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Abstract

Two finite-element based design procedures for the
preliminary design of wing structures are evaluated
and compared with an analytical-empirical wing
weight prediction method, as well as with data for
the Fokker 100 wing. The quick generation of the
simplified finite element model is discussed. The
same model is used for both aerodynamic and
structural analysis. Allowable stress levels are
deduced on the basis of simplified fatigue, residual
strength and buckling criteria for standardised
structural components. Calculated and allowable
stresses, together with nodal displacement
limitations, are used in a fully-stressed design
process to generate a feasible structural design. An
optimum design is also achieved (at greater
computing cost, however) using the B2OPT
optimization code. Both methods are compared in a
study of the effect of aspect ratio on the weight of the
Fokker 100 wing.

Notation

a dimensionless critical crack length

b stringer/stiffener pitch

C design variable linking matrix

c scaling index for constraints

E Young’s modulus

f quadratic approximation function for

constraints

cumulative constraint

constraint in main optimization (suffix o
denotes before scaling)

intermediate constraint, i.e. after scaling
constraint in sub-optimization

critical stress intensity factor

stress concentration factor

diagonal tension factor

rib pitch

aircraft load factor

radius of curvature of skin panel

ratio of stress on the ground to stress in 1-g
flight

r constant in cumulative constraint function
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t skin/web thickness

i equivalent thickness of stringers/stiffeners

f total equivalent thickness (= t+1)

1 stiffener thickness (attached flange)

X,y design variables (suffix o denotes before
scaling)

Xn,Yn intermediate variables, i.e. after scaling

B post-buckling ratio

n compression panel efficiency

n, post-buckled ’efficiency’ of skin

A factor applied to the local buckling
coefficient to allow for curvature of the skin

o property defined in constraint
S.u allowable value of property in constraint
o, stress in web stiffener at which forced

crippling occurs

local buckling stress

Oy stress in skin for specified fatigue life
stress in the skin at which unstable crack

! growth occurs in the ’two-bay crack’
condition
o, stress in the skin at which stringer failure
occurs in the *two-bay crack’ condition
5,  average stressin the panel at ultimate load
o, 0.2 % proof stress

1 Intr ion

Optimization procedures appropriate to the design
of a wing structure at the preliminary design stage
are developed. The results of optimization at two
levels of complexity are compared with a recently
developed wing weight prediction method [1].
Particular attention is given to the definition of an
optimization model suitable for preliminary
design. Some severe simplifications are introduced
to enable alternative designs to be explored cheaply
and efficiently, nevertheless retaining the essential
features of the design. This approach is adopted so
that basic aspects of structural design can be
included in the overall design concept at an early
stage, also with a wider range of loading cases and
design conditions.
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The optimization procedure is based on a relatively
coarse finite-element model of the structure,
generated semi-automatically [2]. The same mesh
is found to be usable for computation of the
aerodynamic loading on the wing. This procedure
yields the load distribution throughout the primary
structure of the wing, as well as its deformation. If
desired the air load distribution can be based on
the deformed shape of the wing. Simplification of
the optimization model significantly reduces the
number of degrees of freedom in the FE analysis.
Verification of the structural modelling is,
therefore, an essential aspect of the work.

The FE model is not adequate for the detail design
of the structure, and in any case the detail design
is not of interest to the designer at the preliminary
design stage. Defaults are used for standardised
stringer shapes, and so on. A number of "standard
components" are defined, such as skin panels, spar
webs and ribs. For each of these, special purpose
optimization routines are developed. Design
stresses are deduced in terms of the local loading
intensity, load spectrum and fatigue life. Damage
tolerance requirements are based on the usual two-
bay crack situation. The effect of design limitations
such as minimum stringer pitch or thickness
limitations due to stiffness constraints are
included.

Design of the wing structure is based either on an
iterative re-sizing routine, or on a formal
optimization using a sensitivity analysis. The first
of these rapidly generates a feasible design but is
no guaranteed optimum; the second is a much
heavier computing task. The results of the two
methods are compared to establish to what extent
the extra computational effort is justified at the
preliminary design stage, also to compare the
effectiveness of optimization at the detail design
level and at the level of the structure as a whole.

To validate the results obtained, comparisons are
made with the weight prediction method referred
to above, when the aspect ratio is varied. The
design program is being used in a design study of
civil transport aircraft in the 300-800 seat
categories, in which the effect of aircraft size on the
wing weight fraction is investigated.

2. Analysis

1 Finite-element model generation pr T

The creation of a FE-model can be a laborious task

even for a small structural component. In concep-
tual design it would be impractical to redesign the
structure in such detail for each different concept;
the aim of this work is to implement new ADAS-
tools [3] that can be used to assess the effect of al-
ternatives in structural design concepts on aircraft
weight and performance at a relatively early stage
in the design process. Therefore a proper balance
has to be established between, on the one hand,
the type and amount of information available and,
on the other hand, the suitability of an inherently
coarse FE-model to predict stresses, displacements
and structural weight with acceptable accuracy.

