
Conformal Meshing of Multiple Domains in

Contact

Franjo Juretić
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Summary. The paper presents an inside-out method for conformal meshing of mul-
tiple domains in contact applicable to meshes consisting of arbitrary polyhedra. The
method is automatic and does not require high-quality surface triangulation. It is an
extension of AVL’s automatic polyhedral mesh generator FAME with an additional
step during which the cells are distributed to their domains and the internal interfaces
are captured. Several industrial examples are provided to demonstrate the potential of
the method.

1 Introduction

Problems occurring in engineering practice often include two or more materials in-
teracting with each other. Some examples of such problems are: heat exchange be-
tween coolant in the cooling jacket of an engine and the engine block, flow and heat
transfer in a heat exchanger, multiphase flows, fluid-structure interaction, balance
of masses in crankshafts, etc. The geometries of such devices are very complex and
their simulation often requires high amount of manual work, which is often tedious
and time consuming. The main reason for these problems lies in the mesh gener-
ation process, which is usually the bottleneck of the simulation [22].

Automatic mesh-generation methods can be classified into two main groups,
namely, boundary-to-interior and inside-outmethods. Boundary-to-interiormeth-
ods start the mesh-generation process at the boundary and then proceed to the
generation of the volume mesh. These methods fall into two categories: Advanc-
ing front methods [9, 12] and Delaunay methods [5, 6]. On the contrary, inside-out
methods start the meshing process by generating the interior mesh template first
which is then connected with the boundary. Thesemethods [21, 1, 11, 19, 15, 16, 14]
have received a great deal attention during the last decade, and have enjoyed a
great deal of success in the industrial environment due to the fact they do not
require high quality surface triangulations and complex algorithms to analyse the
topology of the geometryunder consideration. The method implemented in FAME
is based on the template, generated from a background octree, mainly consisting
of hexahedral cells, while the transition regions between the fine and coarse mesh
are filled with prisms and pyramids. Treatment of outer boundaries follows the
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approaches of Wang et. al. [21] and Tchon et. al. [19] because they are not very
sensitive to the quality of the surface mesh.

Methods for capturing internal surfaces have mainly been used in the context
of adaptive re-meshing. Some examples where the interface is tracked during
the calculation can be found for mould casting [13], two-phase flows on Voronoi
meshes [2], rising of air bubbles in the water [20] and many more. However,
the literature on mesh generation methods for multiple domains in contact are
quite limited. Sullivan et. al. [18] have presented a method generating tetrahe-
dral meshes in multiple complex domains. Surface facets are determined based
on nodal distances from the surface, which is not reliable in case of bad qual-
ity surface meshes. Kim et. al. have discussed their approach in [10] aimed for
modelling of composite materials and cloths. The position of the internal sur-
faces is prescribed by using analytical functions for the threads in the composite
matrix, and the internal surfaces are captured by using element splitting and
node relocations. Togashi et. al. [8] developed a method for multiple bodies in
contact using overset meshes. Shepherd [17] has implemented a similar method
for capturing internal surfaces to the one presented in this paper. The method
finds the template cells intersected by the internal surface and distributes all of
them to one of the materials at inner boundaries. The approach presented in this
paper distributes the intersected cells depending on the number of neighbours an
intersected cell shares with each material, and distributes the cell to the material
with most neighbours. This results in the lowest number of cells with more than
one face at the inner boundary and the lowest number of deformed cells after
the mapping stage.

This paper presents an inside-out method, applicable to arbitrary polyhedral
meshes, which generates a mesh for multiple domains in contact in a single mesh
generation process. The paper is organised as follows. Section 2 gives an overview
of the mesh generation process. The procedure generating internal boundaries
is discussed in section 2.5. The examples of problems under consideration are
shown in section 3. Conclusions and suggestions for future work are given in
section 4.

2 Methodology

2.1 Input Data

The method requires the following input:

1. A surface triangulation and a mesh of edges user wants to capture. All the
facets in the surface triangulation belonging to each material have to be
collected in a selection and given a name. By doing this, it is possible to
identify facets at internal surfaces because they must appear in exactly two
such selections. This information is used later in the meshing process.

