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Abstract

The development of a multi-level system for preliminary
design of aircraft structures is proposed as part of a joint re-
search project between the National Aerospace Laboratory
(NLR) and the Faculty of Aerospace Engineering of Delft Uni-
versity of Technology. Modern computing facilities allow so-
phisticated methods such as finite element analysis to be used
much earlier in the design process. The present system is es-
sentially an extension of the existing Aircraft Design and Anal-
ysis System (ADAS). ADAS has been modified to allow the
definition of major structural components like ribs, spars,
frames, bulkheads, floor structures, etc., and semi-automari-
cally generate a finite element model suitable for input to a
structural analysis program. The FE-model can be automati-
cally modified as a function of general design parameters such
as wing area, sweepback angle, aspect ratio. Further work is
being carried out to incorporate structural optimization. The
paper describes the general philosophy as basis for the devel-
opment of the system as well as topics for further research.
The modified ADAS-system is described including the mesh
generation procedure. Some structural analysis results are
presented for a typical transport aircraft subject to static
loads. In conclusion the mathematical implementation of
structural optimization in a multi-level environment is out-
lined.

List of symbols

AMP - Analysis Model Parameter

b - blending function

C - linking matrix

F,F f - objective function at level 1, 2 and 3

G, G, g - constraint function at level 1, 2 and 3
M, M, m- number of constraints at level 1, 2 and 3
N, N, n - number of design variables at level 1,2 and 3

NL, nl - number of modules at level 2 and 3

P - nodal coordinates

T - blending function shape factor

t - material thickness

w - nodal displacement

X, X, x - design variables of a module at level 1, 2 and 3
Y,y - design variables of all modules at level 2 and 3
o - stress level

1,2,3 - subscript: level 1, 2 and 3

u, 1 - superscript: upper limit, lower limit

- - denotes a vector
~ - denotes approximated constraint functions
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1. INTRODUCTION

A computer-based system for the design and optimization
of an aircraft structure as part of the preliminary design pro-
cess is being developed in a joint project between the National
Acrospace Laboratory (NLR) and the Faculty of Aerospace
Engineering of Delft University of Technology. This system is
based on the existing Aircraft Design and Analysis System
(ADAS). The present development aims to bring relevant as-
pects of the structural design into the decision making process
of a new project at a much earlier stage, making possible a
more integrated approach to the preliminary design problem.

To illustrate the purpose of the system, a specific example
is taken. Consider the wing of a typical civil transport aircraft.
In an early stage of the design, aerodynamic parameters such
as aspect ratio, wing thickness/chord ratio, sweepback angle
must be chosen. While such parameters are not fixed without
due regard to the structural design requirements, this is fre-
quently on the basis of past experience. In fact the structural
design is highly sensitive to these parameters and in a less con-
ventional design previous experience may not be a reliable
guide to a satisfactory compromise. Suppose in the example
chosen here the aspect ratio is increased to improve aerody-
namic efficiency, i.e. to achieve a fuel saving through reduc-
tion of induced drag. The weight increase could be partially
compensated by a small increase in thickness/chord ratio of
the wing, probably requiring a corresponding increase in
sweepback angle. Such change in sweepback angle has further
consequences for the structural design - consider for example
the placing of the main undercarriage, and loads in the centre-
section of the fuselage The changes described here also have
an effect on the stiffness of the wing which is not easy to esti-
mate, while the influence of all these changes on the aeroelas-
tic properties of the aircraft, such as divergence, aileron
effectiveness, flutter, is entirely unknown. The aim is to enable
these effects to be explored earlier in the preliminary design
process, with an optimization procedure to assist the designer
in making the most effective compromise.

If, in addition, full advantage is to be taken of new materi-
als - composites, metal-fibre laminates or advanced alloys -
decisions with regard to the major design parameters for the
wing become even more critical. Furthermore, the optima of
such parameters is likely to fall outside the range of experi-
ence with conventional materials. New opportunities arise, for
example, with the use of composites for aeroelastic tailoring;
undesirable change of incidence caused by wing twist can be
minimized by an anisotropic lay-up. This again requires that
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the structural design be taken into account at an early stage of
the design process.

General philosophy

Some guidelines for the implementation of a design sys-
tem of this kind have emerged during the early stages of its de-
velopment:

A ‘black-box’ system is definitely not intended. An optimiza-
tion procedure can indicate a direction in which the designer
might wish to proceed, but the designer must then consider
the wider issues that can not enter into a design system such
as presented here. The designer must remain in charge of the
design progress.

 Flexibility is called for in selecting a method for some partic-
ular design task, appropriate to the level of accuracy required
and the amount of information available at that stage of de-
sign.