2.1.1 Definition of skin panels.

The ADAS-system accepts geometry input in the
form of a 3-view configuration drawing created
with AutoCAD or any other CAD-program that
supports the DXF-standard [4]. By means of a pro-
tocol that correlates layer names with drawing en-
tities such as lines, text, ete., specific geometric
information for the aircraft can be derived and
used in the subsequent analysis. Implementing
the structural design capability in ADAS required
the extension of the ADAS/DXF-protocol to in-
clude, for example, the definition of skin panels for
the lifting surfaces and the fuselage.

A skin panel in a lifting surface is defined by draw-
ing the four edges of a quadrangle in the planform
outline, as shown in figure 2.1. For the fuselage a

skin panels

Figure 2.1: ADAS representation of the structural
layout of the Fokker-100 wing.

similar procedure is followed. Through the layer
name definition each skin panel is uniquely identi-
fied.

2.1.2 Finite-element model generation program.

The 3-view drawing with skin panels can subse-
quently be transformed into a FE-model by a mesh
generation program. It proved impractical to de-
velop a single mesh generation program that auto-
matically creates a FE-model for all possible types
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of structural configuration. Instead, it was found
that a toolbox approach would be more suitable;
the designer creates a mesh generation program
tailored to the type of aircraft being studied, but to
facilitate the development of such a program the
ADAS system provides an number of subprograms
that can be used as building blocks. Although this
approach requires some programming skill on the
part of the designer, the flexibility of system is
greatly improved.

Association of the three orthogonal views in the
configuration drawing defines a schematic
geometric model, which forms the basis of the FE-
model constructed from mesh areas. A mesh area N
is a 3-dimensional surface enclosed by 4 spatial
curves and represented by a regular grid of NI(N)
times NJ(N) node points in two directions, as
shown in figure 2.2. To create a mesh area, the

mesh area N with
NI(N) X NJ(N) points
mesh area specification
label LB(N)

boundary
curve 4

boundary
curve 2

curve 1

boundary
curve 3

point I = 1 to NI(N) x NJ(N)

node label ID(I,N)

l

coordinates FX(ID(I,N)), FY(ID(I,N)), FZ(ID(I,N))
Figure 2.2: Definition of a mesh area.

nodes on the four boundary curves must first be
determined from the panel definition and the
geometric model. The second step is then to
generate the internal nodes by interpolation
between the boundary nodes. This procedure is
repeated for all skin panels in the structure.

The ADAS program library contains basic subpro-
grams that can readily be used to facilitate the de-
velopment of a specific mesh generation program.
For example, the subprogram DXLMSH

(X1,Y1,X2,Y2,11,12,IP,KS,LS K) calculates the X-
and Y-coordinates of node 11 to 12 for a specified
number of equidistant nodes IP along the project-
ed line (X1,Y1) to (X2,Y2). The corresponding Z-co-
ordinate is calculated by interpolation assuming a
ruled surface between pairs of airfoil sections. The
parameter LS is the lifting surface reference num-
ber and KS denotes the upper or lower skin (KS =
1 and KS = 2 respectively). DXLMSH will also as-
sign new node labels by incrementing a node
counter. This process is repeated for the four edges
of the mesh area K = 1,2,3,4. The subprogram
DCROS (LB,N) can subsequently calculate the co-
ordinates of the internal nodes by interpolating be-
tween the edge nodes using Coons method.
DXCROS associates a user-defined label LB with
the mesh area signifying the type of structure, the
type of elements used and the material. The signif-
icance of the LB-parameter is discussed in more
detail in section 2.3. DXCROS increments a mesh
area counter N which can be used at a later stage
to refer to the mesh area or to the nodes therein,
e.g. to link another mesh area to it.

The subprogram DXLINK can be used to establish
a logical connection between a new mesh area and
an existing one by using the nodes on the common
edge as boundary points. Only the node labels are
copied, not the coordinates. The rest of the proce-
dure goes as described above. Because the common
edge nodes have the same node labels they will
point to the same coordinates. This ensures the
consistency of the topology.

Beam/rod elements are treated as a mesh area
with one row of nodes (NJ(N) = 1), so only one edge
(K = 1) needs to be defined. DXCROS will auto-
matically skip the creation of internal nodes and
will simply create a new mesh area reference num-
ber N. '

The previous section was mainly concerned with
the procedure to generate a physical FE-model.
Such a model will usually be rather coarse and
highly simplified. It contains only shell/membrane
and beam/rod elements and the number of nodes is
kept small to reduce CPU-time. However, to im-
prove the representation of the model the designer
can specify additional information through a user-
defined specification label LB associated with each
mesh area by the subprogram DXCROS. This pa-
rameter is a multi-digit code which signifies the
aircraft component that the mesh area is part of,
the type of structure and the material.

Although the coding, debugging and testing of a
mesh generation program for a complete aircraft
structure may require some effort, the actual time
to compute the FE-model is only about 5 seconds
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for a model of around 1000 elements. Because the
data structure is well defined and has a consistent
topology, modifications to the mesh generation
program are relatively easy to implement. So long
as the topology is not altered, changes to the con-
figuration drawing will not require modification of
the mesh generation program.

