategy to meet the re-
quirement. Experiences in the development of methods for simulating both inviscid and high
Reynolds number �ows were shared and reviewed. These included �ndings from the use of
block-structured [1–5], overlapping [6, 7], unstructured [8, 9], hybrid structured-unstructured
[10–14] and Cartesian [15] approaches. The outcome of these meetings was a common view
on a strategy for the SOLAR project that would deliver e�ectively the desired accuracy,
�exibility and e�ciency.
For the �ow solver, a symmetric cell-centred discretization would be adopted, with explicit

arti�cial-dissipation added and multi-grid used to advance to a steady-state solution. Closure
would be achieved with a 2-equation di�erential turbulence model. This scheme had already
been found to work well on block-structured grids [5] and the intention was to extend this
to the mesh environment described below. Further details of this �ow algorithm are given in
Reference [16].
For the mesh generation, a hybrid grid strategy was favoured, with the number of hexahe-

dral elements maximized wherever possible. The preference for this approach was based on
previous work [11] on structured, unstructured and hybrid grids. The method of grid genera-
tion would, however, have to be capable of greater automation, and require less user-expertise,
than adopted in earlier e�orts [11].
With this in mind, it was crucial that the various elements could be generated without

recourse to user-directives. The overall strategy that was settled upon is illustrated in Plate 1,
which shows views of a SOLAR mesh for a wing–fuselage con�guration. Surface grids com-
posed of quadrilaterals (typically ¿99%) and triangles would be generated by enhancing the
Moving-Front algorithm currently used by BAE SYSTEMS and AUK for solely triangular
surface mesh generation. The volume mesh would be formed in two stages, one for the near-
�eld using the advancing-layer approach [17–19] to create hexahedra and prisms, and one for
the far-�eld using embedded regions of Cartesian grid. In the latter case, the cells would be
cut [20] to conform to the outer-surface of the near-�eld grid.
This approach would require fundamental enhancement [21] of the basic advancing-layer

approach. A mesh-collapsing technique that had been successfully investigated for marching
prismatic elements [14] away from concave boundaries would need to be extended to operate
on both prismatic and hexahedral elements. Equally, it was evident that mesh-enrichment
would be bene�cial in aiding the marching process to perform robustly and produce high
quality grids near to convex boundaries. Furthermore, it would be necessary to develop front-
intersection detection and front-stopping algorithms to handle situations where the near �eld
mesh from one surface grew towards that emanating from another surface. Store separation,
where the con�guration of interest is composed of disjoint, often closely located surfaces, is
an obvious application requiring this technology.
The remainder of this paper discusses and demonstrates the algorithms developed within

this overall surface and volume mesh generation strategy [22]. Following a description of
the user-input to the grid generation process in Section 2, the generation of quadrilateral
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surface grids is described in Section 3. This is followed in Section 4 by an explanation of
the near-�eld meshing [23], before the detailing of the far �eld meshing in Section 5. Finally,
examples of the application of the algorithms to con�gurations of current interest are presented
in Section 6.

2. USER-INPUT FOR GRID GENERATION

The objective of the SOLAR development team is to develop a tool that can be used readily
by aeronautical engineers to deliver accurate viscous �ow solutions within 24 h of �nalizing
the CAD representation of an aircraft con�guration. This objective has already been met for
inviscid calculations, with all user-input performed interactively, prior to the generation of the
surface meshes, within a Graphical User Interface front-end (See Plate 2). A requirement that
follows from the need to insert the SOLAR technology into the design environment as quickly
as possible is that the same front-end should be the user-interface to SOLAR. Furthermore, the
amount of additional user-input should be kept to a minimum. For inviscid �ow modelling,
based on the use of isotropic, tetrahedral meshes, users are required to form the patch-to-patch
connectivity of the CAD data and a spatial distribution of sources. The strength of the sources
ultimately in�uences, in turn, the point distribution along each patch boundary, the density of
the surface mesh and the clustering of the volume elements [8, 9].
Two additional geometrical inputs have been identi�ed as being necessary for e�cient,

viscous �ow modelling, which requires a high degree of anisotropy in the mesh normal-to-
the-surface direction. The �rst of these is geometric surfaces to represent idealized wakes
(these having already been found necessary for improved �ow modelling based on viscous–
inviscid coupling techniques [24]) and the second is a desired distribution of �rst cell-height.
The former data is set up readily using simple CAD functionality. The latter is speci�ed either
as a global, user-de�ned distance, or, more generally, a separate set of sources are distributed
within the domain to control the normal-to-the-wall mesh spacing, with the usual ‘inviscid’
set of sources solely used to control the across-the-surface mesh spacing. In either case, the
user-input can be scaled to build meshes for a range of alternative Reynolds numbers, for
which a variation in near-wall spacing is required to maintain �ow modelling accuracy.
Further to this, within SOLAR, the user can also introduce a further set of sources that

control the across-the-surface mesh spacing for regions where a high degree of anisotropy in
the surface mesh is required. Typically, this would be at the leading edge of wings, where
usually both the degree of surface curvature and the �ow �eld gradients are signi�cantly
greater in the chordwise direction than in the spanwise direction. The bene�t of expending
the e�ort to specify this additional data is apparent in terms of the signi�cant reduction in
the number of cells in the �nal mesh and the ensuing reduction in execution time of the �ow
solver.
For complex cases, experience suggests that set up times for viscous calculations can be as

much as 30% more than for inviscid cases. This is considered acceptable and, for comparison,
is a very marked improvement in the di�erence in the user e�ort required to generate block-
structured meshes for inviscid and viscous simulations.
Following the setting up of the user-input data, meshes for the boundaries of the domain

are generated. The algorithms that form these meshes are described in the following section.
It is noted that these algorithms can either be invoked as a batch process operating on all
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surfaces or as the generation of a subset of surface meshes from commands executed within
the GUI in which the user-input data is established.

3. SURFACE MESH GENERATION

The nature of a �uid �ow is determined by its response to the precise shaping of the con�g-
uration’s surfaces. This, coupled with the fact that the surface grid acts as an initial condition
for �eld grid generation, makes high-quality surface mesh generation essential in the CFD
process. From a user-perspective, surface grids must be readily generated, particularly since
realistic con�gurations are often comprised of hundreds of surfaces and need to be turned-
round under very demanding time-scales.
The SOLAR surface mesh generation strategy is based around an Advancing-Front approach

[8], where the algorithm seeks to produce anisotropic quadrilateral elements, but builds trian-
gles in preference to constructing low-quality quadrilaterals.

3.1. Geometry decomposition

Numerous surfaces form the overall geometry de�nition of a complete aircraft. For such com-
plex entities, some surfaces may have geometric properties that would make the generation
of e�cient meshes of acceptable quality a near to impossible task. For this reason, a strategy
has been followed whereby the total surface mesh generation process is performed over a set
of zones, where each zone has at least one, and sometimes more, underlying geometric rep-
resentations. The so-called ‘intersection lines’, which include lines that bound abutting zones,
serve to trim the geometric entities into ‘meshing zones’. These delimiting lines form the ini-
tial front that is to be advanced from and serve to de-couple each zone from its neighbours,
allowing them to be treated as separate entities and hence meshed in parallel. The meshes for
each zone are generated in real space and then projected onto the real surface(s) using the
underlying surface representation(s). In practice, the CAD representations that SOLAR can
use include bi-cubic, Ferguson or NURBS surfaces.
The boundary lines are discretized into segments whose lengths are prescribed by the user-

speci�ed spacing distribution discussed in Section 2. Care is taken to ensure that each line is
split into an even number of segments, for reasons discussed in Section 3.2.5. The discretized
lines for each zone are then formed into consistently ordered loops so that as the boundary
front is traversed, the meshing region lies on the left.

