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h i g h l i g h t s

• An open-source implementation for prismatic–tetrahedral mesh generation is presented.
• Global constrained optimization is employed to create prismatic layer envelope.
• We find that total mesh generation time is substantially reduced.
• Manual user intervention effort is smaller due to large degree of automation.
• Comparisons of RANS solutions demonstrate adequate mesh quality.
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a b s t r a c t

An open-source implementation of an efficient mesh generation procedure for hybrid prismatic–tetra-
hedral meshes intended for use in Reynolds-averaged Navier–Stokes solutions is presented. The method
employed combines the established, and very fast, Delaunay-based tetrahedral mesh generator TetGen
with a novel technique for the creation of a prismatic layer, where constrained global optimization of the
envelope is employed. Once a well-shaped envelope is thus obtained, a semi-structured layer of pentahe-
dral elements is extruded between wall and envelope surface. Satisfactory mesh quality is demonstrated
by comparing solutions obtained using the new meshes with reference data computed on high-quality
advancing-front grids. Mesh generation time is shown to be substantially smaller than with many other
methods. Overall, the presented implementation is deemed a valuable tool for cases where manymeshes
need to be generated for routine analyses and turnaround time is critical.

This is an extended version of the paper presented at the 23rd International Meshing Roundtable in
London, October 2014.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Aeronautical applications are frequently characterized by high
Reynolds numbers and significant turbulence, where the overall
flow field can be substantially affected by the development of a
comparatively thin boundary layer close to the wall surface. Nu-
merical solutions of the Reynolds-averaged Navier–Stokes equa-
tions (RANS) are often performed by means of well-established
finite-volumemethods. Even though suchmethods use turbulence
models to circumvent the need for the resolution of very small
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scales, the required solution accuracy mandates that the compu-
tational mesh is capable of resolving the large velocity gradients
present in turbulent boundary layers. An approachwhich is widely
used for industrial applications with complex geometry combines
an unstructured tetrahedral mesh inmost of the fluid domainwith
a semi-structured layer of triangular prismatic elements adjacent
to thewall surface. This prismatic layer need not necessarilymatch
the extent of the physical boundary layer, as long as the number
and interior spacing of prismatic elements is sufficient to resolve
the solution.

Even with this hybrid prismatic–tetrahedral approach, the cre-
ation of high-quality discretizations remains a challenging task
[1–3] to this day. Even on modern computer hardware and with
substantial engineering effort, the application of state-of-the-art
mesh generation algorithms may still result in inadequate local
mesh quality, which can severely affect the resolution of impor-
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tant flow features, e.g. in the wing–fuselage junction region [4]. To
address such issues,mesh generation tools for hybrid unstructured
grids often expose a considerable number of algorithm configura-
tion parameters [5–7], many of which have a profound influence
on the robustness of the process. The resulting flexibility allows
the user to create sufficiently resolved hybridmeshes, although pa-
rameter selection often requires a considerable effort even for an
experienced user.

In numerous applications, expending this effort is fully justified
in order to obtain high-quality solutions e.g. for the drag evalu-
ation of a commercial aircraft. Nevertheless, there are also cases
with very different requirements. Aerodynamic load calculations,
for instance, must routinely be performed for very many different
and often geometrically complex configurations.1 It is the latter
type of problem which the present approach attempts to address
by means of mesh generation efficiency and a large degree of au-
tomation.

Since an automatic mesh generation procedure cannot rely on
user intervention for the resolution of mesh inconsistencies re-
sulting from geometric complications, a robust strategy for the
handling of surface geometry features encountered in realistic air-
craft configurations must be implemented. One possible, innova-
tive solution is to accept a hybrid mesh with known regions of low
element quality, and to then augment the unstructured volume
mesh with one or a number of structured overset blocks which
can be manually adapted to better resolve critical geometric fea-
tures [8,4]. Obviously, this approach requires robust solver support
for overset grids, which is not necessarily available in all state-of-
the-art software for industrial use. Another approach to improve
robustness is the transition to a combination of prismatic, tetra-
hedral and octree-based mesh generation procedures, which has
been shown to allow a surprising flexibility in the presence of dif-
ficult geometric features [9]. From the information available at
this time, it is however not clear how the resulting mixed mesh
topology and locally biased edge alignment will affect the solution
accuracy for three-dimensional boundary layer flows. Previous
investigations have shown that the accuracy of standard finite-
volume schemes can be rather sensitive to this particular type of
irregularities [10,11].