2.1.3 Model rendering and data display.

It is good practice to check the FE-model visually
at regular intervals during the development of a
mesh-generation program. For this purpose a set
of AutoCAD-interface modules have been devel-
oped to show the FE-mode! and to display analysis
results, as illustrated in figure 2.3. A FE-model

DXFIN
mesh DXAFEMJN
. -

generation -
program je |DXAMSH +—
DXFOUT

> . -

crp/FEM | DXEMA o)
analysis ¥ [DXFEME N

Figure 2.3: ADAS tools for the display of an FE-
model and analysis results in AutoCAD

can be displayed in AutoCAD with individual
mesh areas drawn as single entities. Each mesh
area will be associated with a layer name of the
form SHELL_N_LB (shell elements) or BEAM_N_-
LB (beam elements), where N and LB denote the
mesh area number and the specification label as
described in the previous section. Shell elements
or beam elements can be displayed separately by
switching off the appropriate layers. This is illus-
trated in figure 2.4 for the Fokker-100 wing struc-

Only shell elements
shown:

Figure 2.4: Finite-element model representation of
the Fokker-100 wing structure.

ture already seen in figure 2.1.

Nodes and their associated node labels can also be
plotted in the FE-model. Coincident nodes are au-
tomatically detected and plotted in red. Transfer-
ring an FE-model between ADAS and AutoCAD is
a two-way process, i.e. a structure drawn or modi-
fied with AutoCAD can also be transferred back
into the ADAS internal FE-data structure. This fa-
cility can be used to make small modifications to
the FE-model, e.g. to make cut-outs and to define
attachment points. When a FE-model is imported
from a DXF-file, each mesh area N defined in the
data structure is overwritten by the imported
mesh area with the corresponding reference num-
ber. Mesh areas with a unique reference number
will simply be added. A check is made to see if the
imported structure has nodes coincident with the
model already in the data structure and, if so, a
logical link will be established.

Other subprograms are available to superimpose
analysis results on to the FE-model. The analysis
results may be vector (velocity, force, etc.) or scalar
(pressure distribution, stress levels, etc.). To dis-
play analysis results, the mesh areas in the FE-
model are broken down into separate facets. Vec-
tor data is plotted as 3-dimensional arrows with
scaled length, while scalar data is represented by a
color code for each facet.

2.2 Aerodynamic analysis

For the subsequent structural analysis it is neces-
sary to determine the most critical load cases and
to calculate the resulting loads on each element of
the FE-model. To estimate aerodynamic forces un-
der a given flight condition an existing panel code
0215 was adopted [5]. The 0215-program is based
on linearized potential flow theory and was origi-
nally developed by the National Aerospace Labora-
tory (NLR). The method is particularly suitable for
the prediction of pressure distributions around
smooth objects in subsonic flow. As with a FE-
model, an aerodynamic panel model requires a
wetted surface representation by separate panels.
It would be convenient if one model could be used
for both aerodynamic and structural analysis.
However, a panel distribution that is optimal for
aerodynamic calculations is generally different to
that for FE calculations.

A study was made to investigate the effect of the
distribution and orientation of panels on the calcu-
lated pressure coefficients [6]. It was shown that
for the purpose of predicting aerodynamic loads
the effect is negligible. This implies a significant
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simplification and a reduction in turn-around time
of results by using the same mesh for both struc-

tural and aerodynamic calculations, as illustrated
in figure 3.5. The 0215-program, in particular the

3-view
configuration
drawin
4 u@é g
mesh
generation
program
v finite-element
mesh
aerodynamic gg%lgglrligilts — ‘::7::::
loads (0215) library o
l\ structura /
analysis
(B2000)

Figure 2.5: Integration of aerodynamic load
prediction and structural analys
based on one model.

input processor, had to be modified to match the
FE-model data structure to the ordering of panels
required by O215. This is done on the basis of spec-
ification labels defined for each mesh area. For ex-
ample, if LB < 0 then the corresponding mesh area
is part of an internal structure and is automatical-
ly removed from the aerodynamic model. Other
definitions allow 0215 to distinguish between lift-
ing and non-lifting bodies,

2 r ral lysis

To perform a finite element analysis, the elastic
properties of the model and the mass distribution
must be defined. The mesh areas generated as al-
ready described are represented in the F.E. model
according to their structure class and material.
The structural data base supports the following
classes of wing structural components:

)] stringer-skin panels
Im
(11D

stiffened spar webs

ribs

(IV)

The stringer-skin panels (featuring either Z, hat or
blade stringers) are modelled as composite
membrane elements with one layer of isotropic
material to represent the skin, and one layer of
orthotropic material (with uni-directional stiffness
only) to represent the stringers. For the stiffened
spar webs, only the webs are represented in the FE
model. The elastic constants of the web material
are modified to achieve a spar bending stiffness
conforming to Engineer’s Bending Theory. The
spar web stiffeners are used only in the calculation
of the allowable shear stress in the spar web (see
section 3.2). Two types of rib structure are
supported: a plate rib, represented as a Z-section
stringer-skin panel, and a truss rib. The latter is
represented as an element with a single layer, with
a shear stiffness equivalent to that of the
standardised truss rib. End load carrying members
are represented as rod elements with axial stiffness
only.

end load carrying members

All structural components are thus modelled using
either membrane or rod elements having only three
degrees of freedom per node. The skin panels do not
therefore have the bending stiffness required to
carry aerodynamic loads. Linear displacement
constraints are used to relate the displacements of
free nodes in the skin to the deformation of the
adjacent ribs. This results in a load transfer from
the skin into the ribs, much the same as would
result if individual stringers with bending stiffness
were used. Due to the smaller number of degrees of
freedom, however, FE processing times and
required disk space are drastically reduced.

