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Abstract

With the increasing size of modern, conven-
tional transport aircraft aeroelastic effects have
become more important for the development of
new safe and competitive aircraft. This was the
motivation to improve the modelling and analy-
Sis capabilities of the in-house aircraft design
tool of the Institut fuer Flugzeugbau und Leicht-
bau (IFL) to take into account the major aeroe-
lastic effect as early as possible in the concep-
tual and preliminary design phase. Main em-
phasis was put on the development and imple-
mentation of advanced modelling capabilities
and analysis methods for both structures and
aerodynamics in the integrated Preliminary
Aircraft Design and Optimisation Program
(PrADO). The finite-element method was cho-
sen for static and dynamic structural analyses.
A similar level of accuracy in aerodynamic
analysis is achieved by the implementation of
the panel method HISSS All the structural
weight estimation and flight simulation routines
are based on the results of these advanced
analysis tools. Elastic deflections can easily be
taken into account in both, the loads and the
aerodynamic properties in terms of drag vs. lift.
In this paper the methods used and the model-
ling and analysis capabilities of this newly de-
veloped Structural and Aeroelastic Analysis
Module (SAM) of PrADO are described.

1 Introduction

The increase in world-wide passenger transport
in recent years and the forecast of annual
growth rates in air traffic of about 5%, [1], em-
phasise the necessity of the development of
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new, large, economically and ecologically com-
petitive civil transport aircraft. One way to in-
crease competitiveness is to increase the size
and payload capacity of the aircraft beyond the
current limits of existing aircraft.

But with the increasing size of modern,
conventional transport aircraft aeroelastic ef-
fects become more important for the develop-
ment of new save and competitive aircraft, [2].
Negative aerodlastic effects like increased drag
at cruising speed due to changes in wing twigt,
alleron reversal or flutter identified a a late
stage of the product development, e.g. in ground
vibration tests or even in flight tests, will cause
severe economic and technologica problems.
These may only be overcome by considerable
changes in structural design or mass distribu-
tion, resulting in weight penalty or even unac-
ceptable limitations of the flight envelope. A
major redesign to improve the aeroelastic prop-
erties with an optimised and least-weight design
is impossible because of the huge number of
interdependencies of the different disciplines,
departments or even companies involved in the
design of anew aircraft.

The only way to avoid these problems is to
meet the uncertainties of the influences of
aeroelastic behaviour on structural weight, flight
performance, handling characteristics and fi-
nally economy as soon as possible within the
aircraft design process. That means, aeroelastic
properties have to be taken into account in the
conceptual or at least early preliminary design
phase. Therefore, it is necessary to implement
new, more sophisticated models in the concep-
tual design which are dtrictly based on physics
and do not only rely on statistical data of real-
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ised aircraft. This option becomes even more
attractive, since the introduction of new tech-
nologies and materials promise to help reducing
the weight of structures and systems. But their
benefit and potentia risks have to be assessed
thoroughly.

The IFL has a long history in the applica-
tion of numerical methods in conceptua aircraft
design: Starting with the implementation of sta-
tistica methods, improved by analysis capabili-
ties usng smple equivalent beam and lifting
line theory to get weight estimations based on
physics in the late 1980’s [3], and finaly using
finite-elements for structural analysis and sizing
of hypersonic lifting bodies in the 1990's, [4].
This development has gone in parald with the
increasing computational capacities which open
today the opportunity to use more sophisticated
models at an early stage of an aircraft design
project, for extensive parameter variations, and
basic research.

The main emphasis of the work described
in this article was put on the development and
implementation of advanced modelling capabili-
ties and analysis methods for both structures and
aerodynamics into the integrated Preiminary
Aircraft Design and Optimisation Program
(PrADOQ). For both static and dynamic structural
analyses the finite-element method (FEM) was
chosen. The structural models used are derived
from a limited number of design parameters ap-
propriate for conceptual design level and opti-
misation.

A similar level of accuracy in static aero-
dynamic analysis is achieved by the implemen-
tation of the Higher-Order Subsonic/Supersonic
Singularity Method (HISSS, [8]). All the struc-
tural weight estimation and flight simulation
routines are based on the results of these ad-
vanced analysis tools. Elastic deflections can
easily be taken into account in both, the aerody-
namic loads and the aerodynamic properties for
flight performance prediction.