3.2. Advancing-front quadrilateral surface mesh generation

This Advancing-Front approach extends the concept of paving algorithms. These form succes-
sive loops of cells inwards from the initial front until the surface is completely meshed. The
approach has been shown to work well for relatively basic shapes [25, 26], but has proven
di�cult for arbitrary surfaces where multiple loops can intersect. The method’s robustness can
be improved by adopting a cell-by-cell approach [27], instead of the loop-by-loop; both to
check mesh validity and handle problems. However, the cell-wise approach still forms cells
in the same order as the row-wise method.
The looping concept is discarded in favour of an intelligent selection of the best region

in which to create cells. E�ectively each edge in the front has associated with it a selection
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Figure 1. Before and after seaming edges.

weighting; the de�nition of which is automatically chosen to suit the speci�c type of zone
being meshed. This weighting allows the meshing algorithm to select and treat di�cult areas
of the front �rst, for example where there are large gradients in cell size. The probability
of advancing out of troublesome areas is thereby maximized and the result is a very robust
method that yields high quality cells in all areas of the mesh.
Once an edge has been selected, it forms the basis for the generation of a new quadrilateral.

This requires the generation or selection of two points to connect to either end of the edge,
creating three new sides. The front must then be updated to re�ect the edges that have been
added and removed by the cell creation. This process is discussed in more detail below.

3.2.1. Edge selection. Various criteria can be used to determine the selection weighting for
an edge. Experience has shown that certain areas are particularly demanding to mesh. These
are characterized by adjoining edges that produce a sharp internal-angle and edges that have
a small required mesh reference-length in the transverse (in two dimensions) direction, i.e.
where the mesh needs to be highly anisotropic. Consequently, the weighting for edges in such
regions needs to be high. A simple de�nition of selection-weighting that works well is

weight = lmax=l+ �max=� (1)

where l is required edge length in the transverse direction, � is the angle between a given edge
and the one following it in the front and the subscript max denotes the maximum value of
these quantities. In practice, l is determined by using the mid-point of the edge as a reference
position for input to the algorithms that analyse the isotropic and anisotropic source data.

3.2.2. Special case check. Mesh quality and algorithm robustness are greatly improved if:

• front loops with six or less edges are explicitly closed with the best combination of cells
possible;

• Adjacent edges with a small included-angle are seamed together as illustrated in Figure 1.

3.2.3. Point placement & selection. The selected edge forms the basis of a new quadrilateral.
Hence, two extra points must be created=selected which, when connected to the existing points
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at either end of the selected edge, will form the remaining three faces of the new quadrilateral.
A multi-step process is used.

3.2.3.1. Initial placement. An initial ‘best-guess’ for each of the two point’s locations is
made, in isolation of knowledge of the other point’s position. The placement depends on
angles between adjacent edges and the demanded cell size. Note that the algorithm strives to
ensure that all edge lengths are as near as possible to the desired value.

3.2.3.2. Co-optimization. The new points are moved until they are in the best position rel-
ative to each other. The major factor here is whether the distance between them is compatible
with the user-speci�ed desired edge-length. This new ideal cell is then checked to see if it
should be merged with other areas of the front.

3.2.3.3. Existing point selection. Each new point is assessed to see whether existing points
lie close to them. If so, then these existing points are �agged as ‘candidate points’ to which
the new points may be moved. Candidate points are each assessed for the quality of the
quadrilateral to which they would lead and ranked accordingly. Use of a candidate point is
always favoured over placement of a new point as this prevents points being placed very near
to existing edges, which would create poor cells.

3.2.3.4. Surface projections. Created points are projected to the surface at various stages
during mesh generation to ensure surface conformity. However, this process is an expensive
operation and so its use is minimized as much as possible. The surface projection, as well as
calculation of local surface normal, are the only operations that a surface must support. This
means that the surface mesh generator can work with a variety of di�erent surfaces, from
simple spline de�nitions through to commercial CAD-type representations.

3.2.4. Point connection & cell formation. Each new edge is checked for validity, it must:

• not intersect an existing edge;
• lie on the meshing side of its adjoining edges.

It is possible that a valid set of connections cannot be found, in which case quadrilateral
formation using this particular edge is abandoned. A new edge is then picked to restart the
process, however, instead of basing the selection on the aforementioned selection weighting
(Section 3.2.1), one of the ‘failed’ edge’s neighbours are picked. In this way, the algorithm
works around the area of di�culty until a successful solution is achieved.

3.2.5. Front maintenance. After adding a new quadrilateral, the front has to be updated to
re�ect the edges that have been removed and=or added, whilst maintaining the ‘mesh on the
left’ rule. There are several ways in which edge connectivity can be altered, depending on
the type of cell addition. For example, two loops can be merged into one or vice versa.
A condition for the creation of an all-quadrilateral mesh is that the boundary must consist

of an even number of segments. The boundary intersection lines are discretized with this in
mind (Section 3.1), but the even number must be preserved by subsequent connections if the
possibility of an all-quadrilateral mesh is to be maintained. Consequently, when a front loop
is split or joined, a check can be made for an even number of faces in each loop. In practice,
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Figure 2. Topological operation to improve mesh quality.

however, the algorithm produces an acceptably small number of triangles (typically ¡0:5%)
without this explicit detection and so it is often ignored for speed.

3.3. Post meshing re�nements

The raw mesh can be improved in two basic ways; topological changes and smoothing.

3.3.1. Topological improvements. One type of improvement is edge swapping. This is per-
formed in regions of the mesh where the initial topology is not adequately modelling the
curvature of the surface. Other operators [28, 29] add or remove cells to improve node con-
nectivity, as illustrated in Figure 2.

3.3.2. Smoothing. A simple Laplacian smoothing technique is applied to the mesh. A con-
straint that must be observed is that points on the surface intersection lines must not be moved.
This again means that each surface can be smoothed separately and in parallel if desired.

3.4. Surface mesh reconstruction

The volume mesh generator requires each surface mesh face to be ordered in an anti-clockwise
direction when viewed from the �ow domain. Hence, the �nal step of the surface mesh
generator is to ensure that the cells for each surface are correctly orientated. Counting the
number of times a vector from the surface intersects all other surfaces achieves this.

3.5. Examples of application of surface mesh generation technology

Using the algorithms described, surface meshes have been generated on a wide range of
realistic con�gurations, comprised of very many surfaces. Two examples of surface meshes
for alternative builds of the Tornado aircraft are given in Figures 3 and 4. In the �rst,
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Figure 3. Global and close-up views of surface mesh on Tornado aircraft laden with stores
generated using only isotropic sources.

geometrically complex example (Figure 3), the aircraft is laden with multiple stores. The
general quality of the quadrilateral faces is high, with a high degree of regularity in the mesh
connectivity in geometrically simple regions, such as on the surface of the large fuel tank.
This mesh was generated using isotropic sources only. Hence, the surface is unnecessarily
highly resolved in some directions to ensure that the surface curvature in other directions is
adequately modelled. In the second example (Figure 4), anisotropic sources have been used.
The �gure focuses on showing the detail of the mesh around the intake region. The aspect
ratio of the faces in this region is about 10:1, giving an e�cient coverage of a complex region
of geometry over which �ow gradients will be signi�cant in the direction of the anisotropy
throughout the operating conditions of the aircraft.
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Figure 4. Global and close-up views of surface grid on Tornado aircraft demonstrating the generation
of high-aspect ratio quadrilaterals via the use of anisotropic sources.

4. GENERATION OF THE NEAR-FIELD VOLUME MESH

Principal requirements of a near-�eld mesh generation technique for viscous �ows are believed
to be precise control of near-wall spacing and high mesh quality. The former of these is known
to be important to the accuracy of simulations performed using di�erential turbulence models
[4], whilst the latter has been found to be an important quality of a grid in validation studies
[11]. Semi-structured methods, based on marching away from a pre-de�ned surface grid,
meet both requirements. Marching-distance is de�ned easily and a regular topology for the
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Base-surface

Top-surface 

Figure 5. Schematic of Advancing-layer Approach to Grid Generation.

grid normal to the surface is ensured. A high degree of mesh orthogonality over the majority
of the surface is guaranteed, also. The advancing-layer approach [17–19] is the most popular
technique for generating such grids.