The approach presented here is based on a segregated pris-
matic/tetrahedral mesh generation procedure, and aims to achieve
robustness bymeans of local geometricmodifications. Criteria cho-
sen and algorithmic modifications make use of similar principles
as in earlier work [12–14], but are adapted for the specific require-
ments of mesh generation for aircraft configurations. An existing
set of open-source tools is exploited for mesh data structures, file
format support, surface mesh generation and the creation of tetra-
hedral volume meshes.

Surface mesh generation capabilities of the current tool-chain
have been presented earlier [15]; therefore, the present paper is
focused on the procedures employed in the volume mesh gener-
ation step. Such a decomposition is possible as the algorithms do
not currently exploit any coupling with the surface mesh gener-
ation stage and can therefore also be utilized to create a hybrid
prismatic–tetrahedral mesh around an existing triangular surface
created by any other software, provided that this surface mesh is
of sufficient quality. Requirements for surfacemesh quality are dis-
cussed in Section 3.3.

2. Aim

In contrast tomany othermesh generation procedures focusing
on mesh quality, the aim of the present effort is to obtain the ca-
pability to robustly and with minimal user interference produce
hybrid meshes suitable for engineering computations using

1 e.g. control surface deflections, high-lift device extension, landing gear, air
brake or spoiler deployment, external stores

vertex-centered finite-volume codes for the solution of the RANS
equations. The authors acknowledge that there are a multitude of
challenging flow problems which will still require the use of other
mesh generation tools and algorithms in order to create an ade-
quate computational mesh. The present method does not aim to
substitute existing software for the manual creation of very high-
quality meshes, where a-priori knowledge of the flow field can be
successfully exploited to obtain the best possible discretization for
a particular case.

Nevertheless, it is anticipated that a fast and comparatively ro-
bust tool will allow for significant savings in time and effort where
meshes for many different routine flow simulations must be gen-
erated. An example of such applications may be the automated
creation of a series of meshes for a full aircraft model in a windtun-
nel, which often requires a separate mesh for each experimental
setting in order to correctly capture wall effects and elastic model
deformation. Another use case which could possibly benefit sub-
stantially is the application to military aircraft with multiple ex-
ternal stores, where potentially as many as hundreds of different
geometric configurations need to be handled with manageable ef-
fort.

Generally speaking, the purpose of creating a hybrid prismatic
mesh is to substantially increase mesh resolution in boundary lay-
ers, where high Reynolds number flows exhibits large gradients in
the wall-normal direction. It is, however, important to note that
the extent of the prismatic mesh layer does not correspond di-
rectly to the size of the boundary layer; in fact, the outer limit of
the prismatic layer will usually far exceed the boundary layer dis-
placement thickness. This is an intentional feature of the present
method which permits a smooth volumetric transition between
the uppermost prismatic elements and adjacent tetrahedra. There-
fore, only the lower part of the prismatic layer (near thewall) is ac-
tually intended to resolve the physical boundary layer, whichmust
be taken into account when considering the number of layers and
the wall-normal element size expansion ratio.

3. Method

The mesh generation strategy is based on four phases, starting
with the creation of a sufficiently resolved surface mesh. In a sec-
ond step, the envelopemesh of the prismatic boundary layer mesh
is determined; the robustness of this stage is the primary contribu-
tion of the present work. Thirdly, tetrahedral elements are gener-
ated to fill the volume between the envelope of the prismatic layer
and the farfield boundaries, and finally, pentahedral elements are
grown between adapted wall and envelope mesh. Note that in this
text, the term pentahedron refers to the five-sided triangular prism,
not to the square pyramid.2

The prismatic mesh envelope generated in the second stage is
a triangulated surface of the same topology as the surface mesh.
Since pentahedral elements are extruded between the wall sur-
face and this envelope, its geometry governs the quality of these
elements. In order to obtain an envelope permitting good qual-
ity prisms, a global constrained optimization process is employed.
Naturally, the use of numerical optimization in mesh generation
is by no means new in itself [16]. The contribution of the current
work is to limit the optimization to the envelope shape, which re-
sults in an optimization problemwith typically two orders of mag-
nitude fewer design variables than a full-mesh optimization. This
reduction permits the effective utilization of quickly converging
gradient-based optimization algorithms [17].

2 Strictly speaking, a prism must have two parallel faces; the pentahedra
generated here do not fulfill this condition.
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