Finaly, a first attempt to include a flutter
prediction at the preliminary design level was
made. The sub-module is based on the structural
model used for weight prediction and linearised
unsteady aerodynamics.
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In this paper a brief overview of the con-
ceptua design tool PrADO is given and the re-
quirements, methods and tools chosen to
achieve the required accuracy and flexibility in
structural and aeroelastic analysis and weight
prediction are described.

2 Methods and Tools

2.1 The Conceptual Design Tool PrADO

The conceptual aircraft design tool PrADO is a
toolbox of al the maor disciplines needed to
design, analyse, and optimise an aircraft a an
early stage of a project. It has been developed
and used for basic research at the IFL for many
years and in different projects, ranging from
conventional aircraft and subsonic flying wing
configurations for high payloads [3] to hyper-
sonic two-stage-to-orbit transport systems [4].

The toolbox is highly modular and can be
run in three modes. Analysis of a single, given
configuration, parameter survey, and optimisa-
tion. The program is organised in five levels.
The first level is a pre-/postprocessor used to
prepare the input data for the definition and op-
timisation of an aircraft from a limited amount
of input given by the user (e.g. payload-range,
Mach-number and cruising atitude, constraints,
overall geometry parameters). Graphical and
numerical representation of input data and re-
sults are prepared as well. In the second level
routines different optimisation agorithms are
implemented. They are activated if a configura-
tion is optimised with respect to a given objec-
tive function (e.g. direct operating costs DOC
for civil transport aircraft) by varying the inde-
pendent design parameters.

On the third level the iterative, multi--
disciplinary design process is simulated for
every single candidate configuration by con-
secutively running the analysis tools of the dif-
ferent disciplines (modules MD1 — MDI19 in
Fig. 1). The input data is checked and com-
pleted in MD1. Geometric data in terms of the
component size is derived from the input data in
MD2-MD7. The fuselage, for example, is de-
veloped from inside out, starting with the cabin
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layout and building the outer, load carrying
structure of the fuselage around it. These rou-
tines are knowledge based and the methods for
the design of completely new or improved con-
cepts have to be added to the source code either
by changing existing modules or implementing
new routines before these new configurations
can be analysed. The aerodynamic properties of
the aircraft needed for flight smulation and de-
sign of tailplanes is redlised in MD8. A “rubber
engine model” implemented in MD9 to predict
e.g. specific fue consumption. The fuel con
sumption of the aircraft for a mission given in
the basic requirements for the design is deter-
mined in modules MD10-MD13 by a flight
gmulation. The volume of the tanks is checked
and the geometric size of the wing is adjusted if
necessary. In MD14 the weight prediction of all
the structural components is carried out, fol-
lowed by the prediction of centre of gravity po-
sition for different payload and fuel conditions
in MD15. Finaly, the constraints and require-
ments given in FAR for take-off and landing
with and without engine failure are checked in
MD 16 in MD17.

BT o-- D!
. . Management MD2
Design requirements System
Idea of configuration MD3
FAA regulations MD4
MD5
MD6
MD7
k4 MDs
Program modes: = MD9
Analysis ‘ g MD10
Parameter survey c
Optimisation % MD11
YES NO & MD12
Convergence MD1S
- . of independent m
Optimised aircrait design MD15
Performance data parameters ?
Engine data MD16
Weight MD17
DOC MD18
| ouput | DS

Fig. 1 The concept of PrADO

After completion of the technical analyses
of a given configuration the objective function
(DOC) is evaluated in MD18. This configura-
tion is not necessarily a valid configuration ful-
filling al the requirements and constraints like
limits in overdl length, span and height, runway
length, volume of freight compartment etc.
Therefore, the design is checked for theses con-
straints in module MD19 and if the configura-
tion fails the test, it is ruled out either by a pen-
aty of the objective function or by excluding
the configuration directly. The modules MD8
(aerodynamics) and MD14 (weight prediction)
are directly affected by the improved anaysis
and sizing capabilities developed to assess the
aeroelastic properties of conventional aircraft
configurations.