» Consideration of the structure in too much detail would lead
to an unacceptable disruption of the design process at the pre-
liminary design stage. Therefore the information offered to
the designer with regard to the structural design is kept to a
minimum. In principle the designer is always presented with
a structural design which has been optimized to a greater or
lesser degree.

o This leads rather naturally to a multi-level system, in which
the different tasks in the design process can be kept apart to a
large extent. The traditional preliminary design - and interac-
tion with the designer - takes place at the highest level, and
structural design at the intermediate and lowest levels.

o Information primarily required by the designer, i.e. at the
highest level of the multi-level system, is the structure weight
and its distribution. Also the effect of changes in geometry on
structure weight is required, i.e. appropriate sensitivity data.
Deformation of the structure is required in so far as this af-
fects the air load distribution on the aircraft. Also it must be
possible to specify various constraints on the structural de-
sign - not only the mandatory requirements with regard to
strength and aeroelastic behaviour but also minimum stiff-
ness requirements, dimensional restrictions, and so on.
A flexible modelling of the structure is therefore needed, i.e.
one which can deal not only with the usual ‘sizing’ problem
involving thicknesses, cross-sectional areas, etc. but also with
changes of shape like wing span, sweepback angle, fuselage
diameter. This implies an adaptive finite element mesh which
automatically adjusts itself to changes of geometry and struc-
tural layout.

The drawing of the aircraft, i.e. created at a CAD-worksta-

tion, should be the source of geometric data defining the

design. Changes made in the drawing by the designer are then
taken up in subsequent rounds of analysis and optimization.

The drawing of the aircraft includes not only the external

form, placing of payload, fuel, etc., but also the positioning of

main structural components. The finite element mesh is gen-
erated within the main structure defined in this drawing.

°

As already indicated, a multi-level approach is considered
to be the best way of implementing a design system based on
the philosophy outlined above.

Multi-level system

A three-level system is defined for the different stages of
analysis and optimization, as indicated in Figure 1. The tasks
to be carried out at each level are as follows:

AutoCAD

Level 1
|| ADAS: aircraft
geometry and

| mesh generation

structural
design

detail
design

struciural meodaeling:
finite—alement analysls
and optimization

Level 3

aeroelastic analysis

[i constraint definition:
aliowable stresses and
panel efficiency

I| composite lay—up

data
base

Figure 1: Scheme for multi-level structural design.

Level 1

This is the level at which the designer is active in preliminary
design. This part of the system makes use of the existing
ADAS preliminary design programs. These offer a wide range
of options with regard to aerodynamics, performance, weights,
costs, etc., largely based on semi-statistical methods. Introduc-
tion of structural design into ADAS is a logical further step in
its development. ADAS enables either parameter studies to be
carried out or a numerical optimization procedure to be select-
ed. In both cases the parameters to be varied (design variables)
are specified by the designer. For the structural design system
currently proposed, ADAS has been extended to enable major
structural components such as spars, ribs, frames and bulk-
heads to be defined. In addition, a mesh generation procedure
has been developed that automatically produces a finite ele-
ment model suitable for structural analysis and optimization at
level 2. Extensions to ADAS and the mesh generation program
are further described in section 2.

When optimization is performed at level 1, design vari-
ables are the typical preliminary design variables such as en-
gine thrust (‘rubberizing’), fuel capacity, maximum lift
coefficient, etc., and other variables which also directly affect
the structural design, like wing span, thickness/chord ratio,
sweepback angle, etc. In addition, those variables from level 2
must be included which directly affect the constraints or objec-
tive function at level 1. In particular these are the variables de-
fining the structure weight. Constraints at level 1 are those
typically belonging to the preliminary design - range, take-off
field length, etc. Representative constraints from level 2 are in-
cluded to account for the necessary changes in structural de-
sign as a result of changes in design at level 1, e.g. change of
sweepback angle. In this way the corresponding increase or
decrease of structure weight is directly taken into account in
the preliminary design. The objective function at level 1 is
chosen by the designer, for example maximum fuel economy
or the smallest maximum take-off weight for the aircraft.

Level 2

This is the level of overall design and optimization of the
structure. At this level the finite element model created at level
1 is analysed, and a re-sizing procedure or numerical optimiza-
tion can be carried out. The SMR B2000 program will be used
for the FE-analysis with various enhancements required for
optimization, including constraint gradient calculation. Model-
ling of the structure at this level aims to represent it only to the
degree necessary for multi-disciplinary design, e.g. so that de-
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cisions made in the aerodynamic design have their proper ef-
fect on structure weight. Structural modelling must be
adequate to represent major redundancies, such as the load
transfer at the wing/fuselage connection, input of floor loads
into the fuselage shell, and redistribution of load around major
cut-outs. Detail of actual stringers in the wing and fuselage
and, for example, the variation of hoop stress between the
frames in the pressure cabin are not called for at this level. The
structural modelling, and verification that it provides an ade-
quate stress distribution within the structure, are further de-
scribed in section 3.

When used purely for the analysis of an existing design,
level 2 returns stress levels and deformations of the structure
to level 1. For a parametric study at level 1 it is expected that
at least a systematic re-sizing procedure will have been carried
out at level 2. This implies that allowable stresses have already
been obtained from level 3. Loading on the structure for finite
element analysis includes the aerodynamic pressure distribu-
tion, inertia loads and concentrated loads such as from en-
gines, flaps and the undercarriage. The air load distribution can
include the effect of deformations of the structure, e.g. wing
bending and twist, while inertia loads include the mass of the
structure itself.