4.1. Introductory discussion on advancing-layer mesh generation

This section has three focal points which are: an outlining of the basic advancing-layer tech-
nique, a discussion on the limitations of the approach and an overview of the strategy followed
to overcome these limitations.

4.1.1. The basic technique. The advancing-layer technique [17–19] produces a grid as a
result of the recursive generation of a layer of grid and its subsequent placement on top of
the previously generated layers. Each layer has a base-surface and a top-surface. The layer
is initiated by a base-surface whose points and connectivity are known, the surface elements
being either quadrilaterals or triangles. A prede�ned surface grid (see Figures 3 and 4) forms
the base-surface for the �rst layer and this is projected out into the �ow domain to attain
the top-surface of layer 1 (see Figure 5). The top-surface for layer 1 is copied to be the
base-surface for layer 2 and the layer growth is repeated until the complete domain has been
covered. The process is viewed as an in�ation of the initial surface grid (analogous to blowing
up a balloon), since the surface topology is maintained in each layer whilst the shape of the
top-surface tends towards a sphere as the grid is advanced.
There are two main aspects to the generation of a layer, namely the evaluation of a

marching-direction and marching-distance. Each requires detailed attention to realize the ben-
e�ts the approach o�ers. These topics are discussed in detail in Sections 4.2.3 and 4.2.4.

4.1.2. Limitations of method. Two principal problems have limited the use of the advancing-
layer technique for forming meshes for modelling high Reynolds number �ows over complex
geometries, e.g. a �ghter aircraft laden with stores, as depicted in Figure 3.
The �rst issue revolves around robustness and grid quality. In particular, the advancing-layer

technique is renowned for encountering di�culties in marching away from:

• Concave boundaries (e.g. wing–fuselage junctions)
• Convex boundaries (e.g. leading edge of Tornado intake shown in Figure 4)
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Plate 1. Global and close-up views of SOLAR mesh generated for civil wing–fuselage con�guration.
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Plate 2. GUI interface showing geometry and positioning and extent of in�uence of sources.

Plate 3. Sub-Surface of wing-pylon-store con�guration that is used for smoothing normals.
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Plate 4. Grouped faces and bounding boxes for a single missile con�guration.

Plate 5. Surface grid and outer boundary of near �eld grid showing local layer termination
based on achieving desired cell size.
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Plate 6. SOLAR mesh generated around a generic wing=pylon=store con�guration.
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• A combination of concave and convex boundaries (e.g. trailing edge of wing–fuselage
junction.)

The second issue concerns the lack of applicability to con�gurations with:

• Disconnected surfaces (e.g. modelling released stores still in close proximity with the
parent aircraft).

• Closely coupled surfaces (e.g. deployed high-lift devices)
• Internal geometries (e.g. intake ducts)
In addition to these limitations, the use of the two-stage ‘layered then cut-cell Cartesian’

approach to mesh generation within SOLAR places additional demands on the near-�eld
mesh generator. For in the near=far-�eld interface region, the layer mesh generator must form
cells with a height approximately matching the characteristic length of the cells the Cartesian
generator will create.
Overcoming the aforementioned limitations, addressing the near=far-�eld interface constraint

and developing robust algorithms for marching-distance and marching-direction evaluation are
the main foci of the work covered in the remainder of Section 4 of this paper.

4.1.3. Strategy for overcoming limitations and addressing interface constraint. The two ma-
jor limitations highlighted in the preceding discussion are overcome through the combination
of a number of techniques. These are overviewed in this sub-section in a prelude to the
discussion of the algorithmic details given in Sections 4.2.

4.1.3.1. Grid quality and method robustness. The importance of the evaluation of the
marching-direction and marching-distance in enabling the advancing-layer technique to be
used to march a reasonable distance away from a surface has already been touched on. These
topics were given considerable attention by Chappell [13, 14] and have received further con-
sideration in the current work, which has both applied the method to more demanding test
cases and looked to reduce the user-input to the algorithms to a minimum.
However, the key thrust that has been followed to improving grid quality and method

robustness is the use of element-collapsing and element-enriching within a layer, building on
the use of element-collapsing for prismatic grid generation that was demonstrated by Chappell
[14].
The principal role of element collapsing is to facilitate marching away from concave regions

as illustrated for a simple two-dimensional case in Figure 6. In this case, the possibility of
normal grid lines converging and ultimately intersecting can be removed since the collapsing
allows some of the normal grid lines to terminate. Sensors are used to detect the convergence
of normals within a layer and appropriate edges on the top of a layer are collapsed to a
point.
In a converse manner, element-enrichment can be performed to improve the approaches’ ro-

bustness in marching away from convex boundaries, as illustrated for a simple two-dimensional
test case in Figure 7. In this case, the normal grid lines are diverging and the addition of
points on the base edges of a layer reduces the possibility of creating large jumps in cell
sizes for adjacent cells in a given layer. It also has the added bene�t of enriching the mesh
in potentially key aerodynamic regions.
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Figure 6. Mesh-collapsing allows marching approach to mesh concave boundaries
(N.B same �rst cell height used for both grids).

Collapsing and enriching also have important secondary roles that include maintaining grid
quality and helping to promote a smooth change in cell volume at the interface between the
near and far-�eld grid.
A consequence of both element-collapsing and element-enriching strategies is that within a

layer the elements’ connectivity changes as the grid is grown away from the surface (this is
in direct contrast to the standard advancing-layer approach where the same grid topology is
maintained for each layer). Thus, the topology of each layer has the potential to be adjusted
automatically to meet the particular requirements of a given layer. A key feature of unlocking
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Figure 7. Example of mesh-enrichment.

this potential automation is the development of suitable sensors for invoking the collapsing
and enriching operations, as discussed in Section 4.2.

4.1.3.2. Range of applicability of method. Even with both the most sophisticated tech-
niques for marching-direction and marching-distance evaluation and the use of element-collap-
sing and element-enriching, the basic advancing-layer technique is never going to be able to
mesh completely multiply connected domains. The topological limitations of the approach
ensure this, since the intersection of layers grown from one set of surfaces with those grown
from another set of surfaces cannot be prevented. Indeed, the same premise can be anticipated,
if not proven, for very closely coupled, or annular, surfaces.
Fundamental extensions to the approach are therefore needed before it can be applied to

general con�gurations. The route taken in this work is to develop techniques to:

• Detect that cells from within the current layer intersect the outer surface of the current
grid.

• Remove intersecting cells, decrenellate the boundary and stop growing in these regions
of the layer.

• Update the layer’s top-surface so that the marching can continue from the remaining
exposed faces.

These extensions are illustrated in Figure 8 and discussed in detail in Section 4.2.

4.1.3.3. Addressing the near-�eld=far-�eld interface constraint. In the conventional oper-
ation of the advancing-layer approach, a mesh is generated by marching over a number of
layers until the complete domain is covered. In the mixed layered=Cartesian cut-cell approach
taken here, the growth of the grid must terminate when the cells have a height that matches
the characteristic length that the far-�eld mesh will have. A number of approaches to this have
been investigated during the course of the work, including strategies involving specifying the
total number of layers to grow and reducing locally the mesh growth rate once the desired
height has been attained. The approach that has been found most satisfactory however is a
combination of the techniques discussed in Section 4.2. This includes local mesh-enrichment

Copyright ? 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2003; 43:785–821



798 J. A. SHAW, S. STOKES AND M. A. LUCKING

Figure 8. Local front stopping driven by detection of intersection of cells, followed by
removal of cells and decrenellation of boundary.

and mesh-collapsing to achieve the desired lengths for edges that lie in the base=top-surface of
a layer and local front stopping once the marching-distance matches the desired edge-length.

4.2. Improving grid quality; method robustness and range of applicability of the
advancing-layer method

Since the advancing-layer approach involves the recursive generation of layers, it is useful to
provide an overview of the order in which the mesh generation algorithms are applied within
the generation of each layer, see Figure 9.
This provides a framework for introducing the techniques that have been developed to

extend the robustness and applicability of the method.
Study of Figure 9 shows that:

1. The-Layer is initiated with a base-surface, which for layer 1 is the initial set of surface
grids, and for layer n is the top-surface of layer n− 1.