As well as aerodynamic loads, inertia loads acting
on the various mass contributions to the wing are
an essential aspect of the wing loading. The total
wing weight is broken down into a primary
structure weight and a secondary structure weight
(high lift devices, ailerons and fixed leading and
trailing edges). The primary structure weight, as
represented by the mass of the finite element
model, does not include the weight increases
caused by reinforcements around cut-outs and
panel joints, and the presence of the landing gear
mountings etc. These weight contributions, as well
as those of the secondary structure, are estimated
using Torenbeek’s method [1] and added to the
nodes of the FE model in an appropriate way. An
inertia force corresponding to the acceleration in
each loading condition is then applied to each node
of the model. With all the loads applied, the model
is supported at the wing-fuselage connection
points, and a finite element analysis performed.
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Figure 2.6 shows the deformation of the structure
under a typical up-gust loading condition.

Figure 2.6: Deformation of the wing structure

3. Constraints

Certain constraints are introduced immediately
into the structural optimization. These include
stiffness constraints, defined by the maximum
displacement at specified points in the structure in
a particular loading condition, and lower bounds on
skin thickness and on the equivalent thickness of
stiffeners of various types. Stiffness constraints
can refer to the torsional and flexural stiffness of
the wing, and to local deformation of the skin
affecting the aerodynamic profile. Certain other
constraints, in particular flutter constraints,
depend on the stiffness and mass distribution over

the structure as a whole. Implementation of these -

is not yet complete, and no further discussion will
be made here. Static aeroelastic effects -
divergence, aileron reversal - can be treated in an
iterative manner by analysis of the deformed
structure, should this be necessary. The remaining
constraints, of particular concern in this section,
are stress constraints on the design of the
structure. For this purpose the four classes of
structural component already identified are:

D stiffened panels (i.e. wing skins) in tension
or compression combined with shear load;

an shear webs (i.e. spar webs and "heavy’ ribs),
which may be either transversely stiffened
or unstiffened plate webs;

(II)  ’standard’ wing ribs, either stiffened plate
webs or alternatively truss ribs;

(IV)  end load carrying members (e.g. spar
flanges and local reinforcement).

The object of the design procedures developed for
these components is to obtain reasonable estimates

of the allowable stresses in an efficiently designed
structure, to enable an initial sizing to take place.
It is of course essential that these allowable
stresses respond in the right way to changes in
design - local loading intensities, rib pitch,
minimum thickness, etc. - and at the same time
that the stress levels used can actually be realised
in later stages of detail design. The allowable
stresses are based on the following considerations:

- material allowable stresses

- buckling and post-buckling behaviour

- specified fatigue life

- residual strength requirement, i.e.
cracked structure

Table 3.1 defines the specific constraints applying
to each class of component. All constraints are
eventually reduced to an allowable stress level, e.g.
fatigue is expressed not as an expected life of the
structure but as an allowable stress level to achieve
the required fatigue life; failure of the stiffeners of
a post-buckled shear web is expressed not as a
stress in the stiffeners but as a corresponding shear
stress in the web.

1 I I v

Constraint | Wing skins | Sparwebs | Wingribs E.L.C.

1) (2) 3) memb.

4)

Minimum X X X X
thickness
Min. stringer/ X X X
stiffener pitch
Material X X X X
yielding
Material X X X
fracture
Initial buck]ing{ X b3 x
Post-buckling X X
Fatigue life X X
Residual X
strength

Table 3.1: Constraints applying to each class of structural
component

(1) Displacement constraints (e.g. torsional stiffness) not
included because these relate to the FE model rather than
to individual structural components.

(2) Also 'heavy’ ribs.

(3) Min. pitch constraint does not apply to truss ribs.

(4) Spar flanges and local reinforcement.
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It will be appreciated that no comprehensive detail
design can be carried out at this stage of
optimization of the wing structure. Since the
calculation of allowable stresses is performed very
many times during the whole optimization process
and for all components of the structure, rather
simple analysis methods are preferred. This
implies use of standard engineering formulae
rather than more sophisticated methods. These
will be discussed further in the following
paragraphs, in relation to each class of structural
component in turn. Although limitations must be
placed on the design of components, the design
follows as closely as possible the usual design
practice. For example, stringer-skin panels are
allowed Z-section, hat-section or integral (blade)
stringers, but these have fixed ratios of stringer
height to thickness, etc. This greatly reduces the
number of design variables.