For optimization at level 2, the design variables are the
skin thickness and the equivalent thickness of the set of string-
ers forming each panel. Panel boundaries are related to physi-
cal boundaries in the structure, manufacturing joints, standard
sheet sizes, and so on. A similar definition of design variables
is made for spar webs, bulkheads, discrete reinforcing mem-
bers, etc. For a composite structure, a larger number of equiva-
lent thicknesses will be called for. In addition, those design
variables from levels 1 and 3 which affect the constraints at
level 2 are also included. Constraints are primarily stress con-
straints, but limitations on the deformation of the structure,
aeroelastic constraints can also be chosen. The objective func-
tion is normally minimum structure weight. The optimization
scheme, and the manner in which design variable linking is
carried out, are described further in section 4.

Level 3

This is the level at which various detail design tasks are per-
formed. Typical computer-tools to be used at this level are giv-
en in Refs. 1, 2 and 3. Since the major part of the development
of the system at this level still has to be done, discussion here
will be limited to some very general remarks. At this level the
actual design of, for example, the stiffened panels forming
much of the structure will be carried out. This implies that the
equivalent thickness referred to above must be interpreted as
an actual stringer, in a panel with skin thickness also obtained
from level 2. Sensitivity data with regard to the stress levels
achievable in an efficient detail design must be returned to lev-
el 2. Level 3 is not confined to panel stability problems. Suit-
able fatigue stress levels, hoop stress in the pressure cabin
taking into account crack growth and the required inspection
interval, and many other aspects of the detail design must be
considered. Furthermore, in the case of a composite structure,
all the information concerning the lay-up of the laminate must
be generated. It would be inappropriate at level 3, seen as the
lowest level in a multi-disciplinary design process, to engage
in a complex analysis of all these detail design aspects. It is an-
ticipated, therefore, that full use will be made of simplified
methods, empirical data, and so on whenever this is possible.
It should not be forgotten that, when the preliminary design

has been completed to the satisfaction of the designer, the de-
tail design still has to be carried out and at this stage a more
accurate approach to detail design problems can be made.

2. FINITE ELEMENT MODEL GENERATION

Aircraft Desien and Analysis System (ADAS)

The proposed system is an extension to the Aircraft Design
and Analysis System (ADAS) which is a computer-based sys-
tem intended for conceptual and preliminary aircraft design.
The pilot version was completed in 19884I5! and since then
many extensions and enhancements have been incorporat-
ed!®I78 The ADAS system provides a computer environment
wherein design data and analysis methods are easily manipulat-
ed. Automated functions for routine tasks speed up or simplify
the design process, while sufficient flexibility is retained to
make ADAS applicable to a wide range of design studies.

ADAS system generic architecture

Figure 2 is a schematic representation of the generic ADAS

AIRFOIL

LIBRARY
ENGINE

LIBRARY

PROGRAM
| | uBrARY

dasign progrom

ADAS

Executive Program

DSPROG

Figure 2: ADAS generic system architecture.

system architecture.It identifies the major ADAS modules and
information flows:

» DSPROG (design program) is the name of a user-supplied
Fortran subprogram which contains the algorithm to solve a
particular design problem. DSPROG may call subprograms
available from the program library. The program library rep-
resents a method base with standard analysis methods and
utility routines which can be used as building blocks to devel-
op more complex design programs. The contents of the
program library is regularly upgraded to incorporate new re-
quirements and to accommodate advances in design
technology.

Geometric information is represented by a 3-view configura-
tion drawing created with the CAD-program AutoCADP!,
Figure 3 gives an example of a typical ADAS/AutoCAD
drawing. The aircraft must be defined according to a specific
protocol which stipulates drawing conventions for each indi-
vidual element, e.g. layer names, point sequence in a line,
maximum number of points, etc. An interface program trans-
fers significant geometry information from the AutoCAD-
drawing into the ADAS internal geometry representation via
a Data Exchange Format (DXF) file. Non-geometry data are
stored in regular text files.

= The ADAS Executive Program controls the processing of the

°
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Figure 3: Example of an ADAS 3-view configuration drawing.

design program DSPROG. Figure 4 is a flow diagram repre-

START

DSPROG
Teall = 1

optlm, yes DSPROG

mode D w70 | memees!  OPTIMIZER |
?
no |

new valuss
for survay lgoslTR—OGS P
varlables no found

DSPROG
icall = 4

=—==—=> dasign analysls mode
mmer—w> parametric survey mode

p mode

Figure 4: ADAS Executive Program
control flow.

END

sentation for the ADAS executive program The design
program DSPROG is called at several strategic’ locations,
each time with a different value for the variable icall to allow
the user to better organize computations. The user can set the
executive program to run in one of three modes:

- In analysis mode the design program is executed in a single
pass. This option is typically used for design-point calcula-
tions for a given aircraft configuration.

- In parametric survey mode the design program is succes-
sively called with different values for selected design
parameters. This is generally used to determine the sensi-
tivity of design characteristics (dependent variables) to
design parameters (independent variables).

- In optimization mode control is passed to a Sequential
Quadratic Programming (SQP) algorithm for optimizing a
(nonlinear) objective function subject to (nonlinear) con-
straints by variation of selected design parameters (free
variables).

Parametric survey mode and optimization mode may be
combined. Which control mode to select depends largely on
the kind of design problem, e.g. the number of design param-
eters, whether sensitivity information is required, the com-
plexity of the analysis methods, the demand on computing
Tesources, etc.

» AutoPLOT is a self-contained program that can generate sev-
eral types of XYZ-plots from general parametric data. The
graphs are reproduced in AutoCAD.