2. Sensors determine whether quadrilateral faces should be split or points should be added
to the base-surface. In either case, the faces and edges of the base-surface are rede�ned
and hanging-face data for inter-layer connectivity is created.

3. Marching-directions are evaluated for all nodes on the base-surface.
4. Marching-distances are determined for all nodes on the base-surface.
5. The base-surface is projected to give the top-surface, thereby creating the cells within
the layer.

6. Tests are performed to determine if cells within the layer need to be removed, which
include:

(a) Face-edge intersection tests to detect whether cells in the layer intersect the current
‘outer-shell’ of the near �eld grid. These tests are su�cient to ensure that no other
region of grid is intersected due to the marching nature of the method.
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1) Initiate base-surface of layer 

 2) Enrich base-surface of layer 

 3) Evaluate marching-direction for nodes 

4) Calculate marching distance for nodes 

5) Project base-surface to grow layer 

 6) Identify regions of layer for removal

 7) Remove unwanted cells and nodes 

 8) Decrenellate exposed boundaries of layer 

9) Collapse edges of top-surface of layer

10) Update top-surface of layer

Figure 9. Order of operations in construction of layer.

(b) Cell height monitoring to terminate layer growth locally once the marching distance
for a cell (height) exceeds the local characteristic lengths given by the background
sources.

(c) Cell quality checks to ensure that cells with negative volumes or high skewness are
identi�ed.

7. If cells are �agged for removal, the data are used to determine which nodes and cells
contained within the layer should be removed. The removal of these cells ensures that
no further growth in these regions occurs in subsequent layers.

8. The process of decrenellating the boundary of the retained region is invoked. Once a
layer has had cells removed from it, all subsequent layers will contain cells that need
decrenellating.

9. Sensors determine whether edges should be collapsed on the top-surface, in which case
the faces and nodes of the top-surface are rede�ned, as are the cells and their intra-layer
connectivity.

10. Finally, the top-surface of the layer is updated in preparation for copying it to form the
base-surface of subsequent layers.

The following sections of this paper describe the algorithms employed at each of these stages.

4.2.1. Initiation of the base-surface. The base-surface is initialized simply, either for the �rst
layer via the input surface grid or for subsequent layers by copying the contents of the top-
surface of the previous layer. The class that supports the base-surface contains information
about the co-ordinates of nodes, constraints on node-normal directions, the nodes that form
faces and the connectivity of faces.

4.2.2. Mesh enrichment. Mesh enrichment takes two forms. Firstly, the base-surface
of the layer is analysed to determine whether any of the quadrilateral faces should be split
in half to give two triangular faces. The principal motives for this are to remove poor quality
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quadrilaterals (large internal angles) and to modify topological structures that restrict the va-
lidity of applying the mesh collapsing techniques. Secondly, nodes are added along edges of
the base-surface. The motives here are threefold; to improve the robustness of the method
in regions where the normals of adjacent nodes are rapidly diverging, to ensure a smooth
change in cell volume at the interface between the near and far �eld grid and to promote grid
structures that facilitate the application of the mesh collapsing techniques.
The mesh enrichment entails two basic operations on the given base-surface of a layer. The

faces of the base-surface are rede�ned to account for the added nodes and edges under the
strict constraint that all edges that existed in the initial base-surface are present in the re�ned
base-surface, even if this is as the union of more than one edge. The resulting new base-
surface faces will either match one-to-one or one-to-many with the initial base-surface (which
is the top-surface of the previous layer). Where there is a one-to-many match, hanging-face
data must be created for the inter-layer connectivity. The following sub-sections cover these
topics.

4.2.2.1. Sensors for enriching mesh. The sensors that have been developed to identify that
a quadrilateral face should be split into a pair of triangular faces are based on detecting:

• Two-point singularities, i.e. where two quadrilaterals abut each other on two of their
faces. In such a case, the collapsing of a non-common edge for each quadrilateral would
produce an invalid mesh because four faces (rather than two) would meet at a common
edge.

• Large internal angles of quadrilaterals, i.e. ¿150◦. This test removes poor quality quadri-
laterals, in particular chevrons (a quadrilateral with an internal angle greater than 180◦),
which are both di�cult to march away from and a source of potential mesh induced
errors in subsequent �ow solutions.

The sensors that have been developed to identify that nodes should be added to the base-
surface are based on detecting, for each edge in the mesh, whether:

• The di�erence in direction of the marching-vectors at the two end points exceeds a given
tolerance.

• The current edge-length is a factor of 1.75 greater than the desired mesh length scale
given by the background sources.

• Re�ning the current edge will create a grid structure that will facilitate the application
of the mesh collapsing techniques.

As each edge is �agged for re�nement, a node is added to the list of surface mesh nodes.
Its position is determined and its global number stored in an edge-based array ready for its
subsequent connectivity to the surface mesh.

4.2.2.2. Face enrichment following node addition. For each face in the initial base-surface,
�ags associated with the forming edges are examined to determine whether nodes have been
added to enrich the grid. If this is the case, the face needs to be replaced in the base-surface
by a number of new faces. The precise rebuilding of the faces depends on whether the initial
face is a quadrilateral or triangle and the topology of the edges that have been enriched.
Geometric tests are also used to determine best grid quality for scenarios where more than
one permutation is possible. In certain situations, such as all four edges of a quadrilateral
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being enriched, an additional node is added at the centre of the face (in the case cited, to
allow the construction of four child quadrilaterals). Once the faces have been rede�ned, the
edges and connectivity of the base-surface are re-determined.

4.2.2.3. Creating hanging face data. The cell-centred SOLAR �ow solver is capable of
treating the one-to-many abutment of cell faces, i.e. hanging faces, where a parent face is
abutted by more than one child face. In this case, the parent faces lie on the top-surface of
the previous layer and child faces lie on the base-surface of the current layer. For each parent
face, the data that needs to be established is the number of child faces, the forming nodes
of the child and parent faces and the cell numbers associated with the elements containing
the child and parent faces. This data is readily determined, in part by storing the face of
the top-surface of layer n − 1 that each face of the base-surface of layer n abuts. Directly
copying the base-surface of the current layer from the top-surface of the previous layer gives
a simple initialization of this data, which is updated as either existing faces are subdivided to
form new faces, or as cells are removed from the layer.

4.2.3. Calculation of marching-direction. The marching-direction needs to be evaluated as a
unit vector for each node on the base-surface. This is done through the careful construction
of a vector for each node, followed by a smoothing of vectors.

4.2.3.1. Calculation of initial normal vectors at nodes. The following algorithm was de-
vised for calculating the marching-direction for each node:

• Loop over all the faces in a node’s manifold. Group together approximately planer faces.
This will be referred to as grouping 1.

• Loop over each group of planer faces and merge together groups which are approximately
anti-parallel. This will be referred to as grouping 2.

• Calculate a normalized average of all the face normals within each group, giving a group
normal vector.

• Calculate a normalized average of the group normals to give the marching-direction
vector.

A necessary condition for an advancing-layer mesh to produce positive cells is that after a
node has been projected on to the top-surface of the current layer, it has to remain visible
from all of the nodes in its surrounding base-surface manifold. To ensure normal visibility
the following algorithm, based on work presented in Reference [19], has been implemented.

• Loop over the manifold faces and determine which pair of faces intersects to form the
most acute wedge, refer to these as faces f1 and f2.

• Constrain the marching vector to lay on the bisection plane of faces f1 and f2.