Level four consists of severa libraries of
subroutines used for the technical and economic
analyses on level three and is not shown in
Fig. 1. For data input, transfer between modules,
and for data storage a Data M anagement System
(DMS), considered as the fifth level of the tool-
box, is used.

2.2 Choice of Methodsfor Aeroelastic
Analysisand Weight Prediction in
Conceptual Design

Aeroelastic analysis requires a sound modelling
of the aerodynamic loads, the global elastic
properties of the load carrying structure, and, if
dynamic phenomena are addressed, of addi-
tional non-structural mass. On the other hand,
only limited information is available in the con-
ceptual design phase of a new aircraft. Further-
more, a great number of configurations has to be
analysed and assessed to find the optimum and
therefore, the time needed for analysis and siz-
ing of every configuration has to be limited. The
challenge of an aircraft model used in concep-
tual or preliminary design to investigate and as-
Sess its aeroelastic properties is to find a com-
promise between these conflicting requirements.
Every single configuration considered in
the iterative design and optimisation process
described above has to be analysed and sized for
the acting loads. These loads can be divided into
aerodynamic and inertia loads and have to be
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predicted with appropriate accuracy for al the
relevant load cases and all the maor compo-
nents of the aircraft, namely the fuselage, and
al the lifting surfaces. The load prediction is
followed by the sizing of the structural parts and
stiffness and mass distribution can be deter-
mined for further static and dynamic analysis.
The sizing of the structure has to be done by it-
eration, since the inertia loads depend on the
structural mass.

The aerodynamic anaysis has to able to
predict the aerodynamic load distribution of
three-dimensional configurations properly. It is
highly desirable that the displacement effects of
the fuselage and the induced downwash of mul-
tiple lifting surfaces are appropriately included.
The modelling of lifting surfaces with adjust-
able incidence for trimming is essential. For the
flight smulation and prediction of fuel con-
sumption the induced drag of the overal con-
figuration in level flight is of great importance
and has to be predicted correctly for the rigid
and the flexible configuration. The limitation of
required CPU-time is again a maor concern.
The pand method HISSS [8] meets these
requirements. It is kindly supplied by Military
Aircraft Divison of DaimlerChryder Aerospace
for research purpose.

Different methods are available for struc-
tural analysis of an aircraft configuration. Nei-
ther of them is capable to analyse the whole air-
craft or even a single component of an aircraft
like a wing or fuselage andytically in one single
step. One way to overcome this problem is to
smplify the structure and to use a beam or a
plate instead of the real structure of wing and
fuselage. The major drawback of this approach
is that some information about the structural
layout is lost and the properties are reduced to a
single point of the cross section (e.g. elastic axis
and centre of gravity). In addition, it may be
necessary to change the method from the beam--
like structure to an equivaent plate if a new
configuration like a supersonic transport aircraft
isinvestigated.

The second alternative is to split the com-
ponents into small parts that can be analysed.
This can ether be done by using finite-elements
or by a decomposition of the structure. In the
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work presented here, the finite-element ap-
proach was chosen because it offers a wide
range of applications in static and dynamic
analysis and optimisation. The method itself is
not limited to a certain class of aircraft and the
adaptation of the aircraft analysis and design
tool to new configurations is limited to an im-
provement of the model generator. A similar
approach is described in [7], but the main em-
phasis was put more on the multi-level
optimisation than on the aeroelastic capabilities
of the program.

In references [5] and [6] a program for
weight prediction and aeroelastic analysis based
on beam like structural idedlisation and struc-
tural decomposition is described. This tool is
developed in industry for the preliminary design
of conventional aircraft only.