Definition of skin panels with AutoCAD

As stated in the introduction, in preliminary design it is not
appropriate to generate a highly detailed structural model. An
acceptable compromise is to use a simplified model for com-
pound structures, such as skin + stringers, fuselage frames, etc.
and to treat those as elements with specific mechanical proper-
ties. The advantage of this approach is that it simplifies not only
the FE-model but also the mesh generation program.

The first task in the development of a mesh generator was
to extend the ADAS/AutoCAD geometry interface. For exam-
ple, the designer can use AutoCAD to define quadrangular
areas representing the skin of the lifting surfaces and the fuse-
lage, as shown in Figure 5. These mesh areas indicate regions

point pumber

kin panel number

1 upper surface

: lower surface

ifting surface number

wkin panel number  froor0C
1
2.
I
layer: SKIN_nmk

xskn(i,n,k,m)

1 = point number
n = skin panel number
k = 1: upper fuselage

1/Y\ sactlon
N yskn(i,n,k,m) k = 2: lower fuseloge
X section
xss(i,n, k)
layer: FUSS_nk
Figure 5: I
Deﬁqit{on of skin panels i)
Sor lifting surfaces and
fuselage.
1=nss(n,k)

on the outer skin where a regular mesh of elements is to be gen-
erated using the computer-tools described in the following
section.

Mesh generation

The second task involved the development of a general
mesh generation procedure. Because of the many alternative in
wing locations, tailplane configurations, engine mounting, as
well as different possible solutions for a particular structural
design problem, etc., it is impractical to develop a single, stand-
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alone program that can generate a satisfactory mesh distribu-
tion for any aircraft configuration. Instead, the concept of a
‘toolbox’ of subprograms was adopted that can be used by the
designer to assemble a specific mesh generation program. This
approach not only provides a high degree of flexibility but is
also relatively easy to implement.

A consistent procedure is used to create a regular mesh of
4-node elements for a 3D surface enclosed by 4 given spatial
boundary curves, as shown in Figure 6. The internal nodes

Figure 6: Mesh area enclosed by 4 boundary curves.

X
P = |y| are computed using Coons technique!'®, which applies

z
blending curves b, and b, to interpolate between points p(u,0),

E(u,l),j(o,v) and p1 ,¥) on the boundary curves and the corner
points p(0,0), p(1,0), p(0,1) and p(1,1):

E(U,V) = E(O’Z_) bu ’f‘E(l,V) b&l + i;(uyo) bv tﬁ(uvl) bvl - i)—(o’o) bu
bv' p(l:o) bul bv - p(011) bu bv] - p(l’l) bul bvl

with

0su<l
0<v<l

where:

b, =1+(167,-8)u'+(18-321) 1 + (161, - 1) w2 (0 <1, < 1)
bul =1 "bu
b, =1+(161,-8)v* +(18-321) ¥ + (161, - 1) W2 (0 <1, £ 1)
bvl =1 'bv

The factors r, and r, control the shape of the blending
curves, e.g. 1, =T, = 0.5 give cubic polynomials. This procedure
takes place in two steps. First, the coordinates of the nodes on
the boundary curves are computed. For example, a subprogram
is provided to compute the boundary curves for a mesh area as
defined in an ADAS/AutoCAD drawing using the geometry of
airfoil sections specified at several spanwise stations and as-
suming a ruled surface between them. Another subprogram
then generates the actual grid. Other subprograms are available
to set up boundary curves by ‘copying’ nodes of previously cre-
ated mesh areas. For example, a spar or rib structure can be
constructed between nodes in the upper and lower skin panels.
In this way the topology remains automatically intact even if
the global geometry, i.e. aspect ratio, wing area, sweepback an-
gle, is changed. It also saves CPU-time as nodes do not have to
be re-computed. Furthermore, the number of individual struc-
tural components to be defined in the ADAS/AutoCAD

drawing can be limited. Other examples are subprograms to
construct floor structures and flat or spherical bulkheads. Two-
noded bar elements can be defined for local reinforcement. At
present bar elements have to be connected to existing nodes.

In principle the order in which mesh areas are generated is
not prescribed. When a mesh area has been generated, the sub-
program returns a unique index number which can be used to
reference that mesh area or the nodes therein later in the pro-
gram. In addition, each mesh area can be associated with a
multi-digit identification number which has the following sig-
nificance:

e The gub-structure label indicates to which sub-structure, e.g.
‘wing’, ‘fuselage’ or ‘tailplane’, the element belongs to. For -
example, some elements in the wing/fuselage intersection can
be defined as being part of the ‘wing’ while others are part of
the ‘fuselage’. In the FE-model sub-structures are represented
as ‘transparent’ objects which may have coincident nodes but
are not mechanically connected. Therefore the designer must
indicate how and at which nodes sub-structures are linked.
Structural analysis programs can handle sub-structures sepa-
rately as ‘branches’.

The glement label refers to mechanical properties in the struc-
tural elements library. For elements representing a compound
structure, such as stiffened panels (skin + stringers), fuselage
frames (beam + castellations), etc., specific properties can be
defined.