3.1 Wing skins

Wing skins (class I) are stiffened panels under
combined tension/compression and shear. They are
distinguished from shear webs by having stringers
in the longitudinal rather than the transverse
direction. In compression, local and flexural
buckling modes are considered. Local buckling
coefficients for panels with the three types of
stringer are stored as data and interpolated in the
computer. A reduction factor is applied to the local
buckling coefficient to allow for shear load on the
panel, based on the well-known parabolic
interaction formula. A further factor

1 B2 2
A=1+ 70 ( I-Q?)
is applied to the local buckling coefficient to allow
for curvature of the skin. In fact this is a highly
simplified approach which aims to find a lower
bound to the average/edge stress curve, thereby
avoiding the unstable, highly imperfection
sensitive buckling and post-buckling behaviour ofa
curved plate. The minimum load at which local
buckling may occur, defined by

oull
o, = 5
must be specified. For post-buckled panels the
‘tangent area’ of the skin 1 b: is used in Euler’s
formula for flexural buckling. An appropriate
expression for n , in agreement with the formula
for A above, is

2 2
M =04, _ b°
r [1 0.0006 (Rt) }

The Ramberg-Osgood formula is used for the
tangent modulus (for local and flexural buckling).
The compressive stress (in the stringer for a post-
buckled panel) is limited to the 0.2 % proof stress.
Local buckling of the stringer itself is avoided by
use of a relatively sturdy stringer.

a3l

338

O, (N/mm?)

A 2 L .
180 6651 8541 1097 1408 1808 23ze 2981

Loading intensity (N/mm)

Fig. 3.1: Optimized compression panel

Figure 3.1 plots the maximum allowable stress for
a flat, aluminium alloy, Z-section stringer-skin
panel as function of loading intensity, by the
procedure given above. The unbuckled panel

(B = 1) shows the characteristic behaviour, with an
acceptable efficiency [7] n = 0.75. At low loading
intensity the post-buckled panel (B =2, B=3)
shows the expected moderate improvement over an
unbuckled panel. Stringer pitch and ratio ¢/ are
varied in fig. 3.1 for an optimum panel (i.e. within
the limitation imposed by a standard shape of
stringer).

In tension the allowable stress is based on the
fatigue life and on the residual strength of the
cracked structure. Fatigue life is based on a Miner’s
law calculation. A loading spectrum is derived from
cumulative frequency curves for air and ground
loads given in [8] and [9]. A number of loading cases
must be analysed to obtain an average stress in
each panel, and a stress level corresponding to a
reference load. A stress concentration factor is used
appropriate to the type of panel (K g =45 for
riveted stringers). An iterative procedure deduces
the allowable stress level o, to achieve the
specified fatigue life. Figure 3.2 plots the allowable
1-g stress level for a particular loading spectrum as
function of the aircraft load factor n in a 10 fps
reference gust (R, is the ratio of the average stress
on the ground to the stress in 1-g flight). The
allowable fatigue stress responds therefore to
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1-g stress level (N/mm?%

n (10 fps gust)

Fig. 3.2: 1-g fatigue stress level

aircraft parameters such as wing loading and
aspect ratio, as well as relating directly to the
mission profile and required life.

4o

6, (N/mm2)

L L L L
a0 40 60 a0 100 120

b (mm)

Fig. 3.3: Residual strength of the skin

Residual strength is based on the *two-bay crack’,
i.e. a broken stringer and a skin crack running to
the adjacent stringer on each side. Figure 3.3
shows a typical plot of residual strength against
stringer pitch, for various i/: values, from which
the following empirical formula is deduced for the
stress in the skin at which unstable crack growth
occurs in this condition:

; 1
Cp = 0,11 101433 + 1.056) —=
R 2[1 0.1521[ a+1. (’]ﬁ

2240

_ kit
a=1lb—
(K,/0,)?

where K, is the critical stress intensity factor for
the skin material, o, is the material yield stress
and a is the dimensionless critical crack length (the
critical cracklength is assumed to be 10 per cent
greater than the stringer pitch). The stress o, may
be regarded as an allowable stress for residual
strength. Due to the presence of the crack,
additional stress is induced in the stringers. A
corresponding formula is developed for the stress in
the skin at which failure of the stringers occurs
under the same damage condition:

o= 1.09, [}.57 ~ (@+10.1) (00518 + 0.0143§)}
i

The stresses oy, or and og for fatigue and residual
strength are included, together with the usual
material allowables and the allowable stresses for
buckling, in both levels of the structural
optimization.

2 I ri ndendl rrying member
Shear webs (class II) are flat panels, either
unstiffened or with double-sided, angle-section
stiffeners placed transversely on the web, loaded
only in shear. Buckling coefficients obtained from
[10] are stored as data and interpolated in the
computer. The buckling stress depends on the
flexural stiffness of the web stiffeners (if present)
and therefore the design takes into account the
possibility that stiffeners of reduced stiffness may
be more efficient at small stiffener pitch. The
secant modulus is used to correct for yielding. If a
post-buckling design is permitted, the user must
specify the post-buckling ratio § (limited to B<5).
The design requirements are then the maximum
stress in the buckled web (ultimate load), the onset
of yielding in the web (limit load), and forced
crippling of the stiffeners. In a well designed web at
moderate values of g, column failure of the
stiffeners is highly improbable, also additional
stresses in the spar flanges are relatively small.
Data for the stresses in the web and stiffeners are
taken from [11]. For forced crippling of the
stiffeners the following formula is used:
1/3

e _ 0.5%%"3 (t—‘)

02 {
where k is the diagonal tension factor, t is the web
thickness and 7, the thickness of the stiffener (i.e.
attached flange).