Modelling of geometry

£ (FE-grid, aerodynamic panels)
(-}
; Aerodynamics
> p— (steady)
« v HISSS
= Structural
dE, analysis
- ( FE-based)
o
© Structural
£ sizing
m
S| :

Eigenvalues
5 (FE-based)
g| Aerodynamics
' (unsteady)
o| Weight of DLM
2 |£2mponents Flutter
< < Aerodynamics ( pk-method )
"l Flutter |

boundaries

Fig. 2 Genera concept of the SAM

The general concept of the Structural and
Aeroelastic Analyses M odule (SAM) is shown
in Fig. 2. The tool consists of four maor parts:
Model generation, aerodynamic analysis, struc-
tura andyss and szing, and findly a flutter
prediction routine. The result of the structural
sizing module, namely the weight, is fed back
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into the loads module of the structural analysis.
The elastic deflection of the structure can be gp-
plied to the aerodynamic surface and the aero-
dynamic loads and characteristics of the flexible
aircraft can be determined by iteration. The
structural FE-mesh and the aerodynamic grid
are designed for the specific needs of the respec-
tive analysis tools and do not necessarily build
the same surface. Therefore, interpolation and
extrapolation routines are employed for load
and displacement transfer between structural
and aerodynamic models.

2.3 Structural Analysis

The FEM is a well accepted and often used
method for structural analysis. Many commer-
cia tools are available that offer a huge func-
tionality. But when these tools are used in an
integrated aircraft design environment described
in this article, only a small part of their capabili-
ties would be exploited. On the other hand, it is
difficult or even impossible to adapt it to the
specific requirements of the preliminary design.
This was the reason to implement a finite
element code developed in-house into the SAM
of PrADO. This tool offers static and normal
mode analyses for structures made of
isoparametric  membrane-, beam- and rod-
elements. Additional non-structural mass can be
included in the modd using rigid body ele-
ments. Stringers can be modelled by equivalent
membrane elements with orthotropic material
properties (regular stiffness in parallel direction,
negligible normal and shear stiffness). By this
approach, excessve FE-grid refinements are
avoided without losing accuracy in the predic-
tion of bending and torsiona dtiffness. The
stiffness matrix K is build successvely in every
iteration of the structural sizing procedure. The
system of equations for static analysis is com-
pleted by one vector of n noda displacements u
and one vector f of nodal forces for each of the
m load cases. These vectors can be combined in
two n by m matrices of displacement and loads,
U and F, respectively.

Uu u u,

1
F f, f, @)

The system of equations (2) describing the static
problem is solved by Cholesky factorisation,
[13], once for all the considered load cases.
Element strains and stresses are determined
from the resulting nodal displacements.

KU F 2

The SAM applies the fully-stressed design
philosophy using the stress envelope of al the
load cases taken into account for analysis and
design.

The eigenvaue problem is directly based
on the finally determined, properly sized struc-
ture. For this purpose, the mass matrix M of the
structural and non-structural mass is calculated.
The n by p matrix U represents the n nodal dis-
placements of the limited number p of eigenvec-
tors belonging to the p lowest eigenfrequencies.

KU MU (3)

Eq. (3) is solved by simultaneous vector it-
eration, [14]. The matrices of the eigenvectors
are used for a modal transformation of the sys-
tem matrices K and M resulting in generalised
system matrices Ky and My used in the flutter
prediction module described later.

K, U'KU
. (4)
M, U'MU

9

2.4 Aerodynamic Analysis

The panel method HISSS is a higher-order sin-
gularity method for the solution of linear poten-
tial flow around arbitrary three-dimensiona
configurations a subsonic and supersonic
speeds. Composite source/doublet panels are
used on the surface of the configuration. The
wake panels have a doublet distribution to carry
downstream the vorticity generated by the lift-
ing surfaces of the configuration. The calcula-
tion of the drag coefficient is based on the circu-
lation distribution in spanwise direction and the
downwash in the Trefftz plane, providing suffi-
ciently accurate results even for coarse surface
grids. HISSS is used by different aircraft design
and aerodynamics groups in Germany, e.g. [9].
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Fig. 3 Example Configurations
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geometry and the structural layout.

overall
These parameters are generated by the modules

Lower skin

MD?7 of the design program. For the defi-
nition of a wing shown in Fig. 4 the following

parameters have to be given:

MD2-

Fig. 4 Structural FE-model of the wing with engines

The load carrying structure consists of up-
per and lower skin, spars with web and girder,
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and ribs. The definition of the structural layout
isbased on
relative position of spars with respect to
leading edge and local chord
position and orientation of ribs
number of ribs between given stations
number of elements between spars
Engines can be mounted on the wing using
pylons. The leading- and trailing-edge structure
is included by non-structural mass elements
(NSM). An example of the structural model of
the wing of a conventional aircraft is shown in
Fig. 4.
The fuselage is generated from the follow-
ing input data:

overal length

geometry and dimension of cross-sections
at given stations

position of bulkheads

position of floors (cabin and freight)

average distance between modelled frames

The finite element model of a widebody
fuselage with integrated centre box is shown in
Fig. 5.