4.2.3.2. Smoothing of marching-direction. Once these algorithms have been applied to cal-
culate a sensible marching vector for each node on the base-surface, a Laplacian smoothing
operator is used to remove any discontinuities in the direction of the marching vectors. This
is particularly important in concave regions where the discontinuities could lead to the mesh
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folding. The formulation of the operator is [18]

V t+1p = (1−!)V̂ tp +
!
Np

Np∑

n=1
V̂ tn (2)

where V̂p is the unit surface vector for point p, V̂n is the nth neighbouring normal vector of
p, Np is the number of neighbours, !p is relaxation parameter, and t is an iteration level. If
the marching vector is required to lie in a given plane, constraints on the normal vectors are
imposed both prior to and following the application of the smoothing operator.
For e�ciency reasons the smoothing is split into two stages. Firstly, the following algorithm

is implemented to identify the nodes in the vicinity of concave regions, where a signi�cant
amount of smoothing of normal vectors is required:

• Sets up a node based array, r, and initialize to zero.
• Set rp = 1 at all concave nodes, p, on the surface.
• Smooth the value of r over the surface.
• Construct a sub-surface made up of faces whose nodes all have a value of r greater than
a given tolerance.

• Using rp as the relaxation factor !p, smooth the marching-vectors over the sub-surface.
• Reintegrate the sub-surface with the original surface.

The Laplacian Smoothing operator is then applied for a few iterations over the whole surface
using the following formulation for !p, the relaxation factor:

!p =MIN(1:0; nl=25) (3)

where nl is the layer number.
This approach realizes the same bene�ts as global smoothing of the entire surface for a

large number of iterations but with huge savings in computational cost. An example of a
typical sub-surface for an aircraft is illustrated in Plate 3.

4.2.4. Marching-distance evaluation. The marching-distance for each base-surface node is
usually calculated by applying an exponential function since this provides the required control
of the normal-to-the-wall spacing of the grid. The exponential function can be tailored to
achieve a speci�ed �rst cell-height for the base-surface of the �rst layer, as well as allowing
the cell volumes to grow in magnitude by a constant growth factor. The desired �rst cell-
height is obtained by deriving values from the source distribution speci�ed by the user within
the GUI. Furthermore, these values can be globally scaled to allow the same distribution of
desired cell-height to be used for a range of Reynolds numbers. Within SOLAR, users have
the option to have a linear region of mesh spacing close to the wall, prior to the application
of the exponential growth normal to the surface. It is believed this facility may bene�t the
accuracy of the prediction of quantities such as skin friction, although a thorough validation
with the SOLAR �ow solver has yet to be undertaken.
To increase the robustness of the advancing-layer method, the marching-distance is modi�ed

[13, 14] to smooth out regions of high curvature. The modi�cation factor is calculated in two
stages. Firstly, a factor is calculated that, when multiplied with the initial marching-distance,
will ensure the local curvature of any concave region on the top-surface of the layer does
not exceed that on the base-surface of the layer. Secondly, this factor is corrected so as to
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reduce curvature over the top-surface of the layer. This process involves further increasing the
factor in concave regions and decreasing it in convex regions. As with the marching-direction
evaluation, the robustness of the method and quality of the resulting grids is improved by the
application of a Laplacian smoothing �lter.

4.2.5. Projection of base-surface to grow layer. Once a marching-distance and a unit mag-
nitude marching-direction have been evaluated for all nodes, it is a straightforward task to
multiply this data to produce the increments to the base-surface that are required to produce
the top-surface of the layer.

4.2.6. Identi�cation of regions for termination of local layer growth. As has already been
discussed, there are a number of reasons for the requirement to terminate locally the growth
of a layer. These include the removal of cells that intersect other cells (either in the current
layer or previous layers), the removal of cells of poor quality (either negative volume or high
skewness) and the removal of cells where the marching-distance exceeds the other character-
istic length scales of the cell. The algorithms that are invoked to �ag these cells are discussed
in detail in this section.

4.2.6.1. Detecting layer intersection. The problem of detecting the intersection of a given
layer with either the existing grid (which does not include the layer being generated), or
itself, is potentially computationally intensive. The required e�ort can be reduced to testing
the intersection of the set of edges that de�ne the cells in the layer with each face that
bounds the outer-shells of both the current grid and layer. The faces forming the base-surface
of the layer can be considered equivalent to the faces forming the top-surface of the grid (Of
course, exact equivalence is violated by the possibility of enrichment having occurred in the
base-surface of the layer). Hence, in addition to the faces bounding the layer, the only faces
of the grid that need to be considered are the exposed faces introduced by the layer-stopping
and decrenellation processes applied to previous layers (see Section 4.2.7). These faces are
easily identi�ed within the grid, since a particular boundary condition is associated with them
as part of the process of identifying the faces that the far-�eld grid will have to be cut to
match. Adding the bounding side faces and faces from the top-surface of the layer to the set
of grid faces completes the de�nition that the outer-shell of the grid would have if the layer
had already been added to it.
The faces in this outer shell are tested for intersection with vectors de�ned by connecting

nodes in the base-surface of the layer with their corresponding ones in the top-surface, i.e.
the intersection vectors are e�ectively along the smoothed marching vectors. However, they
are given a magnitude that exceeds the local marching distance (multiplied by 2.0, currently)
so that if a layer is getting close to intersecting the outer-shell, then the cells are �agged
as intersecting. This avoids situations where the gap between the grown cells is very small,
causing a large jump in cell size between the near and far-�eld mesh.
The same faces are then tested for intersection with the vectors formed from their own

edges.
If, and only if, either of the above set of edge=face intersection tests identify a region of

intersection, then the faces of the base-surface of the layer are tested for intersection with the
‘through the layer’ edge vectors that were used in the �rst set of tests.
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Quadrilateral faces within the grid are subdivided into triangles for the intersection testing,
split along the diagonal that produces the most convex, and therefore most likely to intersect,
surface.
The priority in developing the algorithm for this section of the system is e�ciency, as

the worst case cost for the algorithm is O(nNode∗nFace). Developers of advancing-front type
unstructured grid generators [8] have used alternating-digital-tree structures (ADT) for explicit
edge–face intersection calculations, however an ADT is not the most appropriate structure
for the speci�c problem here. For an ADT, calculation of edge–face intersections is rapid;
however, tree set up time can be prohibitive. In Advancing-Front calculations, the set up time
is ameliorated due to its dynamic nature; for the advancing-layer approach, a new tree needs
to be set up for each layer, thus magnifying the set up cost.
Introducing relatively cheap tests that nullify the need to check explicitly for edge–face in-

tersection can substantially reduce this cost. The approach that has been used is based on one
that has been exploited successfully in the development of a rapid hidden line removal algo-
rithm for vector postscript picture production. The principal is, to employ a recursive-bisection
approach to partition the outer-shell surface into sub-domains, each containing approximately
equal numbers of surface faces. The geometric extent of these sub-domains is then evaluated
and stored as bounding boxes, see Plate 4.
By comparing the co-ordinates of the end points of an edge with those of the bounding

box of a domain, large numbers of tests on possible edge–face intersections are avoided.
In practice, it is important to get a balance between the amount of CPU time spent perform-

ing the edge=bounding-box tests (i.e. the time spent avoiding edge–face intersection checking)
and the time spent performing edge–face intersection tests. This can be achieved by de�ning
the total CPU cost to be:

Cost = nedges ∗ (a ∗ k1 ∗ x + b ∗ k2=x) (4)

where nedges is the number of edges, k1 is the number of domains an edge is likely to
intersect, k2 is the number of faces in the surface, and x is the number of faces in a domain. a
and b are constants that represent the computational e�ort for the two sets of tests, respectively.
Thus, the cost can be minimized by dynamically changing the number of faces contained in
a domain to be:

x=sqrt(b ∗ k2=a ∗ k1) (5)

To optimize the intersection calculation further, the tree can be stored between iterations. This
allows the triangle-domain mapping of the tree to be re-used for each layer (if the number
of triangles and their connectivity remain constant). The new triangle locations are written to
the tree and the limits of the domain are rede�ned.
The data created by the intersection routine stores the cell number that each edge intersects.