So-called "heavy’ wing ribs (i.e. those that support



major load inputs such as at flap attachments) are
represented as shear webs with discrete end load
carrying members for rib flanges and other
concentrated members where indicated. A different
approach is adopted for ’standard’ ribs (class III),
which are much lighter in construction and for
which local loads, such as crushing loads, are more
significant. These may be either plate ribs or truss
ribs. Plate ribs have transverse, Z-section
stiffeners on one side only, and are treated as
compression panels under the action of crushing
loads together with shear stress in the rib. Truss
ribs have 60° bracings and chordwise members
running inside the stringers of the wing skins.
Standard channel-sections, i.e. with fixed
dimensional ratios, are adopted for both the
bracings and the chordwise members. For truss
ribs the strength requirements refer to flexural
buckling of the bracing members, and to the
bending stress in the chordwise members. These
carry local loads between the supporting points of
the bracings. An equivalent "web thickness’ ¢ of a
truss rib is deduced on the basis of effective shear
stiffness; the equivalent stiffener thickness 7 is
deduced so that (:+1) represents the mass of the
rib.

Finally, the design of concentrated end load
carrying members (class IV, i.e. heavy’ rib flanges,
but also spar flanges and other reinforcement)
requires little further comment. It is assumed that
these are compact members for which buckling
plays no role. Their allowable stress is, therefore,
either the material allowable stress or a fatigue
stress limit based on an appropriate stress
concentration factor.

4, Optimization

Optimization of the structural model is performed
at two levels. At the main optimization level,
material is distributed between the various
structural components. Design variables at this
level are the equivalent (i.e. smeared) thicknesses ;
of the skin and stringers or stiffeners. For a rib an
effective 7 is defined above; for an end load carrying
member only the cross-sectional area is a design
variable. At the sub-optimization level, material is
distributed within the structural components. In
the case of a stringer-skin panel or a stiffened shear
web, the sub-level design variables are the ratio i/i
of the equivalent thickness of the stringers or
stiffeners to the skin thickness, and the stringer or
stiffener pitch. There is no sub-optimization of
truss ribs.
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4.1 Main optimization

The structural model is optimized using B20OPT
[12], a module developed within the finite element
program B2000 [13]. B20PT is capable of
analyzing and optimizing a general finite element
model. Its design variable types include: shape
variables, material properties, forces, nodal
masses, and sizing variables. Constraint types
within B20OPT are: displacement, strain, stress,
reaction force, frequency, eigen mode, mass, linear
buckling and all kinds of gauge limits. In this
study, only a limited set of B2OPT capabilities is
used. All the variables used represent actual or
equivalent thicknesses and cross-sectional areas,
while only stress and displacement constraints are
used.

B20PT is organised in a modular fashion using the

data base management program MEMCOM [14] to

communicate between its major sub-modules. The

B20PT flow chart, figure 4.1, shows a loop (or

maxi-cycle) of sub-modules. The organization of

B20PT is based on the "approximate model”

concept. With this concept it is possible to seperate

the main three computational blocks of the
optimization process as follows:

- exact function evaluation, based on FEM
calculations and "Analysis Model" data. These
computations are performed by the sub-
modules B2SR and B2CO.

- exact function gradient evaluation, based on
sensitivity analyses. These computations are
performed by the sub-modules B2GSR and
B2GCO.

- design optimization, based on approximations
of the constraints and objective. These
computations are performed by the sub-
modules B2CAM, B20AM and B2RAM. This
optimization is often referred to as
"approximate model optimization".

One maxi-cycle of the optimization consists of the
sequence: exact function evaluation, exact function
gradient evaluation and "approximate model
optimization”. These maxicycles are repeated until
an optimum of the exact problem has been reached.

The "approximate model” concept implies that
quadratic approximations of all CPU expensive

constraints (f) in terms of the design variables (x)
are used during the actual optimization:

fefo+lx+ %f"xz

Since only the approximated functions are
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Figure 4.1: B20PT flow diagram

optimized the loop is repeated until a true optimum
is found. The linear part of the approximation is
based on gradient calculations, while the quadratic
part is based on the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) update method. This concept
results in a reduction in the number of

CPU expensive function evaluations (FEM
calculations) and is therefore relatively fast.

