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a b s t r a c t

This article addresses the requirement to generate solid hexahedral finite element meshes for modelling
composite components with complex geometric shapes. Standard commercial finite element pre-proces-
sors are not capable of unambiguously defining the material orientations in such situations. This has
necessitated the development of a purpose written pre-processor, which extrudes solid elements with
element orientations that accurately match complex doubly curved geometries. An efficient methodology
for the creation of the mesh has been outlined through the combined use of the dedicated software and
MSC PATRAN. An example presented shows that this technology has been successfully used to model a
representative vane from a gas turbine engine.
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1. Introduction

1.1. The need for three dimensional meshes and finite element analysis

It is well known that fibre based composite materials have good
in-plane strength but weak through-thickness properties [1–8].
Many failures such as delamination [12–14] in fibre composite
laminates are caused by high interlaminar stresses. A number of
particular investigations can be seen in Refs. [4,11,15,16], which
shows that interlaminar stresses caused delamination or debond-
ing in curved components, the main failure mode in humpback
specimens [4], implanted femoral stems [11] and T-piece speci-
mens [15,16]. Prediction of interlaminar stress is therefore crucial
in the design of such curved composite components. It is essential
that finite element modelling for design of complex composite
structures is capable of accurate prediction of through-thickness
stresses. To meet this requirement, 3D finite element meshes are
needed in the analysis since shell meshes can only be used for pre-
dicting in-plane strength.

1.2. Current capabilities of pre-processors

Generally, there are three coordinate systems available for the
definition of material orientation in finite element codes. Rectan-
gular coordinate systems can easily define isotropic material orien-
tation in any solid body. For solids with simple curvature,
010 Published by Elsevier Ltd. All r
cylindrical coordinate systems can define their orthotropic mate-
rial axes. For solid bodies with doubly curved shapes the above
two coordinate systems cannot accurately define orthotropic
material orientations. Since the material properties in the fibre
direction are significantly different to transverse or through-thick-
ness properties, it is necessary to accurately define the material
orientations of any solid mesh of a composite component. For some
components with complex geometric shapes this is additionally
complicated in the case of doubly curved surfaces since a single
global coordinate system will not be sufficient. Material orienta-
tions should therefore be relative to the local element orientations.
Using a number of local coordinate systems will increase accuracy
but if curvature is significant it will be necessary in the limiting
case to have as many coordinate definitions as there are elements.
Therefore using element coordinate systems to define material ori-
entation in curved bodies is the best approach, thus necessitating
careful control of the mesh to be used in any analysis.

Most commercial finite element solvers have elemental coordi-
nate systems for defining material orientations. For example, MSC
NASTRAN and ABAQUS have element coordinate systems in 2D and
3D meshes [9,10]. The use of local element coordinate systems in
shell meshes is well established and very effective. It is however,
significantly more difficult to define material orientation in 3D
meshes by using local coordinate systems since this requires very
accurate control of the meshing procedure. This is particularly true
when the domain is a multiple curved body. The accuracy of stress
predictions will be directly affected by the accuracy of material ori-
entations. The level of inaccuracy can be quite significant due to
the highly anisotropic nature of material properties, particularly
ights reserved.
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Fig. 2. Geometry and orientation of a mesh with four shell elements.

Fig. 3. Geometry and orientation of extruded solid elements together with original
shell elements.

Fig. 4a. A curved body.
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between in-plane and through-thickness directions. To overcome
the difficulties in creation of solid element meshes with accurate
material orientations a purpose written pre-processor for curved
composite components has been developed. This pre-processor
uses shell meshes with correct element orientations on the surface
of the body as the starting point as these can currently be easily
and accurately defined. The solid element mesh is then extruded
from this based on the shell orientations.

1.3. The extrusion of solid element meshes

The principal idea behind the extrusion of the solid mesh is
based on existing shell meshes created by any commercial pack-
age. MSC PATRAN has been used in this case. In a shell element
mesh each grid or node has an average normal calculated from
those elements connected to it. New grid points are created for
the solid elements by extruding along such a normal for a given
distance, thus defining the new coordinate positions. Fig. 1 shows
a shell element with four nodes, c1 to c4.~a is the vector from c1 to
c3, and~b is the vector from c2 to c4. The normal of this shell ~N can
be calculated as the cross product of these two vectors. Positive
normal, ~N ¼~a�~b and negative normal, ~N ¼~b�~a as shown in
Fig. 1.