4.2.6.2. Termination based on achieving desired edge length of cell. Layer growth is lo-
cally terminated once the average marching distance, for a given cell, becomes greater than the
desired mesh length scale given by the background sources. The motivation for this approach
is two-fold. Firstly, it ensures a reasonable match in cell size and aspect ratio between the
near-�eld and far-�eld meshes. Secondly, it minimizes the number of cells in the near-�eld
mesh thus improving the e�ciency of the subsequent �ow calculation. Plate 5 demonstrates
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the application of this approach to a cube with a surface mesh that is clustered towards a
single vertex.

4.2.6.3. Termination based on poor mesh quality. Mesh quality is assessed currently either
on mesh volume or cell skewness, the latter assessed simply via the dot product of the unit
normal vectors to the top and base face of a cell.

4.2.7. Removal of nodes and cells from a layer. Once the basic data for the cells that are
to be removed from a layer has been de�ned, certain topological tests are performed on the
remaining nodes and faces of the layer to ensure that a valid, consistent set of data is created.
The tests, which are performed iteratively on the top-surface of the layer until no more nodes
or cells are added to the list, are to �ag for removal:

• Faces that have a forming node �agged for removal.
• Faces that are not connected to at least two other faces. This has the e�ect of smoothing
o� the boundary of the retained region.

• Faces that contain nodes that are part of two connected contours (i.e. the node at the
centre of a �gure ‘8’). Such structures are not allowed due to the data structures used
in both the near and far �eld mesh generators.

• Nodes that are not part of the retained faces of the base-=top-surface.
• ‘Brothers and sisters’ of child hanging-faces that have already been identi�ed for removal.
• Any quad that has either of its diagonally opposite corners on the boundary of the
domain. This is to prevent having to decrenellate (see later) this particular type of
element.

Overall then, after these various topological tests have converged for the top-surface, there
is the potential for a signi�cantly larger region of cells to be �agged for removal than that
identi�ed by the tests outlined in the Section 4.2.6.
The cells and nodes are then actually removed from the layer. The new boundary nodes

are then set and the base-surface and top-surface of the layer are rede�ned in terms of the
retained nodes and faces. The cell list and intra-layer connectivity are recreated and all node
and face based data that has been established for use in the subsequent collapsing algorithms
(see Section 4.2.9) is appropriately sifted. During all the renumbering processes, the various
mappings of data need to be stored to manage the correct addition of the layer to the existing
grid.

4.2.8. Decrenellation of cells in layer. There are potential drawbacks with adopting a strategy
by which cells and nodes are removed from a layer. The shell that bounds the layered grid is
highly crenellated. Furthermore, there is the potential both for cells of signi�cantly di�erent
aspect ratios to be in close proximity to each other and for highly anisotropic faces of the
layered mesh to abut the far �eld mesh. Such situations would lead to the Cartesian cut-
cell far �eld method producing highly irregular polyhedra. Also, there would be a lack of
smoothness in the variation of cell mesh-quality and mesh-property measures, which in turn
could be expected to a�ect both the robustness and accuracy of the subsequent �ow solution.
These undesirable features in the mesh can be removed by smoothing o� the jagged boundary
produced by the local stopping of the mesh, a process that is referred to here as mesh
decrenellation.
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There are two possible approaches that could be taken to mesh decrenellation. One would be
to generate the complete near �eld grid and then to smooth o� the boundary. The alternative
is to smooth o� each layer, as it is grown. The latter approach has been favoured based on
mesh quality considerations.
In considering how best to perform the decrenellation process, it is very attractive to con-

sider the conceptually simple idea of collapsing the vertical edges of the faces that bound the
region of the layer that has been removed. The drawback with this approach, for the work
reported here, comes purely from an implementation point of view, given the structure of the
code at the time of developing the decrenellation capability. In particular, such an approach
would lead to the same nodes lying in both the base-surface and the top-surface of the layer,
which in turn would have a signi�cant impact on a number of existing algorithms. Instead,
the approach taken, which is described below, is based on the deletion of certain nodes on
the top-surface of the layer and the subsequent rebuilding of the a�ected faces and elements.

4.2.8.1. Checking the validity of the top-surface after decrenellation. Just as checks have
to be performed to verify that the basic top-surface is valid after elements have been removed,
then the topological properties of the top-surface that will exist after the decrenellation process
has been invoked also needs to be veri�ed. This is done prior to the decrenellation process
itself. The current top-surface is simply copied to a temporary surface and the boundary
conditions set to identify the boundary which the top-surface would have if all the presently
�agged faces and nodes were removed. The tests that are performed to check the integrity of
the surface are performed at the end of each iterative loop of the tests described in Section
4.2.7. They are:

• If any faces have all nodes on the new boundary of the grid, they are �agged for removal.
• If an interior edge of the surface has faces either side of it that will be removed by the
decrenellation process, then the edge itself will form a ridge on the outer-shell. In such
cases, both faces are �agged for removal.

• If an interior node of the surface is not connected by an edge to any other interior node
of the surface, then the decrenellation process would leave an isolated node that is not
connected to any face. Subsequent algorithms would break down if such situations occur
and hence the node is �agged for removal.

• If an interior node of the surface is connected to two or more distinct groups of faces
that will be removed by the decrenellation process, then the node is �agged for removal.
In this case, the removal is to avoid the creation of non-smooth ridges and the creation
of a post-decrenellation top-surface that has two contours meeting at a node.

4.2.8.2. Strategy for decrenellation. To support the explanation of the decrenellation pro-
cess, the simple example of growing a mesh away from a coarse, regular surface mesh on a
�at plate is considered. Assume that a single node in the middle of one of the top-surface of
layer n has been �agged for removal. Based on the earlier discussion, the four surrounding
elements (hexahedra) are then identi�ed for removal.
The �rst stage of the decrenellation process is to identify which of the remaining hexahedra

have either two or six nodes on the side boundary of the retained volume. Each of these
hexahedra is split into two prisms, with the diagonal cut always chosen to connect between
nodes that are on the boundary and nodes that are not. This in turn requires the intra-layer
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and inter-layer connectivity data to be updated. This topological action greatly simpli�es the
subsequent decrenellation process.
The next stage is to �ag for removal the nodes that lie on the top-surface and form part

of the boundary of the retained region. In turn, the faces containing these nodes are then
also �agged for removal from the top-surface, followed by the reconstruction of a valid
top-surface.
Given a valid base-surface and top-surface, it is then possible to rede�ne the cells in the

grid to account for the deleted nodes and faces. Cells that have not had any nodes removed
simply need to have the top-face nodes renumbered to account for the removed nodes. The
remaining cells need to be rebuilt from the retained, renumbered nodes. The rebuilding strategy
is straightforward, based on knowledge of how many nodes lie on the base of the cell and
how many nodes are retained in the top-surface.
A more demanding task is to update the intra-layer connectivity that de�nes the face-

based connectivity of the mesh used by the �ow solver. Again, this involves renumbering
of existing data and a number of alternative scenarios need to be considered. Also required
is the creation of additional connectivity data arising from the decrenellation of prismatic
elements to pyramids that have a triangular base and quadrilateral side face that abuts an
internal element of the layer. This connectivity data relates to the triangular top-face of the
pyramid, which will be part of the outer shell of the near-�eld grid.

4.2.9. Mesh collapsing for concave boundaries. As described earlier, it has been found to be
critical to allow the mesh to coarsen as layers are advanced away from surfaces with either
high concave curvature or slope-discontinuities that give rise to neighbouring nodes having
rapidly converging normals.
Collapsing is performed by developing sensors that �rstly identify regions and then reduce

edges of the mesh to points. Three basic operations are performed on the top-surface of a
layer. The edges of the top-surface are analysed to determine which need to be collapsed
and a certain priority associated with the edge depending upon how important the collapsing
is deemed to be. The edges of the grid are then collapsed in turn, based on their position
within a heap data structure, with checks operating to ensure that invalid collapses are not al-
lowed. Finally, the prisms and hexahedra within the layer are rede�ned as alternative elements
following the edge collapsing.
In practice, collapsing of edges can only be applied to one edge of a polygon at a time. It

has therefore been necessary to develop the algorithms to enable the repeated application of
the collapsing sensors and mechanisms over a number of iterations (typically four) for each
layer to ensure that all the required collapses are performed.