Within the optimization, linking is used to reduce
the number of independent design variables.
Linking implies that the change of "Analysis Model
Parameters” (AMP) such as element thickness and
nodal coordinates are directly related to the change
of design variables (x). This (linear) relation is
expressed by the so-called linking matrix C:

AMPnewl - AMPoldi = Cij (x]new - JcJold)
Normalization of design variables is used to obtain
design variables of the same order of magnitude
during optimization. Design variable
normalization implies that the original design
variables are divided by their initial values.
Constraints are normalized in the usual manner; a
constraint written as: o < 6,,- when normalised is
written as: 6/6,,-1<0. Notice that o in these
formulae denotes any property to be constrained,
for example a displacement or a buckling load.
Besides normalization, so-called scaling techniques
are used to improve the accuracy of the
approximations used in the approximate model
concept. These techniques are applied to both
design variables and constraints. The "scaling

order” technique applied to the design variables is
well known in the literature and creates what are
often referred to as "intermediate variables":

i _ iys
x, = (x,)

The same principle is also applied to constraints,
resulting in "intermediate constraints” (see ref.
[12] and [15]). Constraints are usually written as:

o)
©

g(x) = —-1<0

all

Applying the "scaling order” technique to
constraints changes the format in which they are
written. The constraints can be expressed as
follows:

4 Jor g
g (%) =m([gfa(x)+ﬂ -1 =0

. I
=-—Ci- .g_, -11<0
]C}] call

The scaling order technique applied to design
variables and constraints can be used to transform
the design space in such a way that inside this
space, the scaled constraints are approximately
linear functions of the scaled design variables. This
is easily understood by considering the following
example. Suppose there are three constraints (g’,
g &) as a function of two variables (x,y):

1 o - -
go(xpy) = [xol +y8 /Gau 1

2 2
8o (xgr ¥p) = xp/0,,—1

3 - - _
8o (X ¥o) = [x02+yg /Ga” 1

This set of highly non-linear constraints can be
transformed using the following "scaling order”
constants: s' = -1,s2=1/3,¢' =1, = -1/2 and
¢ =1/2: :

gn(x,y,) = I:X,ﬁY,]/Oau"l

gi (xn’ )"n) = Xn'\loall—]

3 - _
g, (x,y,) = J[(xn)2+ ()’,)2]/5(111 1

These transformed constraints have a far better
behaviour during optimization, being linear
functions. Generally is not possible to choose the
scaling order constants in such a way that all
scaled constraints are linear functions. The non-
zerc second order behaviour of these scaled
constraints will however, be dealt with by the
BFSG method as used in the approximate model
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concept. The scaling order constants can be
calculated using the method described in reference
[15].

4.2 -optimization

For the sub-level design variables (the panel
thickness ratio i/: and the stringer or stiffener
pitch) a sub-optimization is performed for each
component. In this sub-optimization the degree of
constraint violation is minimized by means of a
cumulative constraint defined:

1 re
G == *
rlnzje

where g_are the individual constraints (g,<0)and
r is an appropriately chosen constant. Apart from
the stress constraints discussed in section 3, a
shear stiffness constraint is also included in the
cumulative constraint definition of each stringer-
skin panel or shear web. This local stiffness
constraint is based on the torsional stiffness
requirement at the main level, and ensures that
panels which have critical stiffness at the main
level are not reduced in thickness to meet strength
requirements in the sub-level. Because the
formulae involved in the analysis of components
are relatively simple and rapidly evaluated, sub-
optimization can be by a zero-order method (based
on the Hooke and Jeeves method [16]). This has,
besides simplicity, the particular advantage of not
being upset by discontinuities such as the loss of
stiffness that occurs when passing from an
unbuckled to a post-buckled design (a relatively
large initial step must be chosen to avoid being
trapped in a local optimum that occurs here). The
sub-optimization is then unconstrained except, of
course, for side constraints such as minimum
stringer pitch. Rather less obvious is the need for
independence of the design stresses between
different components; for example, the buckling
stress of a spar web in shear is to some extent
dependent on the bending stress in the spar
flanges. This is ignored, to avoid coupling between
different components.

A special action was found necessary to improve
the interaction between the two optimization
levels. While in the sub-level the panel thickness
ratio i/t and the stringer or stiffener pitch b are
varied in effect to achieve the highest possible
allowable stress levels (see fig. 4.2), these allowable
stresses still remain highly sensitive to the total
equivalent thickness 7 of the panel. The equivalent
thickness i is optimized at the higher level for
constant allowable stress levels, which may result

w
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Fig 4.2: Allowable stress as a function of )
panel thickness ratio and stringer pitch

in divergent oscillations in the thicknesses when
moving from one level to another. To prevent this,
the equivalent thickness is also allowed to vary in
the sub-level optimization. This could be seen as
‘taking an advance’ on the expected changes in the
main optimization, and means that all panel
variables are optimized in the sub-level to reach
the highest possible stress levels for a loading
intensity determined at the main level. After a sub-
level optimization, only the allowable stresses and
the values of i/¢ are, however, returned to the
main level, while the equivalent thicknesses retain
their optimum values as found at the main level. In
this way, the allowable stresses change only when
changes in the stiffness distribution of the
structure result in changes in local loading
intensity. These changes are generally quite small
and therefore allow rapid convergence.

5. Application

For the purpose of this design study, the Fokker
100 wing was selected as a suitable basis for
comparison. Due to the moderate aspect ratio of the
wing and the fuselage mounted engines, it may be
expected that a satisfactory structural analysis of
the wing may be performed without consideration
of dynamic effects.

