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SUMMARY

A simple method to automatically update the finite element mesh of the analysis domain is proposed. The
method considers the mesh as a fictitious elastic body subjected to prescribed displacements at selected
boundary points. The mechanical properties of each mesh element are appropriately selected in order to
minimize the deformation and the distortion of the mesh elements. Different selection strategies have been
used and compared in their application to simple examples. The method avoids the use of remeshing in the
solution of shape optimization problems and reduces the number of remeshing steps in the solution of
coupled fluid—structure interaction problems. Copyright © 2000 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Two extremely different computational problems such as shape optimization and fluid-structure
interaction analysis are characterized by a common requirement concerning geometrical changes
in the boundary shape. In shape optimization problems the surfaces defining the boundaries of
a structure need to be continuously modified during the search for an optimal solution [1-5].
Also, during the solution of a coupled fluid-structure interaction problem, the position of an
object immersed in the fluid needs to be continuously updated according to the values of the
interacting forces [5]. In this case, the complexity of the problem can be increased by the presence
of a free surface.

The modification of a surface of an object as well as the change of position of a body inside
a fluid requires the modification of the mesh used for the computations. The mesh update step can
be achieved by using a remeshing process. The final result would be valid providing the geometric
model of the structure is updated prior to the remeshing step by using data obtained in previous
analyses, which is usually difficult in practice. Moreover, in shape optimization problems the use

* Correspondence to: E. Ofiate, International Center for Numerical Methods in Engineering, UPC, Modulo C1, Campus
Norte UPC, Gran Capitan, s/n, 08034 Barcelona, Spain

CCC 1069-8299/2000/010001-19$17.50 Received 30 November 1998
Copyright © 2000 John Wiley & Sons, Ltd. Accepted 14 June 1999



2 G. CHIANDUSSI, G. BUGEDA AND E. ONATE

of different meshes can introduce a significant amount of numerical noise that makes difficult the
convergence towards the optimal solution. It is then of the utmost interest to identify a method
able to reduce the need of remeshing.

Different mesh moving strategies have been proposed in recent years, mostly connected with
fluid-structure interaction problems. A powerful and commonly used approach is to view the
mesh as a pseudo-structural system. This could be done through a spring/mass type idealization
[6, 7] or by solving directly the elasticity equations [8, 9]. The crucial point of this type of
methods is how to select the stiffness of the pseudo-structural elements in order to achieve a mesh
with the desired properties. Typical choices are based on simple distance criteria, which are
computationally effective but can lead to high distortion in the mesh elements in the presence of
large movements.

In this paper a simple method to update the mesh leading to a minimum element distortion
is presented. The method is based on the pseudo-structural approach, i.e. the mesh is con-
sidered as an elastic body subjected to prescribed motions on its boundaries. The elastic
properties of each element are appropriately selected so as to ensure minimum element distor-
tion during the mesh movement. The application of the proposed technique eliminates the need
of remeshing in shape optimization problems where surface displacements are moderate. In
fluid-dynamic problems where the position of the structure can change significantly the use
of the remeshing techniques can be reduced; the advantages offered by the proposed tech-
nique can be limited by the need to redefine the boundary conditions at the fluid-structure
interface.

The content of the paper is structured as follows. In the next section the basic ideas behind the
proposed mesh moving procedure are presented. The different alternatives studied for the
material property selection in the fictitious structural model are then discussed. The different
procedures are compared through the analysis of a mesh movement problem due to the change of
position of an aerofoil within a 2D fluid domain. Some conclusions on the best moving
algorithms found are finally drawn.

2. THE METHOD

Every structure is identified by its geometrical boundaries. A modification of the shape as well as
the change of position of the structure can be seen, at a discrete model level, as a displacement of
the nodes belonging to the boundaries of the finite element mesh. Given the displacements of the
boundaries, their influence on the position of the mesh internal nodes can be taken into account
by considering the mesh as a fictitious structure. By solving a linear structural problem with the
displacements of the moving surfaces as prescribed displacements, it is possible to obtain the
displacements of the mesh nodes. If a fluid-dynamic problem is analysed, it is necessary to ensure
that the surfaces that limit the control volume containing the fluid remain fixed in the solution of
the pseudo-structural problem.