Skin with / without
internal pressure

Floor structure
with NSM

center box

N Keel-beam
’ ~\_Frames

Fig. 5 Structural FE-model of the fuselage with integrated
centre box

A haf mode of the configuration is built
from the components that have been generated
automatically. The intersections and structura
joints are generated without user interaction and
the modular concept of the structural layout is
kept as shown in Fig. 6. Additional displace-
ment congtraints are supplied at the joints for
each component. The constraint forces of e.g.
the wing are determined in the fina iteration of

the analysis and are applied on the appropriate
nodes the counterpart of the joint. Considerable
computational resources, both in terms of re-
quired memory and time, can be save by this
approach compared with the analysis and sizing
of a single, integrated structural model of the
whole configuration.

Fig. 6 Modular structural concept

2.6 Flutter Prediction

Finaly, another new module was included in
the SAM to look into the possibilities to predict
the flutter behaviour of new aircraft configura-
tions with the methods, tools, and models avail-
able a an early design stage. The model used
for flutter prediction was limited to the final
wing design with engines. Both, the unsteady
aerodynamics and the flutter calculations, are
based on the eigenmodes and generalised sys-
tem matrices of the structure derived directly
from the FE-model used for the static analysis
enlarged by the mass matrix of the system. The
first few eigenfrequencies of the structural sys-
tem are determined by simultaneous vector it-
eration. The unsteady aerodynamic loads in
terms of generalised aerodynamic coefficients
are calculated for different reduced frequencies
and Mach numbers using a code based on the
subsonic doublet-lattice method (DLM) that was
developed and kindly supplied by the DLR
Goettingen, [10]-[11]. The generalised, complex
flutter equation is solved using a standard rou-
tine of the LAPACK, [13].

The results of a flutter calculation, the
flight level dependent velocities of flutter onset,
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are taken as additional constraints in module
MD19 of the design program. An optimisation
of the structure with respect to its flutter behav-
iour is not implemented.

First parameter studies investigating the in-
fluence of the main geometric parameters of the
wing and the influence of engine position on
flutter behaviour have been carried out. The
general trend of the results agrees with the re-
sults published in [12]. But it till has to be
proven that a change in flutter behaviour due to
a change in geometry or mass distribution iden-
tified with the linearised methods and ssimplified
and reduced models used within the SAM is a
realistic estimate of the real behaviour of an air-
craft in transonic cruise. A certain scepticism is
justified not least due to the accumulation of
uncertainties throughout the anaysis, design,
and sizing procedure. A more promising ap-
proach is to use the whole model of the aircraft
for further, more detailed analyses of the aero-
elastic behaviour of the finaly optimised con-
figuration. For this purpose an interface for the
generation of NASTRAN input files was im-
plemented.

2.7 Load Casesfor Structural Sizing

The results of the structural sizing and weight
prediction modules depend on the choice of l1oad
cases taken into account. FAR 25 defines sev-
eral ground and flight load cases. The latter be-
ing divided into symmetrical and asymmetrical
gust and manoeuvre load cases and taken basi-
caly as balanced load cases. The whole flight
envelope has to be taken into account. Due to
the limitations of computationa time within the
conceptual or preliminary design phases, the
number of considered load cases has to be re-
duced to the most important flight conditions.
But these load cases are not known in advance
when a totally new configuration is investigated
and have to be determined before the optimisa-
tion is started. This can be done with the SAM
by considering a certain number of candidate
load cases, limited only by the size of the load
vector of the FE-system, in a single run of the
analysis and sizing module and ruling out those
load cases which do not contribute to the sizing
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of the structure. The computational time
required for this study is unacceptably long
from the point of view of the conceptual design
but it is reasonably short to be carried out in
advance for every new concept. Only
symmetrical load cases can by considered since
the geometry used in the SAM of PrADO is
limited to a half model of the configuration. In
consequence the vertical talplane cannot be
included in the global model used for weight
prediction but has to be andysed and
dimensioned separately.