2. The second part are the settings enabling the user to set cell sizes in different
parts of domains, number of boundary layers in each domain or at specified
parts of the boundary, etc. The settings are stored in a xml file and can be
generated using a GUI application.
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2.2 Octree Creation

The meshing process starts by generating an octree based on the settings given in
the xml file. The octree is needed to generate the mesh template and to perform
inside/outside calculations applicable to bad quality surface triangulations. The
octree is refined level-wise until no further refinement is requested. In order to
achieve the desired cell size for every domain it is necessary to refine the octree
accordingly. The leaves belonging a particular domain, which shall be refined,
are selected using the following procedure:

1. Mark all leaves with a box type. Available types are: OUTSIDE, DATA
(leaves containing some surface elements), INSIDE and ENCLOSED (do-
mains having no connection with the outer boundary). The marking process
starts by marking all OUTSIDE leaves first, followed by INSIDE leaves and
then the ENCLOSED ones.

2. Once the box types are known, it is possible to find leaves belonging to the
domain of interest. Leaves in partially-enclosed domains, containing a por-
tion of some outer boundary, are of INSIDE type and are marked using the
frontal-marking algorithm starting from an initial INSIDE leaf near a DATA
leaf containing a portion of domain under consideration. Leaves in enclosed
domains are also marked using the frontal-marking algorithm starting from
an initial ENCLOSED leaf near a DATA leaf containing a portion of the
enclosed domain.

2.3 Mesh Template

Once the octree is created it is used for generating the initial mesh template.
The template mesh consists of standard cell types, namely, hexahedra, prisms
and pyramids. Please note that it encompasses all domains of interest and the
existence of internal surfaces is also ignored at this stage. An example of the
surface mesh with two domains and the resulting template is shown in figures
1(a) and 1(b), respectively.

(a) Surface mesh (b) Mesh template

Fig. 1. An example with internal surfaces
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2.4 Fitting the Mesh to Outer Boundaries

The current step is aimed at creating a mesh fitting the external boundaries; from
the existing mesh template. This is performed by pre-smoothing the outer surface
and mapping each outer vertex to its nearest points at the outer boundaries
of the surface triangulation as described in [21, 15]. Surface facets belonging
to internal boundaries are not considered for proximity searches. In addition,
capturing edges and corners sometimes requires some topological changes of the
quadrilateral boundary faces, which are decomposed into triangles and their
cell owners are decomposed into tetrahedra and pyramids [7]. The mesh at this
stage may become tangled as a consequence of the boundary-fitting procedure.
In order to speed-up the untangling process and improve the near-boundary
topology, an O-topology boundary layer is generated. The process of fitting the
mesh to the outer boundary finishes with the smoothing/untangling procedure
which is a combination of Laplacian smoothing [4] and metric-based untangling
[3]. An example of boundary-fitting mesh for the example shown in figures 1(a)
and 1(b) is given in figure 2.

Fig. 2. A mesh fitted to the outer boundary

2.5 Capturing of Internal Surfaces

The process for capturing internal surfaces starts once the mesh is fitted to the
outer boundary and has the following workflow:

1. Find and mark the cells intersected by the internal-surface facets. The quality
of the surface is not critical here as long as the cell size is larger than the
possible gaps in the surface. The marked cells are not assigned to any domain
here. The figures 3(a) and 3(b) show the intersected cells coloured in white.

2. Start marking cells belonging to partially-enclosed domains using the frontal-
marking algorithm. The process is performed on domain by domain basis.
For each domain it starts from a cell at the outer boundary and stops when
the front reaches cells intersected by the internal surface, see figure 3(a).
Cells in fully-enclosed domains are not marked yet. Those cells are also
marked using the frontal-marking algorithm starting from a cell which has
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(a) Partially-enclosed materials (b) Enclosed material

Fig. 3. Meshes after the second step of the algorithm for capturing internal surfaces

a neighbour cell intersected by a facet belonging the corresponding enclosed
domain. And example with a partially and a fully-enclosed domain is given
in figure 3(b).