The part Iabel is used to indicate significant structural compo-
nents, e.g. ‘spar’, ‘rib’, ‘fuselage frame’, ‘skin’, etc. This
information is used by the structural analysis program to
place the external loads and impose displacement restrictions.

ADAS builds the FE-model entirely in an internal data
structure using vector arrays for memory efficiency. When a
FE-model is completed it can be written to a file in a format
compatible with the structural analysis program, as illustrated
in Figure 7. The subprogram DXELEM provided for this pur-

structural
analysls

mash ADAS subpregrom ‘
P internal e PR e
generalor FE—modal DXELEM

program

Figure 7: Create a model input file for structural analysis.

pose first eliminates coincident nodes within each sub-
structure. The remaining nodes are numbered in sequence and
the corresponding X,Y,Z-coordinates are written to file. Next
the individual elements are labelled and the corresponding
node numbers and identification labels are appended to the file.

The internal ADAS FE-model can be translated into a
DXF-file with the subprogram DXAFEM to view and inspect
the model within AutoCAD, as shown in Figure 8. The design-

AutoCAD

subprogram

OXAFEM
ADAS ~ =~ - e
Internal
FE~modal i ~ =

- subprogram
DXAMSH

Figure 8: FE-model viewing and editing with AutoCAD.

mosh

gonsrator

er may choose to move nodes or add/delete elements manually
using the standard AutoCAD edit functions. If the modified
model is saved into a DXF-file, it can subsequently be trans-
ferred back into the ADAS internal data structure with the
subprogram DXAMSH. Figure 9 illustrates a FE-model (shell
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only shell elements shown
(hidden elements removed)

Figure 9: Example of a FE-model representation.

and bar elements) of the small transport aircraft shown in Fig-
ure 3. In this example the half-model contains:

sub-structure nodes elements DOF
wing 411 716 1818
fuselage 622 1302 3423
vertical tailplane 108 201 466
horizontal tailplane 148 278 758

This FE-model took about 16 sec. to generate on a 15
MIPS/2 Mflops workstation, including the creation of the input
files for the four sub-structures using the DXELEM subpro-

gram.

3. STRUCTURAL ANALYSIS

It is the intention to use the SMR B2000!" program for
structural analysis, primarily because the code can easily be
modified for specific requirements. However, because certain
changes to B2000 still have to be implemented, the results pre-
sented here have be produced with an alternative program
(GIFTS).

To evaluate the structural behaviour of the aircraft design,
each element in the previously generated FE-model must be
associated with elastic and inertia properties. For a given de-
sign task, the FE-model will be evaluated many times and
therefore it is vital that the number of degrees of freedom of

the model is kept to a minimum. While the complexity of the
model is reduced, care should be taken that essential features
of the structural behaviour are not sacrificed. Deciding which
features are essential and which are not is of paramount impor-
tance. This section discusses some methods for improving the
structural behaviour of a simplified FE-model.

Stressed skin elements

The coarseness of the mesh, as evident in Figure 9, implies
that details such as the cross-section of individual stringers are
too fine to handle in an FE-model at level 2. Stressed skin ele-
ments are therefore assumed to act essentially as membrane el-
ements. Stiffened skin elements of any material or
construction type are modelled using several layers of materi-
al. In the case of a conventional aluminium structure, one layer
of isotropic material represents the skin itself. A second homo-
geneous layer, with unidirectional stiffness only, represents the
properties of the stiffeners. The design variables for such a
compound element are the thickness of each layer. In the case
of a composite structure, three or more orthotropic layers rep-
resent the orientation and thickness of the laminates, the de-
sign variables being the orientation and the thickness of these
layers. These design variables have the same values for all the
elements in a mesh area.

Stressed skin panels

A mesh area representing, for example, a skin panel may
have several unsupported ‘free’ nodes as shown in Figure 10.
As the membrane elements of the skin do not have in-plane

supported
node

bar elements

Figure 10: Displacement constraints on free nodes.

stiffness, these nodes must be supported. This problem is
solved in a way that further reduces the number of degrees of
freedom. The normal displacements of free node i is con-
strained by linear interpolation of the displacements of the
nearest structurally supported nodes ati =1 and i = n, accord-
ing to:

n-—1i
w, = w, + T(ﬂ_"% (w,—wy)
This approach yields two degrees of freedom for a free node,
and three degrees of freedom for a structurally supported node.
The total number of degrees of freedom of the model has thus
been reduced to less than 50% of the alternative, i.e. using ele-
ments with out-of-plane bending stiffness with six degrees of
freedom per node.

1510




Lifting surfaces

Skin panels, spar webs and rib webs of lifting surfaces are
modelled using the compound membrane elements described
above. Bar elements are added where skins and webs are at-
tached, so that loads may effectively be introduced. The nor-
mal displacements of the free nodes are interpolated in
chordwise direction between the front and rear spar. It will be
observed from Figure 10 that the spar webs are built up using
single elements to cover the entire spar depth. This causes in-
plane bending in the spar web elements as the wing deflects.
The in-plane bending stiffness of various available 4-node
shell or membrane elements differs considerably, and in gener-
al is much greater than would be expected from an Engineer’s
Theory of Bending consideration. This results, for example, in
considerably higher divergence and flutter speeds. Use of a
finer mesh is an obvious solution, but would also result in a
much larger number of degrees of freedom. In order to provide
a realistic in-plane bending stiffness a ‘dummy’ material with
corrected stiffness constants is used. Fortunately, the accessi-
bility of the B2000 finite element code makes it relatively easy
to implement a ‘special purpose’ element specifically for spar
webs.