Relevant load case number:

BT T T T 1111

2

Fig. 7 Example survey of relevant load cases

1 2 3 4
No. inFig. 7 2 4 5 8
m/t 1) 1) 1) | MTOW?
altitude / km 80| 125| 125 8,0
load factor n 2,5 2,5 2,5 2,5
Mach number 093] 093] 093 0,93
pointinV-n Vb Vb Vp Vp

1) Operational empty weight + max. payload + fuel in
centre tank
2) max. takeoff weight, fuel in wing and centre box

In Fig. 7 the relevant load cases determined
by such a survey are shown for a conventional
passenger aircraft. The definition of the respec-
tive flight conditions is given in Table 1. The
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analysis was run with several other load cases,
e.g. gust and flight with Vp at sea level, which
do not occur in the plot and consequently do not
have any influence on the predicted weight.

3 Example Design Case

For validation of the weight prediction routine
of the SAM, two Airbus aircraft have been ana-
lysed: A340-300 (twin aide, long-range) and
A320-200 (single aisle, short range). The results
of the weight prediction carried out with the
SAM are shown in Fig. 8. The total mass of the
major components, taken from [16], is shown in
the upper part of the diagrams. The structural
FE-model does not cover all the parts of the
components and consequently does not reach its
total mass. Therefore, a more detailed mass
breskdown is given in the lower parts of the
diagrams. Maximum agreement of the results is
achieved if the FE-model covers the structural
and non-structural mass completely. A com-
plete, consistent mass breakdown is not gener-
aly available and the data used in this example
was taken from [16] and severa other data
sheets supplied for the partners of the German
research project DYNAFLEX (see Acknow-
ledgements below).

Looking at Fig. 8 it becomes clear, that an
accurate prediction of wing and fuselage weight
is essential for the overall weight estimation,
since these two components make up amost
50% of the operationa empty weight of an
A340-300. In terms of total mass, a 1% error in
the predicted weight of the wing equals a 30%
error in the weight of the vertical tailplane. On
the other hand, the weight of the landing gear,
which is still determined by statistical methods,
is gignificantly higher compared to the tail-
planes. These observations have been the guide-
lines for priorities established in the develop-
ment of the SAM. The results obtained by the
weight prediction module of the SAM agree
very well with the weight of realised aircraft.
Parameter surveys have shown, that the influ-
ence of the main geometric parameters on
weight is predicted correctly. Furthermore, the
global deformation of the real structure is pre-

dicted with adequate accuracy if the findly
sized structure is used for agroelastic analysis.

A340-300 & o ®
QP F R K o <
T F & & S

40t

5 30t
— 20t
?
oo 10t
£
© 3
2 8
S =
& !
£
g
100 %
Reference| | SAM
A320-200 & <O
N N O
W F LS
10t
)
= 5t
»
[72]
©
E pr— pr—
© D 5
3 g g
S £ £
£ L Ll
(/2] L L
= £
8 g
100 % — —
Reference| | SAM
I Structural mass, covered by FE-model
] NSM, included in FE-model

not included in SAM

Fig. 8 Weight prediction with the SAM

4 Conclusions and Outlook

The tools and methods described in this paper
have proven to be capable to predict weight and
the static aerodynamic and aeroelastic properties
of given conventiona aircraft configurations
within the conceptual or preliminary aircraft de-
sign phase. The models derived from the pre-
liminary design offer a good starting point for
more detailed structural and aeroelastic analyses
with more sophisticated tools.
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Further design and optimisation studies
will be carried out in the near future to exploit
the full potential of the developed tools. An ex-
tenson of the modelling capabilities to anayse
and assess unconventional configurations has
just been started.
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