Unfortunately, the solution of the structural problem by considering the mesh formed by an
isotropic and homogeneous linear material introduces a high element distortion during the
mesh-updating process. Typically, elements close to the changing surfaces are constrained to
modify their shape much more than those elements located far from these surfaces. This
behaviour frequently leads to extremely distorted meshes near the boundaries and, in the limit, to
not conforming meshes and intersecting elements.
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Note that finite elements in the mesh are used in this process as an interpolation method and,
consequently, the stresses obtained in the pseudo-structural problem are not relevant. This allows
to select and to assign different mechanical properties to each mesh element. In this way, it is
possible to distribute the mesh deformation more uniformly all over the elements by assigning
stiffer material properties to the elements near the moving surfaces. Different constitutive laws
can be adopted following geometrical or physical criteria. For example, following a pure
geometrical criterion, the Young’s modulus of each mesh element can be selected depending on its
minimum distance to the closest changing surface. Alternatively, the Young’s modulus can be
selected depending on the element strains or the element strain energy density obtained from
a previous analysis using uniform material properties. The different alternatives for the material
properties selection studied in this work are described in the next sections.

2.1. Selection of material properties based on a geometric criterion

The selection of the element material properties (namely, the Young’s modulus) is here based on
a pure geometrical criterion. The Poisson ratio can be chosen independently. Once the barycentre
X, of an element has been found, it is possible to evaluate its distance d to the nearest node
x belonging to a moving surface by

d= \/(Xu; —x1)? + (X2 — X2)% + (X35 — X3)° (1)

Three different strategies have been considered with the Young’s modulus distribution law
depending on d as follows:

Linear law (E oc d) (2)
Quadratic law (E oc d?) (3)
Exponential law (E oc ) 4)

2.2. Selection of material properties based on a previous analysis

In this case, the mesh update problem is performed in two steps. In the first step the discrete
model is assimilated to a structural model characterized by an isotropic homogeneous material
with Young modulus E. A fictitious linear structural problem is then solved by imposing
prescribed displacements corresponding to the known surface movements. The strain field
computed in the first step is used in the second step to evaluate the new Young’s modulus for the
different mesh elements using one of the strategies described in the next subsections. The
pseudo-structural mesh with the new material properties (in principle, a different material
property for each element) is analysed once more. The solution of this second pseudo-structural
problem yields the correct displacement of the mesh nodes ensuring quasi-uniform element
distortion.

The quality of the deformed mesh is assessed by controlling the element aspect ratio and
preventing that no side intersection occurs. A straightforward, although expensive, check can be
based in verifying the sign of the determinant of the element Jacobian. A simpler rule can be based
in checking the angles between the consecutive element sides of each element.

Copyright © 2000 John Wiley & Sons, Ltd. Commun. Numer. Meth. Engng. 2000; 16:1-19
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2.2.1. Selection of material properties based on the element strain field. Let us consider a one-
dimensional bar. The result of a linear analysis with arbitrary prescribed displacements at several
bar points and a homogeneous material with Young’s modulus E allows to compute the stress
and strain fields over the bar. In this case, a non-uniform strain distribution would be obtained.
Stress and strain are related by the well-known relationship

o =Ee¢ (5)

If a constant strain field & is required with the same stress distribution g, it is necessary to allow
the Young’s modulus to change in a continuous way over the bar. The relationship between the
stress ¢ and the constant strain field ¢ is

o=Ez (6)

Assuming the same stress field for both cases, it is possible to use expressions (5) and (6) to
obtain the value of the continuous Young’s modulus to be assigned at each point of the bar as

g (7)

Equation (7) allows obtaining a solution with the same stress distribution than the original one
but with a constant strain distribution. The Young’s modulus is proportional to the strain value
and the proportionality coefficient is defined by the ratio between the Young’s modulus used in
the first analysis E and the sought constant strain field & The initial Young’s modulus E can be
chosen, for example, equal to a unit value. In this case the proportionality coefficient is simply the
inverse of the sought constant strain field.

In case of a finite element discretization, expression (7) allows to obtain a new value for the
Young’s modulus for each mesh element. Using these new values, a second finite element analysis
would provide a uniform strain field.