4.2.9.1. Sensors for collapsing mesh. The primary function of the edge collapsing is to
prevent the normal grid lines from crossing over as the mesh is projected away from a
surface that has either concave-curvature or slope-discontinuities. The edge collapsing also
has two secondary functions, �rstly to improve mesh quality and secondly to facilitate the
generation of approximately unit aspect ratio cells within the �nal layer of the mesh. The
requirement for having unit aspect ratio cells within the �nal layer is to ensure a smooth
transition in cell size between the near and far-�eld meshes. To give the edge collapsing this
range of functionality, three sensors have been developed to determine which edges on the
current surface require collapsing.
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The �rst sensor is based on predicting the number of layers, nl, for which each face can be
projected until the normal grid lines will eventually crossover. If, for a given face, the normal
grid lines are not predicted to cross over within a pre-speci�ed number of layers, then nl is
set to zero. If nl takes nonzero values at the faces on either side of a given edge, then that
edge is �agged for collapsing. The weighting given to this collapse is equal to the minimum,
over the two faces, of (1 + 1=nl). If nl is nonzero at an isolated face, then the implication is
that it is a quadrilateral face with converging marching vectors emanating from disconnected
nodes. If this is the case then the shortest edge of this face and the edge opposite are both
�agged for collapsing.
The second sensor is based on monitoring the change in aspect ratio of each cell face, before

and after the surface has been projected to form a dummy top-surface for the subsequent layer.
If there is a predicted increase in aspect ratio for the two faces either side of a given edge
then that edge is �agged up for collapsing. The weighting given to this collapse is based on
the average increase in aspect ratio for the two faces.
The third sensor is aimed at achieving unit aspect ratio cells in the �nal grid layer. To this

end, a test has been devised which is based on the ratio

el=((nl=total nl) ∗ 1:5 ∗md) (6)

where, el is edge length, nl is the current layer number, total nl is the total number of layers
to be generated and md is the marching-distance. If, for a given edge this ratio takes a value
greater than one, then the edge is �agged for collapsing with weighting equal to the value of
the ratio.

4.2.9.2. Edge-collapsing. The edge collapsing is applied to the edges of the top-surface of
a layer, with the edges taken in turn from the heap structure. The collapsing is performed
by operations on the edge’s two end nodes, repositioning one node and removing the other
from the grid. If neither, or both, of the end nodes of an edge lie on the boundary of the
domain, the edge is collapsed by positioning the retained node at the bisector of the edge. If
only one of the end nodes lies on the boundary of the domain, its position is chosen for the
retained node to maintain boundary integrity. The collapsing of an edge is only accepted if
the elements in the layer maintain a positive volume and the normal grid lines do not become
too skewed.
The power of the edge-collapsing is illustrated in Figure 10 where a grid is grown for

50 layers away from a missile, without using any of the local layer termination techniques
described earlier. It is clear to see from this �gure how the topology of the top-surface of
layers varies as the grid is grown.

4.2.10. Updating the top-surface of the layer. Following the modi�cations to the top-surface
of a layer that result from edge collapsing, the data describing the faces and cells internal
to a layer needs to be updated. Speci�cally, the faces that connect the bottom-surface to the
top-surface of a layer are no longer simply quadrilaterals, but may be triangles. Equally, the
top-faces of elements that were either initially triangles or quadrilaterals could now be lines
or points.
Once the top-surface has been rede�ned, the de�nition of the layer is complete. The

layer can now be added to the grid and the top-surface copied to become the base-surface
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Figure 10. (a) Surface mesh on cruciform store; (b) Top-surface of layer 10; (c) Top-surface of layer
20; (d) Top-surface of layer 30; (e) Top-surface of layer 40; (f) Top-surface of layer 50.
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of the next layer. This process continues until the generation of the near �eld grid is
completed.

4.3. Data structures employed

To ensure that the layered grid generation is e�cient in terms of both execution times and
memory requirements, e�ective data structures [30] must be employed to store and manipulate
data. The data structures used throughout the algorithms described in Section 4.2 include static
lists, stacks, heap sorts, trees, dynamic-arrays and dynamic-lists.

5. FAR-FIELD MESH GENERATION

The far-�eld mesh is formed in two main stages. Initially a Cartesian mesh of varying density
is constructed to cover the whole domain, with spacing locally determined from the same
user-speci�ed sources that control the surface mesh density. The cells that lie completely
interior to the outer-boundary of the near-�eld grid are then identi�ed and removed from the
grid and the Cartesian cells that intersect this boundary are cut to conform to it.

5.1. Generation of Cartesian mesh

The Cartesian region of the far �eld mesh is initially generated by splitting the overall dimen-
sions of the box bounding the �ow domain into a number of regular intervals. This initial grid
is then re�ned based on the strengths of sources distributed within the mesh. These sources
are typically distributed near to the geometric surfaces since they are used to in�uence the
density of the surface meshes. The sources de�ne a desired edge-length for the grid and the
Cartesian mesh is re�ned automatically to achieve cells with the desired local edge-length.

5.2. Construction of Cartesian cut cells

All cells of the Cartesian mesh that either lie completely within the con�guration surface
or the near-�eld mesh are removed from the grid. Of the remaining cells, some intersect
the outer-boundary of the near-�eld mesh. These cells need to be cut to conform to the
planes de�ned by the faces on the outer-boundary of the near-�eld mesh and the polygonal
representation of the cell reconstructed to re�ect this. If the cutting process creates very small
cells, then they are removed by merging them with a neighbouring larger cell to form one
cell.
Figure 11 shows a generic cut cell produced by a part of the outer-boundary of the near-

�eld grid intersecting a Cartesian cell. For illustrative purposes, the outer boundary shown is
composed of triangles only. In this case the lower part of the cube lies outside the boundary
of the near-�eld grid so the upper part is discarded and the remaining cut cell consists of eight
faces: the bottom face in its entirety; the four side faces made up of edges of the cut-cell
and line segments formed by the intersection of the near-�eld boundary faces with the side-
faces of the cube; �nally the polygons formed where the cube clips the outer boundary faces.
Construction of polygons such as abcd is easily implemented using a technique common in
computer graphics applications, the Sutherland-Hodgman clipping algorithm [20]. The resulting
clipped polygon is generated as a list of vertices that are naturally ordered in the same sense as
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Figure 11. Generic cut-cell.

the vertices of the boundary face. Connectivity of the resulting set of clipped polygons takes
the form of a so-called winged-edge data structure, which relates edges to faces and adjacent
edges in a way that greatly facilitates edge and face traversal. To complete the creation of the
cut-cell, the faces such as abhgfe, in Figure 11, must be built by connecting edges of clipped
polygons to edges of the cube.
The complete cut cell construction thus consists, in general, of an arbitrary number of

faces, each of which has an arbitrary number of edges. The faces must be formed into a list
associated with each cut cell and account must be taken of the general case where a Cartesian
cell can be cut to form more than one cut cell.
Figure 12 shows an instance of this that has been constructed to be easy to visualize.

Where the near-�eld boundary cuts the cell, it consists of quadrilaterals that form a ‘ridge’ as
shown. The part of the cut-cell lying outside the boundary consists of two prisms. The cut-cell
construction algorithm involves traversing the list of edges generated by the cutting process
and if untraversed edges remain in this list after a closed polyhedron has been constructed
then a further cut-cell is constructed.

5.3. Removal of small cells

Arbitrarily small cells may be generated by the cutting process leading to small time-steps,
hence �ow solution convergence problems, and inaccuracies arising from large di�erences in
size between adjacent cells. A simple cell merging procedure is implemented to overcome
these di�culties.
Figure 13 shows a ‘typical’ scenario. By way of illustration, the intersection of the near-

�eld boundary and the two Cartesian cells is de�ned by the quadrilaterals ijqr and turq. The
volume of prism-shaped cut-cell C is smaller than the speci�ed minimum so it is merged
with cut cell A. Cut cell A is chosen, as it possesses the largest shared face with cell C. This
shared face is removed from the global face list and the other faces tagged as belonging to
cell C are re-tagged as belonging to cell A, thus completing the merged cell.
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Figure 12. Creation of more than one cut-cell.