Figure 11 shows a contour plot of calculated Von Mises
stress levels in an ADAS wing skin under an elliptical load

experimental

Figure 11: Calculated stress contours in a wing box
structure as compared to experimental results.

distribution, as compared to experimental results for a similar
structure obtained from an independent source. Stress levels
increase from the tip to the root with the highest stress levels at
the rear spar joint.

Pressure cabin

The modelling of a fuselage structure represents a funda-
mentally different problem. A fuselage skin is generally sup-
ported by flexible frames through which floor loads are passed
into the skin. The magnitude of the resulting peak shear stress-
es in the skin depends on the stiffness of the frames as com-
pared to that of the skin. This effect is considered to be
important even in the preliminary design stage. Another im-
portant effect is deformation of the cabin under pressure load-

ing. The tendency of the fuselage to increase in diameter is
restrained locally by the presence of the fuselage frames. This
local effect takes on global proportions if only one element
separates two adjacent frames. The internal pressure is then
applied directly to the frames in the form of nodal forces, and
the axial stiffness of the frames greatly reduces the maximum
hoop stress in the skin.

A simple solution to frame modelling, combining both a
proper load introduction into the skin and a realistic expansion
under pressure loading, has been found by using frame ele-
ments of realistic bending stiffness but with very small axial
stiffness. An investigation into the behaviour of such frame
models has revealed that they function well, even for the intro-
duction of tangential loads. Removing the axial stiffness of the
frames resulted in a change of less than a few percent in the
skin peak shear stresses. This implies that fuselage structures
can be modelled using a skin element size equal to the frame
pitch, while frame elements are attached to nodes on the skin
only and have therefore a minimum number of degrees of free-
dom. Figure 12 shows stress contours in a fuselage structure. It

Figure 12: Stress contours in a fuselage structure.

should be noted that as the fuselage structure was fixed at the
wing/fuselage intersection, down load on the horizontal tail-
plane causes a small positive tilt. Finally, it should be pointed
out that this type of frame modelling is not considered suitable
for heavy frames such as employed in the centre-section and as
reinforcements for large cut-outs. In these cases, frame ele-
ments with a realistic axial stiffness will be used, as described
in the next section.

Large cut-outs

As pointed out earlier, there is a limit to the amount of de-
tail that should be included in the FE-model. A typical feature
of fuselage structures is the presence of numerous cut-outs of
varying sizes, such as windows, passenger and cargo doors,
wheel bays, etc. It is apparent from Figure 9 that the presence
of the window cut-outs is impossible to take into account, as
one skin element is roughly the size of a window. With the
coarseness of the mesh, it is doubtful whether even larger cut-
outs, such as doors and wheel bays, can be modelled very well.
In addition, if only one half of the fuselage is to be designed,
for reasons of economy or speed, this will imply that only a
symmetric configuration with similar doors on each side can
be modelled. However, even if the cut-outs themselves can not
be modelled in detail, their influence on the surrounding struc-
ture can still be taken into account. For this reason, cut-outs
are included in the structure model as follows.

In the structural elements library, a material with very low
stiffness constants is defined. The ‘removed’ skin representing
the cut-out is modelled using this material, so that the normal
and shear stress carrying capability of the skin is neutralized.
The reason for using this rubber-like material instead of sim-
ply removing the skin elements is that, with the door still phys-
ically present, pressure loads may be applied to the skin in a
regular way. To transfer these loads to the edges of the cut-out,
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longitudinal beams with zero axial stiffness are placed in the
cut-out, as shown in Figure 13. These beams thus perform the
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Figure 13:

Structural modelling
of large cut-outs.
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structural task of a physical door. A keel beam is provided un-
der the floor, serving as a crash beam and also provides an al-
ternative load path near the cut-outs. A cut-out is reinforced by
heavy frames directly fore and aft, and by beam elements on
the top and bottom edges of the cut-out. These beams are ex-
tended beyond the frames in the form of bar elements without
bending stiffness.

Centre-sections

A considerable variety is found among actual centre-sec-
tion designs, making it difficult to define a standard centre-sec-
tion for the purpose of preliminary design. However, the
following features are generally found in the centre-section of
transport aircraft. Structural irregularities, such as cut-outs and
reinforcements, are concentrated in the fuselage, so that the
wing box structure passes through the fuselage relatively un-
disturbed. Heavy root ribs are mounted in the wing, usually
just outside the fuselage. At these points the wing is attached
to heavy fuselage frames, located at the same stations as the
wing spars in the centre-section.

The model of the centre-section is made on the basis of the
common features outlined above. For minimum wing-fuselage
interference, the concept of ‘transparent’ sub-structures has
been introduced. In a finite element model, two structures may
intersect without the one affecting the other. The actual con-
nection between the two parts is established by modelling a
‘connecting’ structure using standard shell and bar elements,
as shown in Figure 14. The resulting structure is more realistic
than it may at first appear. In some centre-section designs, the
fuselage stringers are carried through the wing box - a physical
form of ‘transparent’ structures. If the designer is not satisfied
with a straightforward ‘transparent’ centre-section, the struc-
ture can be modified, e.g. by removing patches of fuselage
skin and adding reinforcements around the resulting cut-out
(see previous section). A significant degree of flexibility is of-
fered to the designer, the only restriction being that fuselage
frames with axial stiffness must be located at the wing spar
joints.

connecting
elements

Figure 14: Winglfuselage connecting elements.