3. Distribute the cells intersected by the internal surfaces to their domains. It
is performed on a cell-by-cell basis unlike the method of Shepherd [17] which
assigns all those cells to a single domain. The main criterion for distribut-
ing an intersected cell is the number of neighbours already assigned to the
neighbouring domains. The cell is assigned to the domain which contains
most of its neighbours. Cells having equal number of neighbours in other
materials are not assigned in that sweep. The process is iterative in nature
and is repeated as long as some cells matching this criterion are found. The
remaining undetermined cells, if there are any, are assigned to the domain
with the smallest number of cells. Please note that this procedure does not
require any floating point calculations and is therefore applicable to bad-
quality surface triangulations. Figures 4(a) and 4(b) show an example of the
mesh before and after the cells are distributed to their domain. It is clearly
visible that the mesh would get tangled in case if all intersected cells were
distributed to the same domain. However, the procedure presented here has
generated the interface with the smallest possible number of faces.

(a) Before distribution (b) After distribution

Fig. 4. Meshes before and after distribution of intersected cells
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(a) Invalid connection (b) After correction

Fig. 5. Internal surface of the volume mesh

4. Check if the internal surface of the volume mesh is singly-connected. If any
such problems occur, see figure 5(a), cells are locally-transferred from the
domain with higher number of cells to the other one, until the surface be-
comes singly-connected, see figure 5(b). This check has proven sufficient in
the tests carried so far.

5. Pre-smooth the internal surface of the volume mesh and project the points
onto the nearest location on the surface mesh. Internal corners and edges are
also captured at this stage. This may also require some topological changes of
quadrilateral faces; such faces are decomposed into two triangles and the cells
sharing that face are decomposed into tetrahedra and pyramids. Please note
that this procedure for treating surface faces is the same as the procedure
for outer boundaries [7]. However, in case a quad face is decomposed into
triangles; cells at both sides of the internal surface must be decomposed.
With the currently used mesh templates, this approach is robust for internal
surfaces where two domains meet, but does not guarantee that the edges
and corners where three or more domains meet will be preserved in the
final mesh. Figure 6 shows an example where the domains, which should
only share a common edge, share common faces, too. The reason for this is
the insufficient number of degrees of freedom in the mesh template, which
shall be increased in order to capture such edges accurately. Even though,

Fig. 6. An example with a poorly captured edge
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the approach is still considered acceptable for most engineering applications
where the modelling and the discretisation errors are still larger than the
error introduced by the inaccurate inner-boundary description.

Once the domains are created and the internal surfaces captured, it is still
necessary to generate boundary layers for each domain, in order to create a
sufficient number of degrees of freedom needed by the smoothing/untangling
procedure to produce a valid mesh. The layers are generated separately for each
domain. The process is started by activating the cells in the domain of interest
and deactivating the other ones. Once the domain cells are active, it is possible
to find boundary faces of the active domain which will serve as the extrusion
front. Create a new co-located vertex for every vertex in the front and move
the original vertices inside the active domain in the direction of their normals.
This is followed by the generation of the layer cells, one per boundary face, from
the face vertices and the newly created vertices. Inactive cells near the internal
surface are renumbered to use the newly created vertices instead of the original
ones. An example of boundary layers of O-topology is shown in figure 7(a), and it
is not preferred for inlet and outlet boundaries. However, it is possible to change
the mesh topology by simply removing the first layer of cells at the selected
boundaries, see figure 7(b). This topology performs better in terms of higher
accuracy and the number of computational cells is slightly decreased.

(a) O-topology (b) Improved topology

Fig. 7. Mesh with improved topology at the outer inflow/outflow boundary

After the layers are created, the mesh is checked if any negative volume cells
exist. The smoothing/untangling procedure, mentioned before, is not allowed to
move nodes at the internal surface during the initial iterations. If the procedure
is not capable of untangling all problematic regions, it may be allowed to move
constrained nodes as long as the problems persist. The experience shows that
the constrained nodes are moved mainly in the case of coarse settings which are
anyway prone to high modelling and discretisation errors.

Finally, a figure showing the final mesh with two domains in contact is given
in figure 8.
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Fig. 8. A view through the final mesh with two domains

3 Examples

This section presents the behaviour of the method on two examples of industrial
interest. The first example presents the mesh of a crankshaft in order to analyse
the stiffness and displacements of each part. The second example is a mesh of
an engine needed to analyse the exchange of heat between the coolant and the
metal parts.