Fig. 2 shows a mesh with four shell elements and their respec-
tive normals. The averaged normal N

*

at node j can be obtained by

~Nj ¼
Xm

i¼1

~Ni=m ð1Þ

where, m is the number of elements connected to node j, N
*

i
is nor-

mal of element i connected to node j. The extruding distance vector,
D
*

j
, at node j can be formed as below.

D
*

i ¼ Tj � N
*

j ð2Þ

where, Tj is the extruding distance at node j.
Using the above principle and giving a constant extruding dis-

tance at each node of the mesh shown in Fig. 2, a solid mesh can
be extruded (Fig. 3). This is the methodology which has been used
to create well controlled solid element meshes with correct local
element orientations in the analysis of composite components
with complex shapes.

2. Application to doubly curved bodies

2.1. Simple shapes to highlight problems

Fig. 4a shows a curved body with three sections a, b and c. The
material orientation in sections a and c can be determined by using
local cylindrical coordinate systems individually since one rotated
coordinate can express the location of such singly curved bodies.
Section b however, has a double curvature. More generally, this
Fig. 1. A shell element with normal.
section can be freely curved and is not necessarily determined by
a spherical coordinate system. In the absence of being able to use
accurate local element coordinate systems, for numerical estima-
tion, this section can be divided into several subsections. Each sub-
section can be given a local orthogonal coordinate system at
certain positions, for example at the centre as shown in Fig. 4a.
In the finite element analysis the material orientation of all ele-
ments within one subsection will be determined by one local coor-
dinate system. The accuracy of estimation increases as the number
of subsections increases. The best case is when the number of sub-
sections equals the number of elements in the doubly curved do-
main. This leads to the use of individual element coordinate
systems for the entire mesh. Fig. 4b shows an entire mesh with ele-
ment coordinate systems, which has the material orientation fol-
lowing the varied geometry. Extruding vector at each node in
this generated mesh was principally given in the Section 1.3 and
graphically shown in Figs. 1 and 2.



Fig. 4b. Element coordinate systems in the mesh.
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2.2. Pre-processor

Fig. 5 shows a more realistic example, a T-piece specimen sim-
ilar to the shapes one might encounter in actual component design.
This can be broken down into three significant regions; the aerofoil
section, the radius region and the platform region. For each section
a bespoke solution is required to generate an accurate finite ele-
ment mesh of the whole component. The height of T-piece speci-
men is 170 mm, the thickness 9 mm and 6.7 mm are given at the
Fig. 5. A T-piece

Fig. 6. An aerof
leading and training edge of aerofoil section, respectively, the most
thickness at the middle of aerofoil section is taken as 20 mm, the
length of platform is 200 mm, the width and thickness of platform
are assumed as 150 mm and 20 mm, respectively. Each section
presented in Fig. 5 is doubly curved except the platform of T-piece.
2.2.1. Extruding approach for aerofoil section
An aerofoil is a special case of a doubly curved body, varying in

curvature and thickness both in the chordwise and spanwise direc-
tions. Fig. 6 shows a theoretical cross-section, developed here for
demonstration of the pre-processor capabilities only. Since the
upper and lower surfaces will have different chord lengths, if an
equal number of elements are placed on each surface and extruded
inwards, normal to the outer surfaces, a congruent mesh will not
be formed on the centre-line. It is therefore necessary to start from
the centre-line and to extrude outwards to the aerodynamic sur-
faces. This is done from a shell mesh on the mid-surface of the
vane. Each point on this surface will have a different extrusion dis-
tance extracted from the actual vane geometry. Extrusion vector is
also varied at each point on this surface, which is determined by
the way given in the Section 1.3. In the example presented in
Fig. 5, the spanwise section is constant for simplicity, but this need
not necessarily be the case. In practice, both ends of aerofoil sec-
tion in Fig. 6 will be cut off because there are no fibres in the sharp
area. This treatment was used for the T-piece specimen in Fig. 5
and it does not affect the mechanical analysis of fibre composites
actually. By this way, extrusion with hex elements can go
through-thickness between the upper and lower surfaces of aero-
foil to meet above extruding purpose.
specimen.

oil section.



Fig. 7. Radius region and deltoid.