Loads

The analysis results included in the next section were
based on greatly simplified aircraft loads. However, a program
is being implemented to automatically determine design load
cases in compliance with the pertinent airworthiness require-
ments. Using standard ADAS aerodynamic tools, manoeuvre
and gust envelopes are established for a number of critical
combinations of altitude and aircraft weight. For each of these
load cases, aerodynamic forces, ground reactions and engine
thrust are calculated. These forces cause the aircraft to acceler-
ate in a manner which depends on the mass distribution. A
number of possible critical mass distributions are considered,
and the resulting inertial forces are applied to the FE-model to
balance the aerodynamic and other loads.

The present load calculation procedure assumes that the
aircraft is a rigid body. Dynamic flexibility effects will be in-
cluded at a later stage, under the assumption that structural de-
formation does not affect the aerodynamic loads.

Structural analysis for a hypothetical loading condition

The FE-model shown in Figure 9, completed with connect-
ing elements and cut-outs as described is the previous sections,
was subjected to a hypothetical static load case, shown in Fig-
ure 15. The floor and tail loads were derived by assuming ver-

fuselage pressure differential
tail
down load

homogeneous
load on cabin
floor

Figure 15: Hypothetical load case for a complete
aircraft structure.

tical force and pitching moment equilibrium, respectively.

Figure 16 shows a greyscale rendering of the resulting Von
Mises stress levels. For the sake of clarity, the deformations
have been magnified by 2.5. All elements have the same mate-
rial thickness, so that areas of high stresses, i.e. at the wing/fu-
selage joint and at the root of the vertical tailplane, can be
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Figure 16: Stresses and deformations for an aircraft

structure subject to a hypothetical loading
condition

clearly visualized.

Fully stressed design
A widely used structural ‘optimization’ procedure is a Ful-
ly Stressed Design (FSD) whereby the material thicknesses t
- 6actual =

are iteratively varied according to t,.,, = T fod until the
allow

local stress level G, at each element is equal to a specified
stress level Gy, For example, the FE-model shown in Figure
9 may contain a large number of redundancies, especially in
the centre-section and in the wheel bay immediately behind it.
A high degree of redundancy shows the convergence of a re-
sizing or optimization procedure. The FE-model has been sub-
jected to a fully stressed design procedure with the same load-
ing case as used in the previous section. Figure 17 shows the

Figure 17: Stresses and deformations for a Fully
Stressed Design (FSD) aircraft structure.

stress distribution after ‘a single iteration step. The continuous
parts of the structure have converged well, while in the centre-
section convergence is slower. Even so, all stresses have been
brought within roughly 30% of the allowable stress level.

4. STR RAL OPTIMIZATION
Structural optimization with ADAS uses a multi-level ap-
proach. There are 3 levels, in order of refinement:

level 1: multi-disciplinary preliminary design.

level 2: mono-disciplinary preliminary design.

level 3: mono-disciplinary detail design of structural compo-
nents.

Although much work has been done in the development of
computer-tools for aerodynamic design and analysis!'?, struc-
tural design is currently the only discipline in ADAS which
can be optimized at all three levels.

Multi-level optimization

As this part of the project is still in the development stage,
the discussion will be confined to the mathematical implemen-
tation of structural optimization in a multi-level system.

Multi-level optimization is more than optimizing each lev-
el separately. It implies that the interaction between levels is
accounted for in such a way that an optimum is found for the
whole problem instead of a set of local optima for each level.
This topic is still a subject of research*I4115} The optimiza-
tion scheme envisioned for the current system resembles that
proposed by Vanderplaats!™® and is schematically illustrated in
Figure 18. A design task at level 1 can be stated in mathemati-

etc. etc.

module k+1

module k

module |

Figure 18: Scheme for multi-level structural optimization.

cal terms as: find the set of level 1 variables X and level 2 vari-
ables Y that will minimize F(X,Y) subject to:

G;(X,Y) <0 j=1,M
Gy (X, X)) <0 i=1,M k=1NL
Xi<x,<x} i=1,N
X} X, < X5 i=1,N, k=1NL

with:
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- 0 o
Gjk (X, Xi) = Gj+ V,Gj (X, Xy) AX
+3AXT [V2Gy, (X)]AX
+V,Gj (X, X,) AR
1,T = = —
+5AXy [VIG (X 1AX,

Notice that Y = {X;,Xp,........XnL)- At level 2, the problem to
be solved is: find the set of level 2 variables X and level 3
variables yy that will minimize Fj (X),yx) subject to:

G;(X,X,) <0 j=1M
Gy (X, X)) <0 j=1M
G X ¥) <0 j= 1M
Eja (X, Xyg) <0 j=1my 1=1,nl
X S Xy S X i=1N
X < Xip € Xjig i=1n 1=1,nl

with:
Gi (X, %) = G} +V,G;(X, %) A%,
+ 38K} [V2G{(R) ] AR,
and:
& Xio X)) = g’?kﬁ V& (X Xi) AX
+ 30K [V250 (X) 18K,
+ V3§jk1 (X, X)) AXy,y
+ %AXI] [V3Eia (%) 1A%,

Notice that y = {Xj1,Xgse-»(Xi)p1} - At level 3, the problem to
be solve(l is: find the set of level 3 variables X that will mini-
mize fy(xy) subject to:

Gjx Xy Xg) <0 j=1M

& (X Xpy) <O j=1m
1 .