The same method can be adopted for two- as well as three-dimensional (3D) struc-
tures. Starting from a linear analysis with an isotropic homogeneous material with
Young modulus E, the principal stresses for a 3D problem can be evaluated in terms of the
principal strains as

E(l—v) v L ) '
i = i i k=1,3 k 8
o (1+V)(1—2v)[8’+1—v(8’+8")]’ bik=13 ] ®)

If an imposed constant strain field (¢é; = &, = &; = &) and an orthotropic linear elastic material
are considered, stresses are then given by

E.
= g i=1,3 9
=g —m® T ©)
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If the same stress field is required to exist in both solutions, the following equations need to be
satisfied:

_E1—v)
g1 +v)

i

[ai+liv(aj+sk)], k=13 i+j#k (10)

In this case the method would require the selection of as many anisotropic materials as the
number of elements. If a Poisson’s ratio v = 0 is considered, expression (10) can be simplified as
follows:

&, i=1,3 (11)

The Young’s modulus in each principal direction depends only on the corresponding principal
strain. An approximate simpler solution that has also been tested which is independent of the
Poisson’s ratio value consist in choosing the Young’s modulus to be assigned to each mesh
element as the mean value of the expressions (11):

2 2 2
&1+ & +¢&3
_ 12
e (12)

Also, the following expression based on the square mean value of strains has been tested:

E =

o |

E el + &3 + &3 3
2.2.2. Selection of material properties based on the element strain energy density. A strategy based
on the element strain energy density has also been considered. By evaluating the principal strains
and stresses, the strain energy density of every mesh element after the first linear structural
analysis is computed by

U=%(018 + 026 + 03¢3) (14)

Substituting Equation (8) into (14), it is possible to express the strain energy in terms of £ and
the principal strain field. Now, in order to obtain a new solution with a uniform strain energy
density, the new Young’s modulus to be assigned to the mesh elements for the second analysis can
be made proportional to the strain energy density:

_ E(l-v
S 2(1—=2v)(1 +v)

2y

[(ef+s§+s§)+
1 —v

(6182 + €283 + 8381):| (15)

In this case, the Young’s modulus for each element depends on the arbitrary Young’s modulus
E and the strain field of the element evaluated in the principal strain reference system.
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2.2.3. Selection of material properties based on the distortion energy density. Another strategy
based on the evaluation of the distortion energy density of the elements has been tested. By
evaluating the principal strains and stresses, the distortion energy density of every mesh element
after the first linear structural analysis is computed by

Us= ﬁ [(e1 — £2)° + (62 — £3)° + (3 — &1)*] (16)

In this strategy, the new Young’s modulus for each element of the mesh used for the second
analysis is proportional to the distortion energy, i.e.

E = ﬁ%‘l’) [(e1 — &2)” + (62 — &3)* + (65 — &1)°] 17)

3. EXAMPLES

The strategies above identified and explained have been applied to a two-dimensional problem
concerning the change of position of an aerofoil inside a fluid domain meshed using triangular
three-noded elements. Two cases have been analysed: (1) the vertical displacement of the trailing
edge of the aerofoil and (2) the vertical change of position of the entire aerofoil (see Figure 1). The
first case corresponds, for small displacements, to a rotation of the aerofoil around the leading
edge. The strategies for selecting the non-uniform Young’s modulus for every mesh element are
summarized in Table 1.

The first strategy is based on a constant Young’s modulus distribution that can be selected
arbitrarily. The Young’s modulus distribution obtained with the other strategies has been
constrained to the range 1-100 N/mm?. The quality of the deformed meshes provided by each
proposed strategy has been measured by using the following mesh quality indicator (MQI):

1 > o 2
MQt = \/3 * elements elemzems i; (60" = 6) (18)
where 0; is the angle at each corner of each element triangle measured in sexagesimal degrees.
Also the minimum and the maximum angle present in the mesh have been considered for
a comparison. The MQI measures how uniform is the deformation over the mesh elements,
whereas the minimum and maximum angles allow to identify how much deformed is the most
critical element in the same mesh. The MQI of Equation (18) alone is not sufficient to identify the
best strategy to adopt because it is scarcely influenced by the presence of little areas containing
highly distorted elements as it happens in the leading and the trailing edges of the aerofoil for the
considered example. Conversely, these areas with highly deformed elements can also be identified
using a simpler indicator such as the maximum and the minimum angles of the elements.