Fig. 8. Base of aerofoil section and radius region.
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2.2.2. Extruding approach at the base of aerofoil section
The aerofoil section divides into two parts at the base. This

forms doubly curved sections on both the convex side and concave
side. The solid between two radius regions is called the deltoid
(shown in Fig. 7) and is typically filled with uni-directional mate-
rial. In the radius region, extrusion is necessarily from the outer
geometric surface through a distance defined by the thickness at
the end of the aerofoil section, since the concept of a ‘‘mid-plane”
no longer exists (see Fig. 8). This process creates solid elements for
the radius regions where the accuracy of definition of fibre direc-
tion is paramount in finite element analysis since this is a region
which sees high through-thickness stresses and is a likely area
for failure to initiate.
2.2.3. Platform region
The material from the aerofoil section which is carried through

the radius regions continues into the platform. The generation of
this part of the mesh is done in a similar way as for the aerofoil
Fig. 9. Schematic vi
section, starting at the outer surface and extruding through a
known distance. The remainder of the platform mesh is formed
by extruding from the base of this existing mesh to the lower free
surface as shown in Fig. 9. This is necessary to complete the plat-
form to uniform thickness since the material from the vane
extensions will still have a variable cross-section in the chordwise
direction.

Fig. 10 gives a flow chart to demonstrate the process of produc-
ing solid meshes of such typical components. The output, the com-
pleted mesh is shown in Fig. 11 with the deltoid mesh for the
deltoid shown in Fig. 7 being completed in MSC PATRAN, which
principally uses some standard extruding or sweeping techniques
[17–19]. It should be noted that the hexahedral solid elements in
the deltoid have the correct orientations, which follow the curved
body at the base of the vane. However, the element orientations of
the wedge solid elements at the apexes of the deltoid region, which
are unavoidable as worst elements extruded by MSC PATRAN, do
not comply with this rule. This is likely to be a resin rich region
without reinforcing fibres and therefore can be given isotropic
properties.

The quality of entire extruded meshes shown in Fig. 11 was
assessed using MSC PATRAN which gives a range of element as-
pect ratio, between 1.68 and 13.4, of extruded solid elements.
Geometrically, ratio 1 is perfect, and it becomes worse when ra-
tio increases. There is no mesh distortion found in this investiga-
tion if ratio is less than 15 which could be accepted as a limit of
the quality measure in this case. This assessment in average
shows a good quality of generated meshes for this particular
geometry.
3. Application

3.1. Meshing representative geometry using commercial package only

In order to investigate the effects of material orientation, a
second mesh of the representative geometry has been created en-
tirely by the commercial package MSC PATRAN in this case. Since
it is not possible to completely and unambiguously define and
control the elemental coordinate systems, a series of local coordi-
nate systems was required to be used instead. It is thus necessary
to divide the relevant domain into several sub-regions or sub-do-
mains, which reference different coordinate systems as shown in
Fig. 12. Three rectangular local coordinate systems are created to
define material orientations in each of the aerofoil section, deltoid
and radius regions. One local coordinate system is used in the
platform region. Fig. 12 also presents the radius region on the
convex side with three rectangular local coordinate systems to
estimate material orientation. A similar treatment is used on
the concave side. It should be noted that a cylindrical coordinate
system is not appropriate in the definition of the above geometry
as the shape has fully free curved characteristics. An entire mesh
of this second model is shown in Fig. 13, which has the same
mesh density as that of model 1 shown in Fig. 11. It should be
noted that the local coordinate z shown in Fig. 12 indicates the
uniform direction for deltoid region.
ew of platform.



Fig. 10. Flow chart of pre-processor.

Fig. 11. Extruded solid mesh of entire vane showing local element orientation and solid mesh of deltoid.
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Fig. 12. Geometry with local coordinate systems.

Fig. 13. Mesh of second model.
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3.2. Modelling analysis and comparisons

To investigate the effects of variations in material orientation,
analyses based on the models shown in Fig. 11 (with correct ele-
mental coordinates) and Fig. 13 (with domains each referencing a
series of local coordinate systems) are created as model 1 and
model 2, respectively. In both cases they are loaded by a pre-
scribed vertical displacement of 0.01 mm upwards at the top of
aerofoil section. A fully fixed restraint was applied to both ends
of the platform. The majority of the elements are eight noded
hexahedral elements with some six noded wedge elements being
necessary at the edges of the deltoid region. Table 1 gives mate-
rial properties used which, since these analyses were for demon-
stration purposes only, were taken as uni-directional prepreg
from Ref. [12].