Xik1 S Xipg S Xy =1n

with;
-~ P _ o~ 0 — — _ _
ij (Xk7 xkl) = G_]k + Vlij (Xk, Xkl) Axk]
1,-T od — —
+ 58Xy [V3Gik (X) 1 8%y

The sensitivity information, i.e. the approximated con-
straint gradients (denoted by ~) are calculated either semi-ana-
lytically or by finite difference. The quadratic terms are
numerically constructed based on update formulas (BFGS).

Implementation of this scheme in ADAS offers additional
features:

» The objective and constraint functions at a lower level can be
used as variables at the next higher level.

° Variables at a lower level can be ‘linked’ to reduce the
number of design variables at the higher level (see next sec-
tion). However, the lower level will use the unlinked
variables.

» Standard optimization algorithms can be used at each level to
perform the optimization.

o It is assumed that the highest level is not directly influenced

by the lowest level and vice versa. This implies that there are
no constraints which depend on variables of all three levels.

° At a given level, constraints from other levels are used in an
approximated form. Time consuming constraints of the given
level may themselves also be used in approximated form.
Each time a level is optimized, such a constraint and its gra-
dients are calculated, after which the approximated functions
are used.

¢ Not all the constraints of another level need to be considered.
Only the subset (denoted by ~) of constraints from another
level which are also a function of the variables of the level un-
der consideration are needed.

o Itis assumed that modules at a given level do not interact.

The key idea here is that constraints at a higher level are
passed on to the lower level in approximated form, and vice-
versa. Because of the approximated form used, the computa-
tional cost of evaluating the constraints and gradients during
optimization is dramatically reduced. Optimization at each
level is an iterative process. The final optimum is achieved if
this iterative process converges. The user can select the order
is which the different levels are to be optimized. Although
convergence of this optimization process cannot be proven
mathematically, in practice the procedure tends to converge.

Variable linking
By selecting variables, constraints and objective, as well as
the optimization strategy and other optimization directives on
each level, the designer creates a so-called optimization mod-
el. Besides selection of variables, constraints etc., additional
data has to be given. For constraints this is information like:
allowable stresses, deformation restrictions, etc. For design
variables this data consists primarily of variable linking matri-
ces. A linking matrix specifies a linear relation between details
of a model and the design variables (X). These details are
called: Analysis Model Parameters (AMP). These relations
can be seen as a rectangular matrix, the linking matrix C:
[AMP!

new

- AMPle] = [Cij] (Xilew - Xi)ld)

Consider, for example, the FE-model. The AMP’s of this
model are nodal coordinates, thicknesses etc. During optimiza-
tion the thickness of the fuselage skin could change, which im-
plies that the some elemental thicknesses have to vary. The
relation between (the change of) the AMP’s (element thick-
nesses) and the (change of) design variable ‘fuselage skin
thickness’ is one column in the linking matrix. Because the
process of defining the optimization model is very flexible, it
is also possible to perform a one level optimization. For exam-
ple, semi-empirical formulas can be used to predict the struc-
tural weight in order to get a good starting point for more
accurate calculations with the FE-method.

NCLUSIONS AND F RE DEVELOPMENT

The development of a computer-based system for the pre-
liminary design of aircraft structures has been proposed. The
joint research project aims to investigate the possibility of in-
troducing structural design early in the design process. A
multi-level approach has been selected which is compatible
with the existing Aircraft Design and Analysis System
(ADAS) architecture. A program has been developed which
rapidly generates a simplified FE-model from an ADAS/Au-
toCAD 3-view configuration drawing.
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The problem of using a simplified FE-model with suffi-
ciently realistic structural behaviour has been solved by using
universal elements with modified stiffness coefficients to ac-
count for compound structural components, such as stiffened
skin panels, spar webs, fuselage frames, etc. By placing dis-
placement constraints on skin panels, in-plane bending can be
eliminated, greatly reducing the number of degrees of free-
dom. An approach for modelling complicated structures, such
as large cut-outs and centre-sections, has been discussed.
Structural analysis was carried out for a typical aircraft struc-
ture (wing + fuselage + tail), subject to a hypothetical load
case. Considering the coarseness of the FE-model, the general
structural behaviour is satisfactory. The principle of a Fully
Stressed Design (FSD) to obtain a first-order estimation for the
element thicknesses has been demonstrated. The mathematical
implementation of structural optimization in a multi-level sys-
tem has been described. This approach is based on passing de-
sign variables, constraints and sensitivity information from
one level to another.

Research effort in the near future will be directed to the
implementation of a panel code as a more consistent method to
predict the aerodynamic loads on the structure. Dynamic struc-
tural analysis, including flutter and transient loads, is foreseen
as part of a follow-up project.
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