6. EXAMPLES

The mesh generation capability described has been developed for use in a wide range of appli-
cation �elds, including power plant installation and store carriage and release. The examples
discussed below cover the areas mentioned.

6.1. Mesh for research civil aircraft

The requirement to simulate routinely the �ow over complete aircraft such as the civil aircraft
shown in Figure 14(a) is one of the main requirements of the SOLAR system. The con�g-
uration was described by 45 CAD surfaces, for which the bounding point distributions were
derived from sources, the strength of which were chosen to promote suitable mesh density in
regions of either high curvature or particular interest. Meshes were generated on each surface,
and displayed, and various measures of mesh quality cycled through before each was accepted.
On occasions, when the grid was not quite as desired, perhaps either because the mesh density
varied too quickly or greater anisotropy was desired, the parameters associated with particular
sources were modi�ed and the mesh regenerated. All this was performed interactively via the
GUI interface.
Figures 14(a) and 15(a) show the surface mesh generated for the research civil aircraft.

In this case, the prime complexity in the generation of a volume mesh comes from the
topology of the pylon and its intersection with, and abutment to, parts of the wing and
nacelle. This complexity has led previously to signi�cant manpower being invested in the
development of block-topologies to generate block-structured grids for viscous �ow modelling
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Figure 13. Removal of small cells from grid.

around this con�guration. Furthermore, notable additional manpower was needed for each
signi�cant geometric variation occurring within the study of the integrated design of the wing-
pylon and nacelle. In contrast, the technology discussed in this paper has allowed alternative
builds of this con�guration to be addressed in rapid succession.
Figures 14(b) and 15(b) show views of the outer shell of the near �eld volume mesh

generated around this con�guration. The �gures serve to indicate the extent of the growth of
the near �eld mesh, the overall quality of the volume mesh and the smoothness of the interface
between the near and far �eld mesh. In Figure 16, the overall percentage of each layer of
cells that are hexahedra is plotted. It can be seen that this starts o� at more than 99%, with
hardly any deterioration over the �rst 20 layers. Then, with the marching-distance getting ever
larger, the tendency for grid lines to converge in junction regions increases, leading to the
sensors switching on the edge-collapsing routines. This leads to the quadrilateral faces in the
top-surface of the layers either being modi�ed to triangles or compressed to lines or points.
Around layer 30, growth away from regions with tightly spaced cells will begin to terminate
because the mesh cells will have reached unit aspect ratio. The decrenellation process will be
active at this point, which is a source for some of the hexahedra getting converted into prisms,
from which subsequent prisms will grow. Hence, the percentage of cells that are hexahedra
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Figure 14. (a) Surface grid on civil aircraft; (b) The outer shell of the near �eld volume grid.

drops o� quite quickly until, by the terminal layer (41), only about 2=3rds remain hexahedra.
Overall though, in excess of 98% of the cells in the near �eld mesh are hexahedra.
A mesh with the same point density, but decomposed into tetrahedra, would contain about

a factor of 5 more cells, with notable implications for the �ow solver in terms of additional
memory requirements, computational e�ort per time step and convergence rates. Thus, the
idea that is promoted in this paper of using hybrid grids composed primarily of hexahedra
o�ers potentially signi�cant cost reductions over completely unstructured approaches.

6.2. Store carriage and release

An important application area for the SOLAR CFD system is that of store carriage and release.
For general application in this area, the volume mesh generator needs to be able to generate
automatically non-overlapping meshes around con�gurations with closely coupled surfaces,
such as a store in carriage under a pylon. Test cases are presented in Sections 6.2.1 and 6.2.2
that demonstrate the meeting of this requirement.
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Figure 15. (a) A close up of the mesh on the nacelle; (b) A close up of the outer shell of the near
�eld mesh in the vicinity of the nacelle.

6.2.1. Generic wing=pylon=store con�guration. Plate 6 shows the complete surface mesh gen-
erated for a generic wing=pylon=store con�guration. As discussed above, the major chal-
lenge to the volume meshing capability for this type of con�guration is the small gap
region between the store and the underside of the pylon. The ability of the method to treat
this region can be judged by viewing constant cuts through the volume mesh, as shown in
Figures 17–19.
Here, it can be deduced that the local-layer growth terminates based on the detection

of overlapping regions of mesh rather than on achieving a desired marching-distance. The
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Figure 16. Percentage of elements per layer that are hexahedra.

Figure 17. A cut of constant y though the SOLAR mesh.

overall quality of the mesh is good, with the cut-cell mesh matching well to the
inner grid.

6.2.2. BL755 missile released from a Tornado. The geometry model that was used for a
Tornado=bl755 con�guration included a description of the aircraft’s intake and the diverter
that is positioned between the intake and the fuselage. A view of the mesh created around this
con�guration is presented in Figure 20. For the volume mesh generation the most challenging
aspect of this con�guration is the diverter region. This is due to the combination of the
concave junction regions, where the diverter is connected to the intake and fuselage, and the
proximity of the inboard side of the intake to the fuselage. A cut of constant x through the
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Figure 18. A cut of constant x though the SOLAR mesh.

Figure 19. A close up view of the cut of constant x through the SOLAR mesh.

volume mesh in this region is presented in Figures 21(a) and 21(b). Note that the intersection
of the near-�eld mesh is automatically prevented by the local termination of the marching
process. Figure 22 illustrates a cut of constant y through the Tornado fuselage and the bl755
store. Overall the mesh quality is good for what is a challenging test case.
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Figure 20. SOLAR mesh generated around the Tornado=bl755 con�guration.

Figure 21. (a) A cut of constant x through the SOLAR mesh; (b) A close up view
of the constant x cut through the intake.

7. CONCLUSIONS

It is concluded that:

• A highly automated mesh generation capability for use in conjunction with viscous �ow
solvers has been developed. For engineers who are used to the requirements for setting
up input to unstructured mesh generators for inviscid �ows, the e�ort required to become
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Figure 22. A cut of constant y through the SOLAR mesh.

pro�cient in using this new capability is minimal. This has enabled the rapid insertion of
this new technology into use in the research and development and design environments.

• Mixed quadrilateral–triangular meshes can be formed on general surfaces using the
moving-front approach. The quality of these meshes is ensured to be high through careful
selection of the best region to mesh next and selective determination of best position
to place a node. Smoothing algorithms and topological operations serve to further mesh
quality. Typically, 99% of the polygons in the surface meshes will be quadrilaterals.

• The advancing-layer technique provides a suitable basis for creating the highly anisotropic
cells required near to surfaces for e�cient viscous �ow modelling. However, great care
is needed in the evaluation of the marching-direction and marching-distance to produce
a robust capability.

• Augmenting the advancing-layer technique with cell collapsing and enriching techniques,
which allow the topology of the layer to alter as the mesh is grown, signi�cantly enhances
the range of problems that the approach can handle robustly.

• The addition of front-intersection detection and local-layer termination techniques to the
advancing-layer method enables closely coupled con�gurations to be treated and allows
the growth of the near-�eld mesh to extend to cover the region where viscous e�ects
dominate.

• The use of a Cartesian mesh of variable density provides an e�cient covering of the
far �eld. Cutting the cells to conform to the boundary of the near-�eld mesh is com-
putationally inexpensive relative to the cost of reconstructing the faces of the cells. The
quality of the mesh at the interface between the near and far �eld meshes can be greatly
improved through the merging of small cells with neighbouring larger ones.

• The U.K industry=research-establishment initiative to fund and resource jointly a team of
specialists from across the collaborating organizations to develop a capability to meet a
common requirement has realized signi�cant bene�ts rapidly.
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