The surface mesh for the crankshaft, consisting of three parts, is shown in the
figure 9(a) and the section through the resulting volume mesh is given in figure

(a) Surface mesh (b) Volume mesh

Fig. 9. A mesh for the crankshaft example
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Table 1. Mesh quality measured in minimal scaled jacobians for the crankshaft case

Number of cells Minimum Percentage of cells below 0.1 Average

All cells 336923 0.0015 0.01 0.915

Cell type

Hexahedra 198892 0.1204 0.00 0.949
Prisms 24290 0.0015 0.09 0.646
Pyramids 13375 0.1318 0.00 0.650
Tetrahedra 366 0.0544 11.5 0.424

(a) Surface mesh (b) Volume mesh

Fig. 10. A mesh for the engine example

9(b). The resulting volume mesh consists of 336923 cells, out of which 47392
belong the shaft connected to the conrod (coloured in dark grey), 224606 are
used to mesh the counterweight, and 64925 are in the shaft domain coloured in
light grey. The meshing process lasted 2 minutes on a HP nx9420 notebook with
3 Gb of RAM and a Centrino Duo processor with the clock speed of 2.16 GHz and
the peak virtual memory usage was 250 Mb. The quality of the mesh is measured
in minimal scaled jacobians, defined in [23], and is given in table 1. The table
shows that the average cell quality is high. The analysis by cell type indicates
that high percentage of tetrahedral cells is of low quality. The tetrahedra are only
generated as a consequence of the edge-capturing procedure, and are therefore
located near edges where the smoother is limited by the geometric constraints.
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Fig. 11. A cut through the mesh for the engine example

Table 2. Mesh quality measured in minimal scaled jacobians for the engine case

Number of cells Minimum Percentage of cells below 0.1 Average

All cells 3884472 8.91e-6 0.5 0.847

Cell type

Hexahedra 3572221 2.04e-5 0.4 0.871
Prisms 200547 4.54e-4 0.5 0.581
Pyramids 103416 8.91e-6 2.2 0.573
Tetrahedra 8288 1.22e-3 23.5 0.283

The surface of the engine example is shown in figure 10(a) where three domains
can be identified, namely, the cylinder head, the block and the cooling jacket.
The surface is of bad quality with many high aspect ratio triangles and some
holes due to missing parts. The volume mesh, shown in figures 10(b) and 11,
consists of 3884472 cells, 574469 belonging to the cooling jacket, 1321737 to
the cylinder head and 1988266 to the block. The figure 11 shows the cooling
jacket, coloured in white, and a cut through the head (light grey) and block
(dark grey), and the conformal interfaces between the domains. Quality measures
of the mesh are given in table 2 and are again measured in minimal scaled
jacobians. The table shows that the average cell quality is high. However, a
considerable percentage of tetrahedra are of low quality due to very complex
geometry and coarse settings which can barely resolve some feature edges of the
geometry.
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4 Conclusions

The paper presents a new mesh-generation method for multiple domains in con-
tact. It is designed for industrial problems, and the resulting meshes are not
dependent on the quality of the surface triangulation. The meshes are of accept-
able quality for AVL’s CFD solver FIRE. The procedure for generating internal
surface is applicable for any mesh type, and could also be applied standalone
tool for generating internal interfaces in a mesh generated by some other meshing
tool.

The method can be further improved by developing a method for automatic
generation of surface selections belonging to each domain. This will be tackled
using the “octree” approach for inside-outside calculations due to its applicability
to bad-quality surface triangulations. Treatment of internal edges and corners
where three or more domains meet shall also undergo some development in order
to be able to capture them more accurately.
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20. Tuković, Ž., Jasak, H.: Simulation of Free-rising Bubble with Soluble Surfactant
using Moving Mesh Finite Volume/Area Method. In: Proceedings of 6th Interna-
tional Conference on CFD in Oil & Gas, Metallurgical and Process Industries, no.
CFD08-072 (2008)

21. Wang, Z.J., Srinivasan, K.: An adaptive Cartesian grid generation method for
’Dirty’ geometry. Int. J. Numer. Meth. Fluids 39, 703–717 (2002)

22. White, D.R., Saigal, S., Owen, S.: Meshing Complexity of Single Part CAD Models.
In: Proceedings, 12th International Meshing Roundtable, Sandia National Labo-
ratories, pp. 121–134 (2003)

23. Yamakawa, S., Shimada, K.: Hex-Dominant Mesh Generation with Directionality
Control via Packing Rectangular Solid Cells. In: Proceedings, Geometric Modeling
and Processing, pp. 107–118 (2002)