To investigate the effect of aspect ratio on the
weight of the wing structure, the geometry of the
FE-model was varied as shown in figure 5.1. It is
worth noting that while most of the nodal
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coordinates change with aspect ratio, the span of
the centre-section remains constant in order to
maintain a realistic connection to the fuselage.
This is done by introducing a second design
drawing to the system, similar to that in figure 2.1
but representing a version of the wing with a
greater aspect ratio. Linear interpolation between
the data in the two drawings results in the
stretched meshes shown in fig. 5.1.

’

DY
NN

Figure 5.1: Variation of mesh geometry

The materials selected for the structure are Al
2024-T3 for the lower skin and Al 7075-T6 for all
other components. Hat-section stringers are used
in the upper skin, while Z-section stringers are
used in the lower skin. The shear webs, including
that of the auxiliary spar, are assumed to have
double sided angle-section stiffeners throughout.
The root rib is treated as a plate rib with Z-section
stiffeners, and all other ribs are regarded as the
standard truss type.

Only symmetric flight loading conditions have been
considered. Maneuver and gust loads were derived
according to FAR 25 regulations for a weight
distribution corresponding to Maximum Zero Fuel
Weight, and a flight altitude of 6100 m. Of these
conditions, the most severe positive and negative
loadings were selected as the structural design
criteria. An additional set of three loading
conditions, representing the 1-g cruise condition,
the response to a 10 fps reference gust and the 1-g
condition on the ground, are added for the purpose
of generating fatigue loading spectrums for each
stringer-skin panel.

For each loading condition, the pressure
distribution on the wing was calculated using the
panel method referred to in section 2.2. Since the
definition of loading conditions in the classic flight
envelope are based on the normalload factor, while
the required input for the panel method consists of
aircraft geometry, angle of attack and Mach
number, the angles of attack that yield the

required lift coefficients are found by interpolation
between two trial values.

A suitable mass distribution, necessary to obtain a
realistic inertia relief in the wing, was obtained by
spreading out evenly the mass of the secondary
structure (the fixed leading edge, high lift devices
and aileron) over the elements in either the leading
or trailing edge of the FE model. The weight
prediction method used [1] also includes an
estimation of the weight penalty due to the
presence of joints, cut-outs and (landing gear)
mountings. It should be noted that this secondary
structure weight and the weight penalty for cut-
outs etc. represent each approximately one quarter
of the total wing weight. Hence the primary
structure represented by the FE-model,
contributes about one half of the total wing weight.

A
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13-

Wing weight

04 +

1. Weight prediction
2. Fully stressed design
3. Optimised structure

|
|
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65 7 75 85 3, . %3 16
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Figure 5.2: Wing weight as a function of aspect ratio

The element masses are discretised to form mass
points, which with the appropriate accelerations,
give the proper nodal inertia forces on the model.
With the element properties and the loads defined,
an initial FE analysis is performed, providing a
first estimate of the loading intensity in the
structure, the crushing loads on the ribs and the
fatigue stress levels (the allowable fatigue stresses
as derived in section 3.1 were in fact reduced
considerably to match the F100 design practice).
On the basis of this information, a first sub-level
optimization is executed. As explained previously,
the sub-level optimization increases or decreases
the equivalent thicknesses to create a fully stressed
design for each panel (no stiffhess constraint was
applied in this particular study). The total weight
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of the structure created in this way is plotted in fig.
5.2 as the fully stressed design curve. It has been
found that when a second FE analysis is performed
based on these new equivalent thicknesses, little
change occurs in the loading intensities in the skin
panels, especially when there is no torsional
stiffness constraint. This implies that the wing
behaves much like a statically determinate
structure, and that the fully stressed design
procedure can be expected to yield a solution close
to the optimal structure.

The optimal structure is generated using the
allowable stresses found for the fully stressed
design in an optimization of the model with
thicknesses as previously determined in a main
level optimization. The weight of this optimum
structure is also plotted in figure 5.2. The weights
in this figure have been made dimensionless by
dividing by the actual Fokker 100 wing weight;
hence a weight ratio of 1.0 implies exactly the
correct F100 wing weight.

nclusi

Due to the rapid generation of the FE-model, the
effect of changes in aspect ratio are easily
investigated. The FE-model serves as a basis for
both a fully-stressed design and a formal
optimization. In both cases a sub-level optimization
of a simplified representation of the detail design is
performed to determine realistic allowable
stresses.

As seen in fig, 5.2, while the formal optimization
produces a lower wing weight than the fully-
stressed design, the differences are small, at least
at the lower aspect ratios. In fact this is to be
expected when the design is based entirely on
strength requirements. The semi-empirical weight
prediction is in good agreement with the actual
wing weight. Not too much emphasis should be
given to the difference between line 1 and lines 2-3
in fig. 5.2 at this stage of development of the
program, because of uncertainties in the weight of
the secondary structure, joints, etc., also because of
the absence of stiffness constraints in both finite
element procedures.

The results obtained, and the ease with which the
modelling can be performed, encourage the view
that the approach adopted can be successful in
allowing an initial structural design to take place
concurrently with other aspects at the preliminary
design stage.
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