Different numerical experiments performed by using four different Poisson ratios have
shown that a Poisson ratio of v = 0.32 provides the best results for all strategies. Due to this
reason, the following results for the different strategies were obtained with this value of the
Poisson ratio.

Copyright © 2000 John Wiley & Sons, Ltd. Commun. Numer. Meth. Engng. 2000; 16:1-19
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Figure 1. Original NACAO0012 aerofoil discrete model (first row). Tail vertical displacement and vertical

change of position of the aerofoil obtained for strategy 1 (general view and detail area with the most

distorted elements). The maximum tail vertical displacement before element intersection has been about 18

per cent of the chord length (second row). The maximum vertical displacement of the aerofoil before element

intersection has been about 24 per cent of the chord length (third row). The 18 per cent and the 24 per cent

chord length displacements for the two examples respectively will be used as a reference for the comparisons
with results obtained with the other strategies.

The configurations corresponding to the maximum vertical displacement of the aerofoil
trailing edge (first example) and to the maximum vertical displacement of the entire aerofoil
(second example) without element intersection have been identified for the eight strategies above
described. The maximum displacement values for these configurations have been evaluated with
reference to the aerofoil chord. The results obtained are summarized in Table II.

Copyright © 2000 John Wiley & Sons, Ltd. Commun. Numer. Meth. Engng. 2000; 16:1-19
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Table 1. Strategies for the selection of the Young’s modulus.

Strategy 1
Strategy 2

Strategy 3
Strategy 4
Strategy 5
Strategy 6

Strategy 7
Strategy 8

Isotropic homogeneous material with arbitrary Young’s modulus

Young’s modulus proportional to the distance of the element to the nearest modified surface
(expression (2))

Young’s modulus varying exponentially in terms of the distance of the element to the nearest
modified surface (expression (4))

Young’s modulus proportional to the square of the distance of the element to the nearest
modified surface (expression (3))

Young’s modulus depending on the norm of the element principal strains (expression (12))
Young’s modulus depending on the element strain energy density (expression (15))
Young’s modulus depending on the element distortion energy density (expression (17))
Young’s modulus depending on the square norm of the element principal strains
(expression (13))

Table II. Maximum vertical displacement of the aerofoil trailing edge and of the entire

aerofoil expressed in percentage of the chord length for each strategy.

1 2 3 4 5 6 7 8

Example 1 18% 21% 32% 55% 51% 84% 88% 87%
Example 2 24% 29% 53% 79% 89% 85% 7% 81%

Table III. Values of the maximum angle, the minimum angle and the mesh quality indicator MQI for the
initial and the deformed meshes of the aerofoil trailing edge vertical displacement. Data have been evaluated
by using all strategies and with the 18 per cent and 50 per cent aerofoil chord length references.

18% aerofoil
chord length
reference

displacement

50% aerofoil
chord length
reference

displacement

Strategy
initial 1 2 3 4 5 6 7 8
Ormax 1050 169.3 1334 119.6 1137 1108 1073 107.5 106.6
Ormin 304 1.9 5.9 14.6 27.7 27.4 271 27.0 273
MQI 8.7 109 10.6 10.0 10.5 10.1 10.1 10.1 9.9
Ormax 105.0 — — — 1645 1727 1368 1346 1352
Ormin 304 — — — 4.7 18.9 14.4 15.3 15.0
MQ 8.7 — — — 18.9 17.0 17.0 16.9 16.9

It is necessary to remember that in the first example the maximum displacement achievable by
the aerofoil before reaching the fluid domain boundaries is only 94 per cent of its chord due to its

thickness.

For each strategy, the quality parameters defined above have been evaluated in correspond-
ence of two reference displacements. These reference displacements have been defined as

(i) The maximum displacement achieved with the strategy based on a uniform Young’s
modulus distribution law (strategy 1)
(i) A 50 per cent chord length displacement of the aerofoil.

Copyright © 2000 John Wiley & Sons, Ltd. Commun. Numer. Meth. Engng. 2000; 16:1-19
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The first reference displacement allows to compare the results obtained with the first strategy
and those obtained with the other ones. The second reference displacement allows to compare
between the best strategies analysed. In this way, it is possible to verify the differences in the mesh
quality obtained with large displacements of the aerofoil for the different strategies.