The deformed shape and maximum values of displacement ap-
pears of both models are very similar results because two models
Table 1
Material properties.

E11 E22 E33 G12 G23 G31 m12 m23 m31

139 GPa 9.5 GPa 9.5 GPa 5.4 GPa 3.7 GPa 5.4 GPa 0.32 0.5 0.02
were given a same displacement. However, the normal and shear
stresses in the through-thickness direction are different, which
are most relevant for the prediction of failure. Fig. 14 gives the
through-thickness normal stress component rzz in the aerofoil
section and radius region. From this we can see significant differ-
ences not only in maximum values but also in the location of
stress concentration. Model 1 gives the location of high values
of stresses in the middle of the radius region, which is one of ini-
tial failure areas according to experimental tests of similar com-
ponents [15,16].

More detail of the rzz distribution at the mid-chord section of
the vanes can be seen in Fig. 15. Model 1 gives a smooth transition
between the regions, but model 2 produces a high stress concen-
tration on the top surface at the transition between the radius
and platform. This can be understood as in model 2 there is a mis-
match in the fibre direction as the radius region connects to the
platform because there is only one local coordinate system used
in the radius region. The two local coordinate systems used are
shown in Fig. 15, one in the radius region, and the other in the
platform.

Fig. 16 presents the through-thickness shear stress component,
rxz. The difference between the two models regarding maximum
value and location of stress concentrations can also be seen to be
significant from this figure, with model 2 giving a peak stress
more than double that of model 1. The stress concentration of
both rzz and rxz produced by model 2 is located at the same
transition between the radius and platform. This is a direct effect
from the limited number of rectangular local coordinate systems
used in the radius region. The stress is very high on the surface of
model 2, whereas it should go to zero since it is a free surface.
This effect should be reduced if more local coordinate systems
are used, particularly in the two curved sections of the radius
region. Model 2a with 27 sub-regions in the radius region was
created to study the convergence of stress. The division of sub-re-
gions can be seen in Fig. 17 which requires 27 local coordinate
systems. Fig. 17 also shows rzz in the radius region which has
a maximum value closer to that obtained from model 1 than
model 2. The location of the stress concentration has changed
from the radius-platform interface as in model 2 to a similar loca-
tion to model 1. This improved solution indicates that the effect
of a limited number of local coordinate systems reduces when
the number of local coordinate systems increases in the radius
region. The value of maximum stress predicted is, however, still
significantly different although converging on the values for mod-
el 1 as can be seen in Table 2.



Fig. 14. (a) rzz (MPa) in model 1. (b) Max rzz (MPa) in model 2.

Fig. 15. (a) rzz (MPa) in model 1. (b) rzz (MPa) in model 2.

Fig. 16. (a) rxz (MPa) in model 1. (b) rxz (MPa) in model 2.
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Fig. 17. rzz (MPa) in model 2a.

Table 2
Selected results.

Model
type

Max displacement (mm)
on the top of aerofoil section

Max rzz (MPa) Max rxz (MPa)

Model 1 0.01 28.2 25.6
Model 2 0.01 42.3 57.2
Model 2a 0.01 31.5 54.0
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4. Summary

This paper has shown the significant effects of insufficiently
accurate material orientations in the finite element analysis of
composite components with complex geometry. A simplified rep-
resentation of actual components has been used for demonstration
purposes. Significant differences were found between the accurate
model 1 using the new extrusion approach and the standard model
2 because of the limited number of local coordinate systems used.
The improved model 2a using an increased number of local coordi-
nate systems gave results much closer to those given by model 1.
When the number of local coordinate systems equals the number
of elements, model 2a will have the same solution as model 1. This
shows that it is necessary to use element coordinate systems to de-
fine material orientation in the analysis of geometrically complex
composite components. The purpose written pre-processor for
composite materials introduced in this paper successfully achieves
the correct material orientation in the analysis of such composite
blade bodies with doubly curved shapes. It should be noticed that
this technique has not been tested in more complicated extrusion
problems. At the end, it should be noticed that the aero engines
industry has benefited huge time saved (roughly the time for cre-
ating model 1 is less than 1% of the time for creating model 2, and
the best model 2 needs much longer time actually) in their practice
using the technique presented in this paper.
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