Table 11T summarizes the results obtained by using the first example concerning the aerofoil
rotation. They have been evaluated for a vertical displacement of the trailing aerofoil edge equal
to the maximum allowable obtained with strategy 1 (18 per cent of the aerofoil chord length) and
for a 50 per cent reference vertical displacement. The values of the quality parameters for the
starting mesh are shown in the first column.

The quality parameters for the second example concerning the aerofoil vertical displacement
are shown in Table IV. They have been evaluated for a vertical displacement of the aerofoil equal
to the maximum allowable obtained with strategy 1 (24 per cent of the aerofoil chord length) and
for a 50 per cent reference vertical displacement. The values of the quality parameters for the
starting mesh are shown in the first column.

The results represented in Tables II, III and IV allow to extract the following conclusion:

(1) Strategies 2 and 3, respectively based on the linear and quadratic variation of the Young’s
modulus, produce a slight improvement with respect to strategy 1. Nevertheless, this
improvement is not large enough to allow for a 50 per cent aerofoil chord length
movement.

(ii) Strategy 4 is the best of all strategies based on geometrical criteria. It allows for a 50
per cent aerofoil chord length movement, but it is not as good as strategies 6-8.

(iii) Strategy 5 is not better than strategy 4.

(iv) Strategies 6-8 provide results that are significantly better than the rest. The differences
between these three strategies are small in comparison with the improvements they
produce in comparison with the rest.

The strategy based on an isotropic homogeneous material (strategy 1) leads to a strong
deformation of the elements near the aerofoil boundaries. The maximum displacement the
aerofoil can be subjected to is very small. In Figure 1 the original NACAO0012 mesh is shown (first
row). The second and third rows show the trailing edge vertical displacement and the vertical

Table IV. Values of the maximum angle, the minimum angle and the mesh quality indicator MQI for the
initial and the deformed meshes of the aerofoil vertical displacement. Data have been evaluated by using all
strategies and with the 24 per cent and 50 per cent aerofoil chord length references.

Strategy
initial 1 2 3 4 5 6 7 8

18% aerofoil Ormax 105.0 177.8 1679 1438 1167 1252 1126 1120 1119
chord length Ormin 30.4 0.6 4.6 16.2 233 25.1 25.0 239 244
reference MQI 8.7 149 139 12.2 13.7 13.2 13.0 129 12.9
displacement

50% aerofoil 0 max 105.0 — — — 1489 1547 1349 1333 133.6
chord length Ormin 30.4 — — — 124 10.1 15.0 12.7 13.8
reference MQI 8.7 — — — 23.5 22.7 22.1 22.2 22.1

displacement

Copyright © 2000 John Wiley & Sons, Ltd. Commun. Numer. Meth. Engng. 2000; 16:1-19
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Figure 2. Original NACAO0012 aerofoil discrete model (first row). Tail vertical displacement of the aerofoil

using a Young’s modulus distribution depending quadratically on the distance from the elements to the

moving surfaces (strategy 4). The 18 per cent and the 50 per cent chord length displacement are shown in the

second and third rows, respectively. The maximum tail vertical displacement before element intersection has
been about 55 per cent of the chord length and is shown (fourth row).
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Figure 4. Original NACAO0012 aerofoil discrete model (first row). Tail vertical displacement of the aerofoil

using a Young’s modulus distribution depending on the strain energy density of the elements (strategy 6).

The 18 per cent and 50 per cent chord length displacement are shown in the second and third row

respectively. The maximum tail vertical displacement before element intersection has been about 84 per cent
of the chord length (fourth row).
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first row). Vertical change of position of the aerofoil
respectively. The maximum vertical change of position before element intersection has been about
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85 per cent of the chord length (fourth row).
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using a Young’s modulus distribution depending on the strain energy density of the elements (strategy 6).
Copyright «

Figure 5. Original NACAO0012 aerofoil discrete model (
The 24 per cent and 50 per cent chord length displ



14

G. CHIANDUSSI, G. BUGEDA AND E. ONATE

mv.mvﬁ-yg;gzmuegg Rl mxnv#v%vsvévﬁ\
% 4y DYy

TOTALE

Py WA

SROEORD ok
o

SEOORK
RO
RS

YY)
(A7

200
o0
=0
Vs
34

St
X0
v,
’P
AV
\SAHK
AVAVaYa
AVAYAYA

5
VAN
0
%V'
v
Y,

AVAY.)

3
70
AV
27
Cavaw,
275

N
AA%‘é.
AN
VAV,
N
VAYAVAN

o

S
Ay
V‘y

AN
AV
VY

VAl
il
ravaY
AV
PARPSEARI

aYAV vAY;

o
%
AV
VAV,
NG
VAYAY
Vv

(N
gAA YAYAN
NG

DODEIEA
VAV

g
17
g
VaVs
3

i

S
2
4
b
>

%
AP AR ARARN

T ANSSVATATAG YV VAV STAT AT YT T\
S g
XIS XX

NEAOK
KSR
CLR RO

\ <
\VAVAVAVAVAVA WL
6%‘V‘Aﬂnﬂuv‘ 1
<7

K]

T NAA S NAVAN
IR
%ﬁ%ﬂ%ﬁﬁ;&vv
e A YATAYVAVAN

SRR

YAVAY)
VAVAYSS

IAVAYAV,
DR

<]
Py

Ay

ORI

v,
0 X
VRO

i
R
SRR
SR

VAK

evvvvv

:

A ALY X KA
Py R PRI K KR!
A DA AR RN
KARARRBRA RNV

N

S

7
SRR
S

P N\N NAYAVAVAVAVAY,
\:y};‘m;v\\u
%)

XS
o

L

o

NIV TATATATLY

)

=

o 2o 4

5 7575 )

AT T g ,l’/"ll,f/f// (,(
77

(

Ol

Figure 6. Original NACAO0012 aerofoil discrete model (first row). Tail vertical displacement of the aerofoil

using a Young’s modulus distribution proportional to the distortion energy density of the elements (strategy

7). The 18 per cent and 50 per cent chord length displacement are shown in the second and third rows,

respectively. The maximum tail vertical displacement before element intersection has been about 82 per cent
of the chord length (fourth row).

2000 John Wiley & Sons, Ltd. Commun. Numer. Meth. Engng. 2000; 16:1-19

Copyright



15

\YAVAVAVAV

"2
v,

AY
\7

~,
K

WAV
o

7
v

TR

g,
LA

&

Sy
¥y

i
TAVAYAY

A
\VV

YA
VAVAVAVQA

VAVAYAYAY
OO

YAVA
\/

o

o
00

RS
YA
2

|/
0,

/|

%
/

L

7

%
7

/

/|
/

|/

Vi

V/

V)
/)

YAV

/|
/

o

/

)
74

paavaaa%
/\
A

4
/)

Y
\/

i

/)
/3

7
7

L/

y

y

Rk

o
-

5

0

%
1%

AV

KR

R
¥

A

TGVAYAT,

£
T
0N

5,
A2
PKEK

SEGAT

™

X}
X

AUTOMATIC MESH UPDATE

S

Ya

7

&

7
AT
KA

&
£

75
%

X

Y,

NG

D
i
QAKX
LG

LS

AVAY

%
PATaTany
2
a}

A

%
DORRRY

ATV
TAnY AT

k5
b
o
b
N
b,

) 7S
SRS
>§4>4><»<>4.1>470M0N«>«0

SO VAVAYAWAVAY.V,
% S,

5

0O

Varval

55

XX,

YAVAVAY v
4.!4»0»4»4
VTR

%
XX

A

‘A‘VL‘AVAV
W,
%

AV,
TAVAYAVY
Yy,
"V,

NAY)
S5
¥
R

N
N

N
R
',

3,

5
R

ISRAA
DI,
QR

[N
EEn %

(first row). Vertical change of position of the aerofoil

using a Young’s modulus distribution proportional to the distortion energy density of the elements (strategy

Figure 7. Original NACAO0O012 aerofoil discrete model

are shown in the second and third rows,

acement
respectively. The maximum vertical change of position before element intersection has been about

7). The 24 per cent and 50 per cent chord length displ

).

80 per cent of the chord length (fourth row

Commun. Numer. Meth. Engng. 2000; 16:1-19

2000 John Wiley & Sons, Ltd.

=

Copyright ©



G. CHIANDUSSI, G. BUGEDA AND E. ONATE

16

VAV

FAYAVAVAVAY

DOE

VS
%

(W

17
RO

<l
aV iy

7

56

Vi
A

552
VA

VA

I8

A

VA

A

VA

«l’l'

A

A

A

2

2>

N

D

50

<

7

i

5
o

o
a5
X
3
550

VATATAT VNVAVAVI
SRR
LAY

o5

Ry AvATer
AR

KX

/AN
¥

S VAYAY,
s
DO
5
VA
0%
RAIARPEHA

R
AYAYAY
W

v,
)

BT

=

=

ORI
YA
o)

7
vaY

I g FAVVAT:
AR
IR
ARG

R
hou

0
0
2

{00
QR
PoRS

2K
A%
RO

)

)
o
>

s
20

K32

o

AL

x

3
:
R
AV

I

AR,
(%% O ZOO00000
PRERUREPAIR,

Y

\WAYAYAVALVAVAVAVAVAYAYAY

AVAYaY A

7!

A
Earns
Az

%

X0
SO
A

V4%

2
o
o

2
2

Vv
22

(first row).

Figure 8. Original NACAO0012 aerofoil discrte model

Tail vertical displacement of the aerofoil
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The maximum tail vertical displacement before element intersection has been about 87 per cent of the chord
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fourth row).

(

chord length

2000 John Wiley & Sons, Ltd.
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Copyright ©

The maximum vertical change of position before element intersection has been about 81 per cent of the

using a Young’s modulus distribution depending on the square norm of the principal strains (strategy 8). The
24 per cent and 50 per cent chord length displacement is shown in the second and third rows, respectively.

Figure 9. Original NACAO0012 aerofoil discrete model (first row). Vertical change of position of the aerofoil
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position change including a general view of the mesh and a detail of the most distorted elements.
The maximum trailing edge vertical displacement before element intersection found is about 18
per cent of the chord length (second row). The maximum vertical displacement of the aerofoil
before element intersection found is about 24 per cent of the chord length (third row).

The maximum displacements obtained by using strategy 1 (second row), and the 50 per cent
chord length displacement have been taken as reference displacements for comparison with
results obtained with the different strategies. The maximum displacement that can be obtained
with each strategy will be shown in the fourth row of each figure.

Comparing the geometrical criteria (strategies 2-4), the criterion based on the square of the
distance of each element to the nearest modified surface (strategy 4) showed the best results. The
results obtained using this strategy are shown in Figures 2 and 3. Note the uniformity of the mesh
compared to the solution obtained using an isotropic homogenous material (Figure 1). This
strategy is very effective in the second example concerning the aerofoil vertical displacement,
whereas some difficulties due to the presence of a highly deformed area around the trailing edge of
the aerofoil are shown in the first one.

The strategy based on the evaluation of the norm of the principal strains of each element
(strategy S5) shows an extremely different behaviour in the two examples analysed. In the second
one it behaves very well, whereas in the first example it shows a worse performance.

The results obtained with strategy 6 based on the element strain energy density are shown in
Figures 4 and 5. The results obtained with strategy 7 based on the element distortion energy
density and the ones obtained with strategy 8 based on the square of the strain vector norm are
shown in Figures 6, 7 and Figures 8, 9, respectively. Globally, the last three strategies have
provided the best results in the two examples analysed with very small differences between them.
They can be considered as the most efficient.

4. CONCLUSIONS

The proposed method for mesh updating can be used to eliminate the need of remeshing in the
solution of shape optimization problems. It can also be applied to reduce the remeshing steps in
the solution of coupled fluid-structure problems accounting for the movement of bodies.

The application of the different strategies to select the artificial Young’s modulus to be assigned
to the pseudo-structural mesh elements shows that the geometric criteria are not effective if
compared with the criteria based on structural parameters such as the strain field or the strain
energy density.

Strategies based on the strain energy density, on the distortion energy density and on the
square norm of the principle strains with a Poisson coefficient v = 0.32 showed the best results.
The overall results obtained with the three strategies are very similar leaving to the programmer
the choice of which one to implement.
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